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Abstract 

Background:  Obesity is by definition a product of excessive mismatch between energy intake 

and energy expenditure.  It is not clear, however, whether the energy balance system is 

differentially regulated at high and low fluxes of energy.  Daily exercise during short-term 

positive energy balance may improve objective and subjective appetite regulation in obese 

individuals by modulating plasma levels of hormones involved in the homeostatic regulation of 

dietary behavior.  To test this hypothesis, this study had two primary aims.  We examined the 

effects of exercise and overfeeding on (1) leptin and self-selected food intake, and (2) perceived 

hunger and peripheral hormonal concentrations at two levels of physical activity. 

Methods:  Thirteen sedentary individuals aged 19–39 y were recruited by BMI status (healthy 

BMI, n=6; obese BMI, n=7).  In a randomized cross-over design, subjects were seen as in-

patients in a metabolic research ward for two different six-consecutive overnight visits separated 

by four weeks.  During one of the visits, subjects remained sedentary (SED) at a daily physical 

activity level (PAL) of 1.4 x RMR.  During the other visit, cycling exercise (EX) was performed 

twice daily to increase daily PAL to 1.8 x RMR.  Each SED and EX visit consisted of two 

consecutive treatment periods lasting three days each.  Subjects were in energy balance (EB) 

during the first three days of each visit followed by three days of overfeeding (OVER).  Daily 

energy expenditure and energy intake were objectively measured.  On the third day of each EB 

and OVER period, multiple blood samples and appetite questionnaires were administered over 

24h.  Plasma hormones measured included leptin, ghrelin, and peptide YY; perceived appetite 

responses measured included hunger and fullness.  The morning after each EB and OVER period 

an ad-libitum breakfast was provided as an objective measure of self-selected food intake.   
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Results: Aim (1):  We did not find an effect of OVER on the 24 h leptin mesor when subjects 

were grouped by BMI status.  Therefore, subjects were grouped according to HOMA status:  

Normal HOMA (NH; range = 1.4 to 2.3; n=6) and high HOMA (HH, range = 3.0 to 8.5, n=7).  

The 24 h leptin mesor in the NH group was increased in response to OVER during the SED 

condition (15.1±13.8%, p=0.02) but was unchanged during EX (3.0±5.2%, n.s.).  There was no 

effect of OVER on the 24 h leptin mesor during the SED or EX condition in the HH group.  Both 

groups reduced self-selected breakfast intake in response to OVER during the SED visit (NH = -

229 ± 112 kcals, p<0.01; HH = -165 ± 157 kcals, p<0.05) with a trend for a reduction during EX; 

however, these changes in ad-libitum breakfast intake were not explained by relationships with 

changes in 24h average leptin.  Aim (2):  All 13 participants from the previous aim were 

combined and analyzed together.  Observed reductions in ad-libitum breakfast intake in response 

to OVER and EX were not explained by relationships with changes in meal related perceived 

hunger or PYY levels.  Also, beneficial changes in 24h average perceived appetite (decreased 

hunger/increased fullness) were found in response to OVER and EX, but these changes were not 

explained by relationships with 24h leptin or PYY.  Neither perceived appetite nor hormones 

measured explained more than 5% of the variance in ad-libitum breakfast energy intake 

following OVER.   

Conclusions:  The results of the present study are a testament to the complexity of the regulation 

of human appetite as we were unable to find any association between hormonal markers of 

hunger and satiety and either perceived appetite or objectively measured food intake.  While we 

cannot rule out the risk of a type II error to explain our lack of significant relationships, power 

was sufficient to find relationships that explained 30% of the variance.  Neither 24h average 

leptin nor PYY explained much of the average daily perceived hunger, fullness, or feeding at a 
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subsequent morning meal in habitually sedentary individuals; however, more work is required to 

further delineate the role of leptin in the regulation of appetite response to day-to-day 

perturbations in energy balance or energy flux (i.e. exercise).  Additionally, our subjective 

appetite data may suggest that increasing habitual high daily physical activity may improve 

perceived responsiveness to hunger and satiety cues; however, the lack of an association with 

PYY or leptin suggests future research should measure additional hormones in conjunction with 

objectively monitored ad-libitum food intake over 24 hour periods (instead of a single meal).   
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The obesity epidemic and the regulation of body weight 

 

Approximately two thirds of the United States adult population is classified as 

overweight or obese (defined as a body mass index ≥25kg/m
2
) (1).  In addition, adults and 

children in developing countries are experiencing an increase in overweight and obesity (2, 3).  

Carrying excess weight predominantly in the form of adipose tissue increases the risk of early 

death from chronic diseases such as cardiovascular disease, stroke, diabetes, and certain cancers, 

as well as decreasing overall quality of life (4).  Using population survey data from the National 

Health and Nutrition Examination Survey (NHANES), Wang and colleagues (5) estimated in 

2008 that if current trends continue, over 80% of U.S. adults will be considered overweight or 

obese (BMI ≥25kg/m2) by the year 2030.   

While weight change over time is variable between individuals, it is estimated that the 

average U.S. adult gains approximately 0.5kg of BW annually (6, 7).  The dramatic rate at which 

the prevalence of obesity has increased over the last few decades could be interpreted as 

evidence that body weight is not regulated; however, evidence does exist to suggest body weight, 

or body fat mass, is under some biological control.   

In general, rapid weight change (loss or gain) is followed by a strong defense or drive to 

restore body weight to a generally stable value with a slight positive trend as approximated in 

Figure 1.  For example, the majority of humans participating in weight loss intervention trials 

lasting 3 to 6 months regrettably return to or exceed baseline weight following cessation of the 

intervention (8).  Similarly, many individuals in short-term overfeeding studies ultimately self-

correct by losing weight following cessation of the overfeeding intervention, but tend to stabilize 

at a weight slightly higher than pre-study baseline body weight (9).   
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Figure 1: Inter-individual variability in body weight change over time.  From Cook CM and Schoeller 

DA (10):  (A) Hypothetical pattern of average annual body weight gain in U.S. adults inferred from 

population data (i.e. NHANES); (B) Hypothetical body weight gain during a short-term overfeeding 

intervention and subsequent weight loss during ad-libitum feeding resulting in body weight stabilizing at 

a slightly higher weight than pre-study baseline weight; (C & D) Typical variable body weight re-gain 

following a 3 to 6 month weight loss intervention.  Black line = average body weight over time; Gray 

shading = day-to-day variability in body weight over time. 

 

Indeed, human daily food intake can be highly variable and typically does not exactly 

match daily energy expenditure; however, when measured over several days, cumulative energy 

intake often closely matches total energy expenditure (11).  In addition, the body weight of 

animals and humans in controlled over- or under-feeding trials has been shown to return to pre-

intervention body weight once the stimulus (i.e. high fat diet or food restriction) is removed (12, 

13).  These observations, among others, have suggested a biological system exists to regulate 

food intake to maintain homeostatic control of body weight, albeit not at a pre-determined set 

point.   

Body weight gain is a consequence of chronic positive energy balance, which in turn 

results from a combination of genetic, behavioral, and environmental factors interacting to bring 

about an energy imbalance via changes in both food consumption and energy expenditure (14).  

While a chronic positive energy balance is the thermodynamic cause of weight gain, this 
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physiological process may be described as a failure of homeostatic mechanisms working to 

match intake to expenditure and thus maintain energy balance (15).  Longitudinal studies 

examining change in body weight while using objective measures of energy expenditure (i.e. 

doubly labeled water) suggest the energy intake side of the energy balance equation has a larger 

influence on change in body weight.  Thus, understanding mechanisms impacting appetitive 

feelings of hunger and satiety that influence energy intake may hold importance in understanding 

the role of energy intake in chronic positive energy balance and weight gain (Figure 2).   

 

Figure 2:  Diagram of energy balance.  Adapted from Schoeller DA (16).  

 

Research conducted primarily in monogenic rodent models of obesity, such as the leptin 

deficient ob/ob mouse (17) provided early insight into the complex neuro-hormonal processes 

that modulate energy homeostasis and body weight regulation.  To-date, multiple gastrointestinal 

and adipose tissue derived hormones have been shown to act in the central nervous system in 

both the short and long-term regulation of food intake, energy balance, and body fat mass (18).   
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Central nervous system control of hunger and satiety 

Hypothalamus:  “The appetite center” 

In humans, the hypothalamus is a roughly almond shaped collection of distinct neural 

cells grouped together approximately 3 to 4 millimeters thick, located on the anterior end of the 

third ventricle (fluid-filled cavity) of the brain connected just below the thalamus and above the 

pituitary gland (19).  This specialized region of the brain is where multiple central and peripheral 

signals are integrated to maintain internal homeostasis, including the control of body temperature 

(20), blood pressure coupled with fluid and electrolyte balance (21), along with other functions.  

It is now well established that the hypothalamus also plays a critical role in the regulation of food 

intake.   

Research conducted in the middle of the 20
th

 century demonstrated that body weight can 

be altered by introducing damaging lesions or electrical stimulation to specific regions of the 

hypothalamus.  For example, lesions in the ventromedial nucleus (VMN) were shown to cause 

increased food intake and excessive weight gain, while lesions in the lateral hypothalamic area 

(LHA) caused anorexia and weight loss (22, 23).  In turn, electrical stimulation of intact VMN 

resulted in decreased feeding and weight loss, whereas stimulation of intact LHA increased 

feeding resulting in weight gain (22, 24).  Taken together, these data suggested the hypothalamus 

was the “appetite center” of the brain, with the VMN serving as the “satiety center” and the LHA 

as the “feeding center” (25).  Further investigations have since revealed the regulation of food 

intake in the hypothalamus and other brain regions involves complex neural circuits rather than 

specific individual hypothalamic nuclei; however, the hypothalamus is a critical first step as 

distinct hypothalamic neurons integrate central and peripheral signals that are linked to 

maintaining energy homeostasis.  These neurons of the hypothalamus (Figure 3) include those of 
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the arcuate nucleus (ARC), which project and innervate other areas of the hypothalamus 

including the VMN, LHA, paraventricular nucleus (PVN), and dorsomedial nucleus (DMN) 

(26), which in turn project to further downstream regions of the brain to mediate feeding 

behavior.   

 

Figure 3:  Anatomical location of the arcuate nucleus (ARC) and frontal section view of associated 

hypothalamic nuclei.  DHA, dorsal hypothalamic area, DMN, dorsomedial nucleus, LHA, lateral 

hypothalamic area, PeVN, periventricular nucleus, PFA, parafornicular nucleus, PVN, paraventricular 

nucleus, VMN, ventromedial nucleus.  Adapted from (27) and (28) 

 

Located in the anterior mediobasal hypothalamus, the arcuate nucleus (ARC) is a 

particularly important region of the hypothalamus in the control of feeding behavior.  The ARC 

lies immediately above the median eminence, where capillaries lack tight junctions offering a 

more permeable region of the blood brain barrier (29).   This is important because neurons in the 

ARC are positioned to sense peripheral metabolic and hormonal signals (i.e. leptin, insulin, PYY, 
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glucose, etc…) that play a role in regulating food intake and relay this information to other brain 

regions to drive changes in energy intake or energy expenditure to maintain energy balance.   

The ARC consists of two populations of neurons containing receptors for appetite 

regulating hormones, including gastrointestinal and adipose tissue derived hormones.  One 

subset of neurons, when stimulated, express the orexigenic (stimulate food intake) neuropeptide 

Y (NPY) and agouti related peptide (AgRP) (30).  The other group of neurons express the 

anorexigenic (suppress food intake) neuropeptides pro-opiomelanocortin (POMC) and cocaine 

and amphetamine regulated transcript (CART) (31).  Thus, the ARC of the hypothalamus serves 

a critical function as the primary integrator of peripheral and central signals regulating food 

intake (32).  Understanding how the hypothalamus coordinates peripheral peptide hormonal 

signals to control energy balance is important for understanding the development of obesity.  The 

current view on hypothalamic control of feeding behavior, which will be reviewed in the 

following sections, is that food intake is regulated via a balance between orexigenic NPY/AgRP 

neurons and anorexigenic POMC/CART neurons, which in turn are activated or repressed by 

peripheral peptide hormones, such as leptin, insulin, and peptide YY (26, 33, 34).   

 

Appetite suppressing neuropeptides 

Pro-opiomelanocortin (POMC) 

Evidence from gene and protein expression studies in rodents demonstrates that specific 

neurons within the ARC produce pro-opiomelanocortin (POMC) (35).  POMC’s role in 

regulating energy balance via food intake has been demonstrated in humans congenitally lacking 

POMC gene products (36) and in rodent models with disruption of both POMC alleles (37), as 

each display hyperphagia and become obese at an early age.  In rodents, food restriction or 
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complete fasting reduces hypothalamic POMC mRNA expression (38), while re-feeding, 

overfeeding or exogenous leptin administration increases (39) hypothalamic POMC mRNA 

expression.  POMC is technically a precursor polypeptide whose anorexigenic effects are 

actually mediated by smaller peptide fragments of POMC generated from extensive post-

translational modification (40, 41).  The resulting biologically active peptides that bring about a 

reduction in food intake include α-, β- and γ-melanocyte stimulating hormone (MSH), 

collectively known as the melanocortins.    

Studies in rodents have demonstrated that α-MSH is one of the more important 

melanocortins in suppressing food intake.  Intracerebroventricular (ICV) injection of α-MSH to 

POMC knockout (POMC -/-) mice markedly reduces food intake and body weight (42).  The 

appetite suppressing effects of α-MSH are mediated via binding to specific melanocortin 

receptors (MCR).  Five MCR’s have been identified and are distributed throughout the body, but 

the most important receptors involved in regulating energy balance are MC3R and MC4R 

containing neurons within the ARC and PVN of the hypothalamus (43).  Both receptors have 

been shown to regulate food intake, but more is currently known about MC4R.  MC4R 

dysregulation has been studied in rodents (44) and humans (45) and is perhaps the most 

prevalent monogenic variant in the susceptibility of human obesity (46).  A mutation in the 

MC4R gene, thereby rendering the receptor non-functional, or blocking α-MSH from binding 

functional MC4R, leads to extreme hyperphagia and obesity (44).  Importantly, POMC neurons 

within the hypothalamus express receptors for peripheral peptide hormones like leptin, and when 

bound stimulates the expression of POMC with the result of inhibiting feeding.  Satiety neurons 

of the ARC also express another peptide with anorexigenic properties, cocaine and 

amphetamine-regulated transcript (CART), in response to peripheral peptide hormones. 
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Cocaine and amphetamine regulated transcript (CART)  

CART was first identified when screening rat brain areas for mRNA responsive to acute 

administration of cocaine or amphetamine (47).  CART is particularly concentrated in regions of 

the hypothalamus, including the ARC, PVN, LHA, as well as in a few other regions of the brain 

(48, 49).  CART’s ability to inhibit feeding has been shown in rodent models.  Chronic ICV 

administration of CART in lean and obese Zucker (fa/fa) rats has been shown to decrease food 

intake and body weight (50), while treatment with antibodies directed against CART reverses the 

CART-induced hypophagia (51).  Furthermore, overexpression of CART in the rat PVN has 

been shown to result in significantly increased cumulative food intake and body weight gain over 

time in adult male rats compared with control animals regardless of being fed either a normal 

chow or high fat diet (52).  Mice lacking the CART gene (CARTPT -/-)  are typically 

hyperphagic and have a higher body weight than wild type mice (53) when fed either a regular 

diet or a high fat diet, although results from these genetic knockout models have been mixed 

(54).  CART expression is regulated in-part by peripheral peptide hormones, including leptin, as 

leptin receptors have been found on CART peptide containing neurons in the ARC and other 

hypothalamic regions (55) and CART mRNA levels in the rat ARC are increased by 

administration of leptin (56).   

 

Appetite stimulating neuropeptides 

Neuropeptide Y (NPY) 

NPY is a 36 amino acid peptide discovered in the early 1980’s (57, 58) and has been 

shown to stimulate feeding.  NPY belongs to the pancreatic polypeptide (PP) family containing a 
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characteristic hairpin tertiary structure called the PP-fold (59).  NPY neurons are mostly 

restricted to the ARC of the hypothalamus (60, 61), with low levels of expression within the 

DMH of the hypothalamus and the brainstem (62).  ARC NPY neurons have receptors for 

peripheral peptide hormones, including leptin, and have extensive efferent projections to 

numerous hypothalamic and other brain regions, which coordinately play an important role in the 

regulation of food intake and energy balance (63).  ARC NPY mRNA, along with NPY protein 

released, are increased with fasting and negative energy balance and decrease after feeding (64).  

Similar to studies using direct ICV injection of POMC or CART peptides to suppress food 

intake, ICV injection of NPY into the PVN results in hyperphagia and obesity (65).   

Changes in food intake are likely controlled by receptors for NPY, of which five subtypes 

have been identified: NPY1-5 (66).  The Y1 and Y5 receptors are thought to be heavily involved 

in the regulation of food intake.  Y1 receptor agonists stimulate hyperphagia in rats, whereas 

antagonists significantly reduce food intake in the presence of ICV administered NPY or food 

deprivation (67).  Similarly, antagonists to Y5 receptors reduce food intake in rodents and Y5 

receptor knockout mice become hyperphagic and obese (68, 69).  Thus, it has been demonstrated 

that NPY is a potent stimulator of food intake and neurons of the ARC that express NPY are 

regulated, in-part, by peripheral peptide hormones like leptin.   

 

Agouti Related Peptide (AgRP) 

Previously, it was shown that the melanocortins (specifically α-MSH), are potent 

endogenous ligands for melanocortin receptors functioning to reduce food intake and/or increase 

energy expenditure to regulate energy balance.  Conversely, agouti-related protein (AgRP), 

which is expressed in the medial part of the ARC (70), acts as the main natural endogenous 
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peptide directly antagonizing the action of a-MSH by competing for binding on MC3R and 

MC4R thereby inhibiting receptor activation (34).  In mice, overexpression of AgRP leads to 

hyperphagia and obesity (71), while targeted destruction of AgRP neurons leads to lowered body 

weight and anorexia.  The appetite stimulating effects of AgRP are inhibited by the hormone 

leptin and activated by the hormone ghrelin. 

 

Summary of the CNS role in regulating food intake 

The identification of neuropeptides that control food intake and possibly energy 

expenditure in animals suggests a biological system exists that regulates homeostatic control of 

body weight.  Indeed, metabolic signals that monitor energetic state, including metabolites and 

hormones like leptin and insulin, target the ARC and other regions of the hypothalamus to 

modulate the activity of NPY/AgRP and POMC/CART neurons, whose downstream effects 

stimulate feelings of hunger or fullness to modulate food intake.   

 

Peripheral control of hunger and satiety 

Long term (e.g. day to day) appetite regulation:  Leptin and Insulin 

Leptin 

The existence of a signal derived from adipose tissue involved in energy homeostasis was 

first supported by parabiosis experiments in mice (surgically creating conjoined twins to share a 

common blood supply) conducted in the 1970’s.  These studies demonstrated that genetically 

obese (ob/ob) mice lacked a circulating factor that inhibited feeding, whereas obese mice with a 

different gene mutation (db/db) were resistant to this factor (72, 73), eventually identified as 

leptin in 1994 (17).  The discovery of leptin was at the forefront of a new research paradigm 
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focusing on adipose tissue as an active endocrine organ that has a role in the development of 

obesity.  Within this paradigm leptin acts as a “lipostat;” an afferent signal traveling to the brain 

communicating the size of fat stores in the periphery.   

 

Figure 4:  Structure of Leptin (74) 

 

Leptin (figure 4) is a 167 amino acid protein product of the ob gene (17).  Production has 

been shown to be stimulated by both insulin and glucocorticoids and inhibited by fasting/caloric 

restriction (75).  Leptin circulates in the plasma in a circadian rhythm at concentrations closely 

related to body fat mass (76), although females have up to twice as much plasma leptin as males 

given the same amount of body fat (77).  Plasma leptin is entrained to meal timing (78) as 

concentrations reach a nadir (lowest level) in the morning between 08:00 and 12:00 hours and 

rise throughout the afternoon and evening to hit a zenith (highest level) between 24:00 and 04:00 

hours.  Leptin is secreted primarily by adipocytes of white adipose tissue, but has also been 

identified in other tissues including the stomach (79), hypothalamus and pituitary gland (80), and 

reproductive tissues (81).   

While leptin is involved in many physiological processes, including effects on 

reproduction and immunity, the most well described function is the regulation of food intake.  
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Importantly, leptin receptors are expressed by key hypothalamic neurons involved in food intake 

and energy homeostasis.  Lack of leptin production (i.e. ob/ob mice) or lack of the CNS leptin 

receptor (i.e. db/db mice) in rodents or humans, while rare, causes extreme hyperphagia and 

obesity.  Peripheral administration of leptin in the ob/ob condition normalizes food intake and 

body weight.  Leptin transport across the blood-brain barrier occurs by a saturable receptor-

mediated process [12] and leptin concentrations in human cerebrospinal fluid directly correlate 

with plasma concentrations [161].  Taken together, this information led to a general hypothesis 

that the ‘leptin system’ exists to maintain body fat within a narrow range in healthy humans and 

other animals.  In general, an increase in body fat or acute overfeeding (i.e. 24-72 hours) in 

healthy individuals is associated with an increase in plasma leptin levels and subsequent 

reduction in food intake (Figure 5).  In contrast, decreasing body fat or acute fasting/caloric 

restriction is associated with a decrease in plasma leptin concentrations, which in-turn stimulates 

food intake.   

 

Figure 5:  Schematic of the “leptin system” regulation of body fat mass through food intake in healthy 

humans.  Leptin circulates in proportion to body fat stores and short-term changes in energy balance, and 

ultimately has effects on important hypothalamic neuronal pathways that mediate corresponding changes 

in food intake and ultimately changes in body fat mass.  In the proposed leptin system model, energy 

restriction or weight loss decrease plasma leptin concentrations and increase food intake, whereas 

overfeeding or weight gain increase plasma leptin and decrease subsequent food intake.   
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There are five different isoforms of the leptin receptor (OB-R) and all share identical 

extracellular ligand-binding domains but differ at the C terminus due to alternative mRNA 

splicing (82, 83).  These isoforms are classified into three groups; short, long, and secreted.  

While leptin receptors have been identified in the CNS and in many peripheral tissues, studies in 

genetically modified mice have demonstrated that leptin action in the brain mediated by the long 

form (OB-Rb) of the receptor is sufficient to regulate body weight, feeding, energy expenditure, 

and glucose metabolism (84-86).  OB-Rb is the specific receptor responsible for leptin action on 

energy homeostasis, as demonstrated in db/db mice that lack functional OB-Rb and exhibit 

extreme hyperphagia, obesity, and diabetes (87).  In addition, the Zucker fatty rat (fa/fa) has a 

mutation in OB-Rb that disrupts normal leptin mediated signal transduction pathways (88) 

resulting in hyperphagia and obesity. 

Ob-Rb is present in the ARC, VMH, DMN, and LHA nuclei (89).  Of the five leptin 

receptors, only Ob-Rb (a type 1 cytokine receptor) encodes all protein motifs capable of 

activating the Janus Kinase/Signal Transduction and Activator of Transcription (JAK-STAT) 

pathway.  In this pathway (figure 6), STAT3 molecules are activated upon leptin binding, which 

leads to the transcription of genes associated with the regulation of energy homeostasis (90).  In 

addition to STAT3 dependent effects of leptin, at least some of the hypothalamic effects of leptin 

appear to be mediated by phosphoinositide-3 kinase (PI3K) signaling, as the PI3K pathway is 

involved in the regulation of gene transcription and may induce rapid non-genomic events 

affecting neuronal activity and neuropeptide release (91).   
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Figure 6: Leptin receptor signaling in the hypothalamus.  Leptin binding to the long form of the leptin 

receptor (Ob-Rb) activates the intracellular tyrosine kinase Jak2, resulting in Signal Transducer and 

Activator of Transcription-3 (STAT3) phosphorylation.  Once phosphorylated, STAT3 molecules induce 

transcription of several target genes encoding neuropeptides and Suppressor of Cytokine Signaling 

(SOCS-3).  SOCS-3 expression leads to feedback inhibition of the leptin receptor signaling pathway.  

Phosphatidylinositol-3 Kinase (PI3K) pathway is also involved in the regulation of gene transcription and 

may potentially induce non-genomic events affecting neuronal activity and neuropeptide release.  

Adapted from Bjorbaek et al. (91). 

 

 

In the ARC, both the appetite stimulating NPY/AgRP neurons and appetite suppressing 

CART/POMC neurons express OB-Rb (92).  As such, leptin binding stimulates the 

aforementioned JAK/STAT signaling pathway, which results in a downregulation in expression 

of the orexigenic neuropeptides NPY/AgRP, thereby suppressing food intake behavior.  Leptin 

signaling through Ob-Rb in the hypothalamus activates the appetite suppressing CART/POMC 

neurons leading to an increase in POMC synthesis and neuropeptide release [48, 182].  POMC 

neurons, which ultimately produce the anorectic α-MSH as a product of POMC protein cleavage, 

are believed to be key mediators of leptin appetite suppressing action (32).  In the absence of 

leptin, NPY/AgRP neurons inhibit catabolic POMC neurons via synapses with these neurons in 
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the ARC.  Thus, leptin binding NPY/AgRP neurons (i.e. inhibition) results in a disinhibition of 

POMC neurons to further mediate reduced food intake.  Leptin has also been shown to impact 

energy expenditure in rodents, with an increase or decrease in energy expenditure mediated by 

an increase or decrease in sympathetic nervous system activity (93).  Taken together, the leptin 

response in target hypothalamic neurons appears to be coordinately regulated to maintain energy 

homeostasis via regulation of neuropeptide gene expression as well as neuronal activity and 

neuropeptide release.   

 

Insulin 

Insulin is produced and secreted from pancreatic β-cells within the islets of Langerhans.  

Apart from the well-known function in glucose metabolism and the stimulation/suppression of 

anabolic/catabolic pathways in insulin sensitive tissues (liver, adipose, skeletal muscle, etc...), 

insulin has a similar role to leptin as an adiposity signal in the brain.   Consistent with insulin’s 

role as an adiposity signal, plasma levels are positively correlated with body fat mass; insulin is 

transported across the BBB (94) and binds receptors distributed in the brain, particularly in the 

ARC of the hypothalamus (95), and; insulin or insulin mimetics (insulin-like regulation in the 

absence of insulin) administered ICV into the third ventricle of rodent brains leads to decreased 

food intake and body weight in a dose dependent manner (96, 97).  The anorectic effect of 

insulin is mediated through insulin receptor substrate-2 (IRS-2) mediate insulin signaling, as 

demonstrated in IRS-2 knockout mice (98).  Intracellular insulin signaling has been studied in 

classical insulin target tissues, such as skeletal muscle and liver, and because insulin signaling is 

similar in neuronal cells it is briefly reviewed in figure 7.  
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Figure 7:  Insulin receptor signaling in the hypothalamus.  Insulin binding to the insulin receptor (IR) 

results in receptor auto-phosphorylation and subsequent phosphorylation of intracellular insulin receptor 

substrate (IRS) proteins ultimately initiating downstream signaling via serine/threonine kinases (i.e. PDK 

and PKB). These signals result in the diverse biological effects of insulin signaling in the brain including 

regulation of gene transcription.  Like leptin, insulin activation of PI3K signaling pathways in 

hypothalamic neurons appears to alter neuronal activity and neuropeptide release.  Figure adapted from 

Plum et al. (99). 

 

As with leptin, the energy homeostatic effects of insulin in the CNS are mediated by 

intracellular insulin signaling pathways that facilitate neuropeptide gene expression as well as 

neuronal activity and neuropeptide release.  In some rodent models of obesity, NPY/AgRP 

neurons are inhibited by insulin and this inhibition is thought to drive some of the anorectic 

actions of insulin (100).  For example, insulin signaling via PI3K has been shown to reduce the 

firing rate and corresponding release of NPY in NPY/AgRP neurons (101).  In addition, central 

administration of insulin reduces the expression of the orexigenic NPY gene in the ARC (100).  

Conversely, POMC neurons are activated by insulin resulting in an increase in POMC gene 
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expression and the anorexigenic peptide α-MSH (102).  Up-regulation of α-MSH appears to 

mediate at least some of the anorexigenic effects of insulin since administration of a 

melanocortin antagonist prevents insulin-induced reduction in food intake in these studies (102).  

Interestingly, central insulin administration reduces weight to a greater extent than can be 

accounted for by reduced caloric intake alone, suggesting a role for insulin in the regulation of 

energy expenditure, at least in rodent models.  Insulin, like leptin, induces a spectrum of 

responses to regulate energy homeostasis and adipose tissue mass. 

 

Short term meal-to-meal signals:  Ghrelin and Peptide YY 

Even though there are numerous short-term signals having a role in regulating food 

intake, including circulating metabolites like glucose and several hormones secreted by the 

gastrointestinal tract, this portion of the literature review will focus on two well described gut 

peptides known to be involved in the regulation of hunger and satiety:  Ghrelin and Peptide YY 

(PYY).  

 

Ghrelin 

Ghrelin is a 28 amino acid peptide (Figure 8) secreted by enteroendocrine cells in the 

fundus region of the stomach, and is the only known endogenous hormone that stimulates food 

intake (103).  Initial evidence for ghrelin’s role in control of appetite came from the observation 

that mice lacking either ghrelin or its receptor (GSHR) are protected from diet-induced obesity.  

Plasma levels are closely related to meal patterns, rising before meals and falling within one hour 

after eating, suggesting involvement in pre-meal hunger sensations and meal initiation (104).  

Blood ghrelin levels are typically highest in the fasting state and fasting ghrelin levels have been 

shown to be decreased in human obesity (105), which may reflect an adaptive response to weight 
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gain.  Acute ghrelin injections potently stimulate appetite and food intake in multiple species, 

including humans, and chronic administration increases body weight by stimulating food intake 

but also by decreasing energy expenditure and fat catabolism, at least in rodents (103, 106).  

These observations suggest that ghrelin may serve as a signal to the brain of nutrient excess or 

depletion. 

Acylghrelin, the biologically active form, has a medium chain fatty acid on Ser-3 

(octanoylation) through the action of a membrane bound enzyme called ghrelin O-

acyltransferase (GOAT) (107).  Octanoylation is required for binding to the ghrelin receptor 

(GHSR) and stimulating food intake.  Rather than being transported to the hypothalamus across 

the blood brain barrier like leptin and insulin, ghrelin produced in the stomach may modulate 

appetite behavior through interaction with GHSR present on afferent neurons of the vagus nerve.  

This in turn results in the local release of ghrelin in the ARC of the hypothalamus and stimulates 

appetite by increasing the activity of the orexigenic neurons NPY/AgRP neuron (108). 

 
 

Figure 7: Structure of acylghrelin.  Adapted from (108).   

 

 

Peptide YY (PYY) 

 

PYY is a 36 amino acid peptide secreted from L cells of the ileum (distal part of the small 

intestine) and in the colon (large intestine) in response to nutrients and plays a role in reducing 

energy intake by inducing feelings of satiety.  The major secreted form contains 36 amino acids 

(PYY1-36), but there also is a truncated form (PYY3-36) produced by the cleavage of two amino 
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acids at the NH2 terminus that is thought to be the active form functioning as a satiety factor in 

the hypothalamus (109).  Both forms have been shown to decrease food intake when infused 

peripherally; however, PYY3-36 seems to be more potent.  PYY modulates a reduction in food 

intake by two mechanisms: 1) Decreasing motility and secretory activity of the stomach and 

small intestine (“ileal brake”), and 2) a central effect on appetite within the hypothalamus via the 

inhibition of NPY.  Importantly, PYY acts directly in the ARC hypothalamic circuits that 

regulate energy homeostasis, but additional work has implicated brainstem and vagal inputs 

(110).   

PYY plasma concentrations are lowest in the fasting state and increase in response to 

food intake.  The post-prandial increase in PYY is significantly associated with increased 

feelings of satiety (111).  Peripheral administration of PYY3-36 to rodents, primates, and humans 

acutely decreases food intake (112, 113), while chronic administration reduces adiposity in 

rodents (113).  PYY knockout mice are hyperphagic and develop marked obesity but are 

sensitive to exogenous PYY and chronic treatment reverses the obese phenotype.  It has been 

reported that obese adults have lower baseline and post-meal peptide YY concentrations and 

exhibit lower satiety compared with lean controls (114), raising the possibility that decreased 

peptide YY concentrations could play a role in the development and/or maintenance of obesity.  

Results from a recent randomized crossover study showed that acute exercise significantly 

increased postprandial levels of PYY (as well as glucagon-like peptide 1 and pancreatic 

polypeptide) in normal weight adults (115).  This suggests that acute exercise can trigger 

physiological changes in concentrations of hormones secreted from the gastrointestinal tract 

which may help explain the short-term suppression of hunger or, “exercise induced anorexia,” 
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observed after exercise.  These findings provide compelling evidence that PYY is a 

physiologically relevant regulator of food intake and body weight. 

 

Disrupted energy homeostasis: Cause or consequence of obesity? 

Despite the evidence supporting a role for the hypothalamus in the regulation of energy 

homeostasis, the prevalence of obesity in the United States is increasing at an alarming rate.  

While the mechanisms involved in the development of obesity remain to be fully elucidated, the 

obese state has been well studied.  Obese individuals have markedly increased plasma insulin 

and leptin concentrations, reflecting an increase in total body fat mass, yet food intake and 

energy expenditure are not appropriately regulated as predicted from a homeostatic feedback 

loop.  This suggests that the homeostatic effects of insulin and leptin are impaired at one or more 

levels.   

 

Leptin Resistance 

The idea that obese humans may be resistant to the appetite suppressing and weight 

reducing effects of leptin was first indicated by the finding of elevated, rather than reduced, 

plasma leptin concentrations in obese humans compared to normal weight peers (116).  Leptin 

resistance may occur at multiple levels.  Obese individuals have higher plasma-to-cerebrospinal 

fluid (CSF) ratios of leptin in comparison to healthy weight controls, suggesting a potential 

source of leptin resistance is due to impaired leptin transport across the blood brain barrier (117).  

A rodent model exits suggesting impaired leptin transport into the CNS; the New Zealand Obese 

(NZO) mouse does not respond to peripheral leptin injections but is responsive to central leptin 

administered ICV (118); however, resistance to the food consumption lowering effects of 
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centrally administered leptin is observed in other genetically obese rodent models as well as in 

high fat diet-induced obese rodents (119) suggesting another possible site of leptin resistance 

may occur as a result of reduced leptin signaling in the brain.  Specifically, the ability of leptin to 

activate the downstream signaling molecule, STAT3, in hypothalamic neurons is reduced in mice 

with diet induced obesity (120) suggesting a defect in central leptin signaling.  A final possibility 

is that leptin resistance may reflect that it is a relatively weak satiety system, as some 

investigators (reference) have suggested the role of leptin is to prevent starvation rather than to 

avoid obesity.  For example, mice that are put on a high-fat diet to promote diet induced obesity 

begin with a normal functioning leptin system.  The diet, rather than alterations of the leptin 

system per se, trigger the increased energy intake, as the rewarding properties of highly palatable 

foods may override negative feedback signals to positive energy balance; however, the 

developing feedback inhibition/cellular leptin resistance likely exacerbates and stabilizes the 

ensuing increase in body weight (121). 

 

Insulin Resistance 

Like leptin, most obese mammals have elevated plasma concentrations of insulin yet 

exhibit inappropriate levels of food intake and energy expenditure for the level of insulin.  As 

with leptin, similar mechanisms may underlie insulin resistance in obesity.  CNS uptake of 

insulin from the plasma appears to be reduced in obese Zucker rats (122) and high-fat fed dogs 

(123), suggesting that insulin transport is a site of resistance.  Previous work has demonstrated 

resistance to the food consumption lowering effects of insulin when administered ICV into the 

brain of rats fed a high-fat diet (124).  Therefore, inadequate transport does not fully explain the 

CNS insulin resistance seen in obesity.  Inactivation of insulin signaling via serine 
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phosphorylation of IRS proteins is a common feature of peripheral insulin resistance (125), 

which may also be implicated in the hypothalamus of high-fat diet-induced obese rats.  In 

addition, activation of PI3K signaling in hypothalamic neurons has been shown to be required 

for the ability of centrally administered insulin to reduce food intake and hyperpolarize 

NPY/AgRP neurons (126). Thus, impaired signal transduction is a potential mechanism of 

central insulin resistance in diet-induced obesity.     

Obesity and physical inactivity are associated with peripheral insulin resistance, and 

insulin is known to affect plasma leptin levels.  Studies have shown that insulin increases both 

leptin gene expression (127) and circulating leptin concentrations (128), while in other 

experiments insulin appeared to increase leptin secretion from both human and rodent isolated 

adipocytes (129, 130).  Indeed, insulin-stimulated glucose metabolism in adipocytes may be a 

key factor linking leptin secretion to body fat mass (131).  It should be noted that contradictory 

results have also been reported, as some studies found increased leptin secretion only after 

prolonged insulin treatment of isolated human or rat adipocytes or cultured 3T3-L1 adipocytes 

(75); however, it is possible that impaired insulin-induced leptin production in obese insulin-

resistant individuals may contribute to the development or worsening of obesity (128).   
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Background 

Humans and other animals with genetic mutations that result in no function leptin 

production (1) or pathways in the brain that respond to leptin (2) display extreme hyperphagia 

(increased hunger and food consumption) and gain body fat rapidly.  Administration of leptin in 

the former condition reverses the phenotype.  These conditions clearly demonstrate that leptin 

has a direct role in energy balance by modulating food intake and, to a smaller degree, energy 

expenditure; however, these genetic mutations are very rare in the human population.  Most 

obese individuals actually have plasma leptin concentrations that are much higher compared to 

their healthy weight counterparts.  In theory, this should lead to decreased energy intake and 

weight loss back to a pre-obese state, but this is not supported by the increasing overweight and 

obesity prevalence in the United States (3).  It is thought that part of the failure to reduce energy 

intake may be the development of resistance to leptin, which may occur at one or multiple levels 

(Figure 9) including; 1) impaired leptin production/secretion from adipocytes; 2) impaired 

plasma transport and/or uptake across the blood brain barrier into the CNS; and 3) impaired 

leptin signaling within target tissues (e.g. the hypothalamus). 

 

Figure 1: Potential sites of leptin resistance.  Adapted from Houseknecht KL, et al. (4). 
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In humans, there is little information available regarding day-to-day changes in 24h 

plasma leptin levels; however, some data does suggest a defect in the short-term leptin response 

to overfeeding that may explain why some individuals gain more weight than others.  Previous 

research has shown three days of overfeeding (130% of daily caloric needs) in non-obese men 

increases average 24h leptin concentrations while three days of underfeeding (70% of daily 

caloric needs) significantly decreases average 24h leptin concentrations when compared to 

eucaloric feeding (5).  These changes in the 24h leptin response to acute change in energy 

balance were also significantly correlated with changes in self-selected energy intake of a 

breakfast meal following each treatment.  These results are in agreement with other studies in 

healthy weight individuals for both overfeeding (6) and fasting (7) conditions, in which the 

change in plasma leptin concentrations are driven by short term changes in energy balance that 

are essentially independent of significant changes in adipose tissue mass.  On the other hand, it 

has been shown that obese males do not respond to overfeeding by increasing 24h plasma leptin 

levels (8), but 24h leptin levels decrease as expected in response to underfeeding.  In essence, the 

homeostatic leptin signal detects short-term under-eating and induces hunger in the obese, but 

fails to detect short-term overfeeding and does not produce a satiety response, potentially 

reinforcing continued slow weight gain. 

In a series of unrelated studies, it has also been noted that sedentary behavior may reduce 

the sensitivity of appetite control.  In one of the classic papers leading to the modern hypothesis 

that physical activity protects against excess weight gain, Mayer et al. (9) reported associations 

suggesting a disruption in the accuracy by which energy intake is matched with energy 

expenditure at low levels of physical activity.  Support for the idea of better coupling of energy 

intake to expenditure in habitually high active individuals has been demonstrated using the pre-
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load/test meal paradigm.  When the caloric density of a meal (usually liquid) is covertly 

manipulated and an ad libitum meal is served shortly thereafter, habitually active non-elderly  

individuals are better able to distinguish between high and low energy preloads compared to 

sedentary individuals by adequately adjusting energy intake at a subsequent ad-libitum meal (10, 

11).  In a longitudinal study, Martins and colleagues studied the effects of a six week aerobic 

exercise training intervention (4 days/wk, 30-45min/day @ 65-75% max heart rate) on energy 

intake compensation in response to covertly manipulated preloads in 25 normal weight sedentary 

men and women (12).  The authors observed an improved appetite control after the six week 

exercise intervention, as participants displayed a more sensitive eating behavior on average by 

decreasing 24h cumulative food intake following a high energy breakfast pre-load compared 

with a low-energy breakfast pre-load.    

The strongest evidence supporting the role of physical activity in regulating body weight 

at healthy levels comes from studies of individuals who have lost significant weight and 

maintained a reduced body weight.  For example, Jakicic and colleagues (13) studied overweight 

women randomly assigned to 1 of 4 groups based on physical activity energy expenditure (1000 

versus 2000 kcal/week) and intensity (moderate versus vigorous) with a concomitant decrease in 

daily energy intake (−1200 to −1500 kcal/day) over 24 months.  Despite no difference in 

average weight loss at 6 and 24 months between the groups, post hoc analyses showed that 

individuals sustaining a loss of 10% or more of initial body weight at 24 months reported 

performing more physical activity (1835 kcal/week or 275 min/week) compared to those 

sustaining a weight loss of less than 10% of initial body weight.  In addition, Schoeller et al, (14) 

have demonstrated that weight reduced women with high levels of measured total energy 
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expenditure (physical activity level, PAL >1.75 or ~80 min/day of moderate-intensity physical 

activity) maintained most of their reduced weight after 12 months of follow-up.     

A potential mediator of the reduced peripheral leptin response to overfeeding is insulin 

resistance.  In the above described study of Cooper et al (8), it was noted that plasma insulin 

levels in the obese men did not increase in response to overfeeding.  This may be important 

because studies have shown insulin increases both leptin gene expression (15) and circulating 

leptin concentrations (16).  Thus, inadequate insulin-induced leptin production or secretion as a 

result of peripheral insulin resistance at the level of the adipocyte may contribute to the 

development or worsening of obesity.  It is known that regular exercise or sustained physical 

activity, even after one bout of sufficient volume and duration, improves whole body insulin 

sensitivity in sedentary overweight/obese individuals (17).  As insulin sensitivity is improved 

with regular exercise, it is reasonable to suggest that improved insulin signaling within the 

adipocyte may better regulate leptin synthesis or secretion, and this component of “leptin 

resistance” may be improved in obese subjects during short-term overfeeding. 

Most research in humans studying the effects of exercise on leptin are limited, as many 

have analyzed only a single fasting sample and drawn conclusions from this ‘snapshot’ of 

leptin’s 24h diurnal plasma secretion rhythm (18-20).  Few studies have examined the 24h 

plasma leptin response to exercise and short-term changes in energy balance (21).  van Aggel-

Leijssen and colleagues (21) studied 8 healthy weight (14.1% fat) sedentary males under four 

conditions: (I) no exercise + energy balance; (II) exercise + energy balance (2 h at 50%VO2max, 

equivalent to ~800 kcal); (III) exercise + negative energy balance (energy deficit of ~800 kcal); 

and (IV) exercise + positive energy balance (energy surplus of ~800 kcal).  Interestingly, the 

exercise + energy balance condition resulted in a 20% reduction in average 24h leptin, while the 
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exercise + negative energy balance condition did not significantly alter 24h leptin levels.  

Exercise + positive energy balance increased the amplitude of the 24h leptin curve by 2-fold 

compared with the exercise + energy balance condition, while average 24h leptin concentration 

showed a tendency to increase as well.  The exercise + positive energy balance data from this 

study suggest that moderate intensity aerobic exercise of sufficient duration during periods of 

positive energy balance may increase the leptin response to overfeeding in sedentary obese 

humans.  Unfortunately, objective measures of self-selected food intake following each 

treatment, or measures of subjective appetite (i.e. “how hungry are you”), were not examined in 

this previous study.  Based on the available literature, the 24h leptin response to exercise and 

sedentary conditions during energy balance or overfeeding has not been examined in sedentary 

obese men and women.   

Taken together, these data suggest that being physically active on a regular basis is 

required for optimal functioning of the appetite regulatory system and that the 24h leptin 

response may be involved.  It should be noted, however, that the physiological system 

responsible for appetite regulation is extremely complex, involving several hormones in addition 

to leptin.  Measures of these hormones should be included in physiologic studies of leptin and 

appetite. 

In addition to leptin, two hormones secreted principally from the gastrointestinal tract, 

ghrelin and peptide YY (PYY), are also involved in the regulation of hunger and satiety and thus 

involved in the regulation of food intake and energy balance.  Ghrelin is the only known blood 

hormone that stimulates food intake (22), while PYY is a satiety factor (23).  It has been reported 

that obese adults may have lower baseline (24) and post-prandial (25) PYY plasma levels while 

also exhibiting lower subjective satiety ratings (“how full are you?”) compared with healthy 
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weight controls, although not all studies are in agreement (26).  If true, this raises the possibility 

that decreased peptide YY plasma concentrations could play a role in the development and/or 

maintenance of obesity.  Fasting ghrelin levels have actually been shown to be lower in obese 

humans relative to healthy weight peers (27), but obese individuals may have a diminished 

ability to reduce ghrelin secretion after initiating a meal (28), which may work in concert with 

the lower postprandial peptide YY levels and aforementioned leptin dysregulation to reinforce 

obesity.   

Several limitations are apparent in the literature regarding the interaction between 

exercise and ghrelin/PYY.  As with leptin, many studies have only measured the ghrelin and/or 

PYY hormone response to exercise in the fasted state or for relatively short time periods (i.e. 30 

minutes post-exercise).  Additionally, most study participants have been almost exclusively 

healthy weight or exercise trained individuals.  Also, little is known about the influence of 

exercise on the active forms of ghrelin (acylghrelin) and PYY (PYY3-36), as most studies have 

examined total ghrelin and total PYY.  Few studies have assessed post-exercise gut hormone 

responses to changes in energy balance over a prolonged period (i.e. 24 h) or attempted to 

correlate these responses with changes in subjective appetite sensations (feelings of hunger and 

fullness).  Fewer still have attempted to answer these research questions in sedentary healthy 

weight and obese individuals together.     

Assessing 24 h plasma levels of leptin, insulin, ghrelin, and PYY during short-term 

changes in energy balance (overfeeding) and energy use (exercise) in relation to body adiposity 

will help determine the impact of these hormones on objective and subjective measures of 

appetite.  Differences in plasma levels of these hormones between healthy weight and obese 

individuals may help explain why some individuals defend against weight gain despite being 
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exposed to an obesogenic environment (29).  If positive effects are revealed, this will reinforce 

the critical role of exercise in body weight management.  Therefore, the purpose of this study is 

to examine the effects of short-term positive energy balance and exercise on 24h plasma levels of 

insulin, leptin, acylghrelin, and PYY3-36 in sedentary healthy weight and obese men and women.    

Overarching hypothesis:  Daily exercise during short-term positive energy balance will 

improve objective and subjective appetite in obese individuals by modulating plasma levels of 

hormones involved in appetite regulation.   

Specific Aim 1:  The first aim of this study is to demonstrate that moderate intensity 

aerobic exercise will increase 24h plasma leptin response in obese individuals following 

overfeeding compared to sedentary treatments.  We hypothesize that plasma levels will fail to 

increase in response to overfeeding during sedentary conditions in the obese, but healthy weight 

controls will demonstrate an appropriate increase in 24h plasma leptin levels in response to 

overfeeding regardless of activity level (sedentary or exercise).   

Additionally, we aim to determine if changes in 24h plasma leptin response correlate with 

changes in self-selected energy intake of an ad-libitum breakfast meal.  We hypothesize that 

increased 24h plasma leptin levels will be inversely correlated with self-selected breakfast 

energy intake in obese individuals only after the overfeeding + exercise treatment.   

Specific Aim 2:  A secondary aim of this study is to characterize the 24 h plasma levels 

of acylated ghrelin and peptide YY3-36 in habitually sedentary healthy weight and obese 

individuals.  We hypothesize that exercise will improve responsiveness of these hormones to 

short-term overfeeding and will correlate with changes in subjective appetite ratings (e.g. 

decreased hunger/increased fullness) and changes in self-selected energy intake of an ad-libitum 

breakfast meal.   
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Abstract 

Introduction:  Previous research has shown three days of overfeeding (OVER) increases leptin 

levels in healthy weight, but not obese, men.  Daily exercise (EX) during positive energy balance 

(EB) may improve appetite regulation in the obese by modulating plasma leptin levels.  

Objective:  To examine the effects of EX and OVER on 24h leptin and self-selected food intake 

at two levels of physical activity.  Methods:  In a randomized cross-over design, 13 habitually 

sedentary individuals (19-39y) were in-patients in a metabolic research ward for two different 

six-consecutive overnight visits.  During one visit, subjects remained sedentary (SED) and 

during the other performed cycling EX at 50% VO2max twice daily.  Subjects were in EB on days 

1-3 and OVER on days 4-6 of each visit.  Multiple blood samples were taken over 24h on days 3 

& 6 for leptin and insulin.  The morning after EB and OVER, subjects were fed an ad-libitum 

breakfast.  Results:  No effect of OVER on 24h leptin was found when stratified by BMI status; 

however, when stratified by HOMA status (normal HOMA = NH, n=6 vs. high HOMA, n=7) the 

24 h leptin mesor in the NH group increased in response to OVER during SED (15.1±13.8%, 

p=0.02) but was unchanged during EX (3.0±5.2%).  There was no effect of OVER on 24h leptin 

during SED or EX in the HH group.  Both groups reduced ad-libitum breakfast intake in 

response to OVER during SED (NH = -229±112 kcals, p<0.01; HH = -165±157 kcals, p<0.05) 

with a trend during EX.  Conclusions:  The results of the present study are a testament to the 

complexity of human appetite regulation as changes in ad-libitum breakfast intake were not 

explained by relationships with changes in 24h leptin responses.  
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Introduction 

The biology responsible for the regulation of energy balance (EB) depends, at least in-

part, on the integration of central and peripheral neuro-hormonal signals acting in a homeostatic 

fashion to adjust food intake and energy expenditure to maintain a stable body weight.  These 

include adiposity signals such as leptin and insulin; short-term meal-to-meal episodic signals like 

macronutrients and gastrointestinal peptide hormones; and several other neural and hormonal 

signaling candidates that all likely interact with different regions of the central nervous system to 

exert effects on food intake, metabolism, and EB.   

Animal studies using forced overfeeding as a way to study positive EB and body weight 

regulation have shown that rodents forced to overeat will significantly reduce voluntary food 

intake and display changes in metabolism that favor weight loss following the overfeeding 

intervention (1, 2).  In addition, parabiosis experiments have shown that overfeeding one rodent 

reduces food intake and body weight/adiposity in the conjoined parabiotic partner (3).  

Overfeeding studies in humans have also demonstrated significant decreases in voluntary food 

consumption following prescribed overfeeding (4).  These studies provide evidence for an 

adaptive resistance to weight gain primarily through subsequent reductions in food intake.  This 

led to the hypothesis that there was a ‘leptostat’ that informed the brain regarding an animal’s EB 

for periods of days to weeks (5).  A variety of hormones are now known to contribute to this 

resistive response to overfeeding, but leptin is currently the prime candidate for signaling related 

to body fat stores and thus EB over periods of days to weeks.   

Previous research has shown three days of overfeeding at 130% of EB needs in healthy 

weight human males increases 24 h average leptin concentrations (relative to eucaloric feeding), 

and this increase in leptin strongly correlates with a reduction in food intake at a self-selected 
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breakfast the morning after the overfeeding period (6).  In contrast, data from a follow-up study 

utilizing the same design demonstrated that 24 h leptin does not increase (relative to eucaloric 

feeding) in response to three days of overfeeding in obese males and there is no significant 

relationship between the 24 h leptin response to overfeeding and self-selected food intake (7).  

Interestingly, 24 h leptin concentrations were significantly decreased in response to acute 

underfeeding in both groups of men.  In essence, the purported homeostatic leptin signal detects 

short-term underfeeding and induces hunger in both healthy weight and obese individuals, but 

fails to respond to short-term overfeeding in the obese by not producing a leptin signal nor 

satiety response.  These data, albeit comprised of a limited sample size, suggest that the leptin 

system response to short-term changes in EB appears dependent on adiposity and the observed 

pattern of the 24 h leptin response to over- and underfeeding may set an obese person up for 

continued slow weight gain.   

Because obesity is often accompanied by insulin resistance (8) and because insulin is 

involved in regulating leptin gene expression (9) and circulating leptin concentrations (10-12), 

we hypothesized that the lack of leptin response to overfeeding in the obese might be related to 

insulin resistance.  Moreover, because insulin resistance is reduced following exercise and 

because high habitual daily physical activity or structured exercise is important in the 

maintenance of weight loss in humans (13), we hypothesized that exercise would restore the 

leptin response to overfeeding in the obese.  The combination of exercise and energy surplus on 

plasma concentrations of leptin has rarely been studied, although it has relevance from both a 

basic science perspective (regulation of energy balance and body weight) and from a practical 

perspective (to minimize weight gain during short periods of energy excess, such as during 

weekends and holidays).  Thus, the purpose of this study was to determine if increasing a 
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sedentary individual’s daily physical activity level with structured aerobic exercise during 

overfeeding will improve short-term appetite control by increasing the 24 h plasma leptin 

response.     

 

Methods 

Study Subjects 

Six individuals (five females and one male) with a healthy BMI (20<25 kg/ m
2
) and 

seven individuals (six females, one male) with an obese BMI (30<35 kg/m
2
), aged 19–39 y 

participated in this study.  Each participant had normal thyroid function as determined by plasma 

thyroid-stimulating hormone concentrations (0.4–3.6 IU/l).  Due to the large volume of blood 

drawn, subjects were required to have normal hemoglobin (12.0 - 16.0 g/dL for females and 13.5 

- 17.5 g/dL for males) and hematocrit (36 – 46% for females and 41 – 53% for males).  In 

addition, all subjects had a normal fasting lipid profile, were not hypertensive, and were 

identified as non-restrained eaters using the Three Factor Eating Questionnaire (14). 

Exclusion criteria included current tobacco use, a history of metabolic or cardiovascular 

disease, history of claustrophobia (which might preclude use of a whole-room indirect 

calorimeter in this study), special dietary habits (e.g. vegetarian, low-carbohydrate), use of 

prescription medications (other than oral hormonal birth control), use of over-the-counter 

substances that could potentially alter energy metabolism, and females who were pregnant, 

lactating, or experienced irregular menstrual cycles.  All subjects passed a complete medical 

history and physical exam by the study physician.  Individuals who exercised regularly or did not 

eat three meals a day (including breakfast or an early morning meal) at least five days/week were 

also excluded.  Subjects were recruited through advertisement in local newspapers, information 
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posted on the University of Wisconsin Department of Nutritional Sciences website, mass campus 

e-mail, and through flyers.  The study was approved by the University of Wisconsin-Madison 

IRB and all subjects provided written informed consent.  The study was performed at the Clinical 

Research Unit (CRU) at the University of Wisconsin-Madison Hospital. 

 

Baseline Testing 

One to two weeks prior to the first main study visit, subjects arrived at the University of 

Wisconsin Hospital’s Clinical Research Unit (CRU) in the morning between 07:00 and 08:00 to 

complete the following procedures:  Deuterium oxide (
2
H2O) for total body water (TBW) 

measurement to estimate body composition; resting metabolic rate (RMR); fasting blood sample 

(TSH, hemoglobin, hematocrit, lipid panel); complete medical history and physical exam; and an 

exercise test.  Subjects fasted and avoided caffeine for 8-12 hours and avoided strenuous exercise 

and alcohol for 24 hours prior to baseline testing.   

 

Body Composition 

Body composition was estimated using a two-compartment model; fat free mass (FFM) 

and fat mass (FM) determined by calculating TBW using the 
2
H2O dilution technique (15).  At 

the beginning of the baseline testing visit, saliva samples were collected before and 3 h after 

administration of 0.05g 
2
H2O/kg body weight.  Saliva samples were centrifuged at 3,000rpm for 

20 minutes and the resultant water was decolorized and cleaned with carbon black, filtered, and 

transferred into vials for measurement of isotopic enrichment by isotope-ratio mass 

spectrometry.  FFM was assuming a hydration constant of 0.732 such that FFM = TBW/0.732.  

FM = body weight - FFM. 



57 
 

 

Resting Metabolic Rate (RMR) 

 Following 
2
H2O administrations, subjects were instructed to lie supine and awake in a 

quiet room free of bright light and at a comfortable temperature (20-24
o
C) for at least 10 minutes 

prior to a 30 minute respiratory gas collection period using the Deltatrac (DTC) Metabolic 

Monitor (VIASYS Healthcare, Inc, SensorMedics, Yorba Linda, CA).  The DTC has been 

established as a valid and reliable portable metabolic cart indirect calorimeter system (16).  

Before each RMR measurement, the DTC was calibrated to a reference gas of known O2 and 

CO2 concentrations.  Gravametric methanol burns were performed periodically and calibrations 

adjusted accordingly.  During testing, subjects were instructed to remain motionless without 

sleeping while respiratory gases were drawn from a clear hood canopy placed over the 

participant’s entire head, as shown in figure 1.  The final 20 minutes were used to calculate 

respiratory exchange ratio (RER; VCO2 ÷ VO2), as well as RMR (kcals/day) using the modified 

Weir equation (17):  [3.941 x VO2] + [1.106*VCO2]    

 

Exercise Test 

Each participant performed an exercise test on a cycle ergometer to estimate maximal 

oxygen uptake (VO2max) from a protocol developed by Storer et al (18).  Briefly, subjects cycled 

for four minutes at 0 watts (W).  Thereafter, work rate increased in 15 W· min
-1

 increments at a 

pedal rate of 60rpm until the participant reached his or her limit of tolerance and could no longer 

maintain a constant pedal rate of 60rpm as confirmed by a digital pedal revolution counter.  

Subjects were verbally encouraged by the test administrator to provide a maximal effort.  The 
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final work rate (W), along with the participant’s body weight (kg) and age (y) were used in the 

following equations to estimate VO2max: 

1) Males VO2max (ml · min
-1

) = 10.51 (W) + 6.35 (kg) – 10.49 (y) + 519.3 ml · min
-1

 

2) Females VO2max (ml · min
-1

) = 9.39 (W) + 7.7 (kg) – 5.88 (y) + 136.7 ml · min
-1

 

This estimated VO2max was used as the criterion measure of cardiorespiratory fitness and used to 

calculate each individual’s submaximal workload (~50% of VO2max) for the exercise portion of 

the study.  Heart rate and blood pressure were monitored during the exercise test and subjects 

showing a hypertensive response according to the American College of Sports Medicine 

guidelines (19) were not included in the study. 

 

Protocol 

In a randomized cross-over design, subjects were seen as in-patients for two different six-

consecutive overnight visits separated by four weeks (Figure 2).  During one of the visits, 

subjects remained sedentary (SED) at a daily physical activity level (PAL) of 1.4 x RMR.  

During the other visit, cycling exercise (EX) was performed twice daily to increase daily PAL to 

1.8 x RMR.  Each SED and EX visit consisted of two consecutive treatment periods lasting three 

days each.  Subjects were kept in energy balance (EB) during the first three days of each visit 

followed by three days of overfeeding (OVER).  During the SED visit, subjects were fed a diet to 

maintain EB at 1.4 x RMR for the first three days, followed by a 130% increase in energy intake 

during the following three days of overfeeding.  During the EX visit, subjects were fed a diet to 

maintain EB at 1.8 x RMR for the first three days, followed by a 130% increase in energy intake 

during the following three days of overfeeding.  All female subjects completed each visit during 

the early part of the follicular phase of their menstrual cycle to control for potential variations in 
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sex hormone levels.  The PAL of 1.4 x RMR during the SED visit was determined from previous 

observational experience of subjects from multiple cohorts under sedentary conditions after 

entire days in the room calorimeter (described below).  The PAL of 1.8 x RMR for exercise 

visits was based on higher fat utilization reported by Smith et al, (20), and data indicating that a 

PAL of approximately 1.8 x RMR is the minimum threshold to prevent weight regain following 

significant weight loss in intervention trials (21).   

 

Whole room indirect calorimeter  

A whole room indirect calorimeter (i.e. metabolic chamber; figure 3) was used to 

measure total energy expenditure (TEE) during the first two days of both the EB and OVER 

periods during the SED and EX study visits to verify subjects were fed the appropriate amount of 

food to match the study design.  Design of the metabolic chamber at the UW-Madison CRU is 

similar to the metabolic chamber in the Department of Human Biology at Maastricht University 

in Maastricht, The Netherlands (22) and the specifications and diagnostics have been previously 

described (23).  Additionally, information on chamber temperature, humidity, airflow, pressure, 

and data collection instrumentation has been described elsewhere (24). Briefly, the composition 

of air is measured with CO2 (Hartman and Braun Uras-4) and O2 (Magnos-6) gas analyzers 

(Applied Automation, Bartlesville, OK).  The chamber was calibrated against gravametric 

methanol burns prior to each study visit.  Average recoveries for O2 and CO2 = 102.8±5.1% and 

95.2±2.8%, respectively.  The percentage recoveries were used to develop correction factors for 

the corresponding chamber data for each study visit.   

 

Blood Draws 
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On days three and six of each visit, subjects were moved to a single bed patient room in 

the CRU for 24 h blood sampling and were instructed to not leave the room, thereby mimicking 

conditions of the metabolic chamber.  Subjects were relocated because the metabolic chamber is 

not equipped for blood sampling.  An indwelling catheter was placed in a forearm vein for blood 

draws and the line was kept patent with saline infusions following each blood draw.  Blood 

draws took place every hour from 08:00 to 23:00, every 30 minutes after each meal (08:30, 

13:30, 18:30, 21:30), and every two hours  after midnight to minimize potential sleep disruption 

until 08:00 the following morning.  Blood was drawn into chilled pink-top K2 EDTA tubes (BD 

Vacutainer) and immediately spun at 1800 x g for 15 min at 4ºC.  Plasma was aliquoted into low-

protein binding micro tubes (Sarstedt, Inc.) and stored at -80ºC until assayed. 

 

Revised protocol for final three subjects 

During the final months of the study, the UW-Madison CRU underwent complete 

renovations that forced us to shut down the metabolic chamber.  Therefore, the study protocol 

was revised to utilize a different method of measuring daily energy expenditure for the final 

three subjects.  All study activities continued at the UW-hospital in a temporary location.  In 

place of the metabolic chamber, the final three subjects resided in a single bed patient room and 

were not allowed to leave in an effort to mimic the environment of the metabolic chamber.  The 

SenseWear Pro3 Armband (SW) accelerometer (BodyMedia Inc., Pittsburgh, PA), along with 

doubly labeled water (25), were used in place of the metabolic chamber to measure daily energy 

expenditure.  The SW armband was worn every day except during the morning shower.  Wear 

time and energy expenditure was calculated every minute using proprietary equations included in 

version 5.12 of the accompanying Innerview Research software.  Daily energy expenditure 
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measured using the SW armband was compared against average daily energy expenditure 

measured using doubly labeled water. 

 

Exercise  

During the EX visit, subjects rode a stationary bike at 50% of predicted VO2max twice 

each day (10:00–11:00 and 21:00–22:00).  The goal for the exercise visit was to raise 24 h TEE 

to a PAL of 1.8 x RMR.  To calculate duration of exercise, the energy cost of cycling at 50% of 

predicted VO2max was estimated from the individual linear equation between VO2 and work (in 

watts) during each participant’s exercise test, which was used in combination with RMR to 

estimate the minutes of cycling needed to raise 24 h TEE from 1.4 x RMR (SED) to 1.8 x RMR 

(EX).  The total number of minutes was then split into the morning and evening sessions of 

exercise.   

 

Diet 

All meals were prepared by the research dietician at the hospital CRU.  Daily energy 

intake was divided over three meals and one snack as follows:  Breakfast 20% (except during ad-

libitum breakfast described below); lunch 30%; dinner 35%, and snack 15% and each meal 

comprised 50% carbohydrates, 35% fat, and 15% protein.  Breakfast was served at 8:00 am, 

lunch at 1:00 pm, dinner at 6:00 pm, and the snack at 9:00 pm.  Subjects were required to 

consume all of the food provided to them, except for an ad-libitum breakfast (described below). 

The first meal after each three day EB and OVER period (morning of day four and seven) 

was an ad-libitum breakfast provided in a family style format.  Subjects were given 30 minutes 

and instructed to “eat until comfortably full.”  Foods were pre-weighed and post-weighed to 
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calculate energy intake.  Each participant received the same food at every ad-libitum breakfast, 

which included a large bowl of yogurt and extra-large muffins, each made by the CRU dietician 

to include the same relative proportion of fat, carbohydrate, and protein as the other study meals.  

The energy contents of the remaining meals on day four were the amounts that would normally 

be given during days five and six of each visit.  Any adjustments needed to match total daily 

energy intake to the treatment period based on how much was consumed at the ad-libitum 

breakfast were made using the evening snack. 

 

Hormone measurements 

 Leptin was measured in plasma in duplicate by radio-immunoassay (RIA) (kit# HL-81K; 

Linco Research, Inc., St. Charles, MO) with a lowest limit of detection of 0.5ng/mL and average 

intra- and inter-assay coefficients of variation of 5.7% and 9.2%, respectively.  Insulin was also 

measured in plasma in duplicate by RIA (kit# HI-14K; Linco Research, Inc., St. Charles, MO) 

with a lowest limit of detection of 2μU/mL and average intra- and inter-assay coefficients of 

variation of 4.6% and 8.2%, respectively.  All samples for each subject were analyzed in a single 

assay kit.    

  

Statistical Analysis 

SAS version 8.2 (SAS Institute Inc, Cary, NC) was used for all data analysis.  The 24 h 

weighted average of leptin was calculated from all blood draw time points on the third day of 

each treatment period and is referred to as the leptin mesor; however, there is a slight 

mathematical difference as the mesor is calculated from the cosinor fit of the plasma leptin 

curve, but the mesor and 24 h weighted average are roughly equivalent.  The leptin amplitude 
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(fraction above the mesor) is calculated as the peak of the 24 h leptin curve ÷ the mesor.  Not all 

diet X activity interactions were of interest (diet = EB vs. OVER; activity = SED vs. EX).  

Therefore, the following two planned comparisons were analyzed using an ANOVA with 

repeated measures: 1) the leptin response to OVER vs. EB when the subjects were stratified by 

BMI status (healthy BMI vs. obese BMI) compared to when the subjects were stratified 

according to degree of insulin resistance defined by the homeostasis model assessment (HOMA) 

method (normal HOMA vs. high HOMA); 2) leptin response during EX vs. SED conditions.  

Pearson correlations were used to examine linear relationships between plasma leptin and 

insulin, as well as leptin and ad-libitum breakfast food intake.  Data = mean ± SD unless 

otherwise indicated and statistical significance was set as p ≤ 0.05. 

 

Results 

Energy expenditure  

Physical activity level (PAL) during the SED visit (days one, two, four, and five) 

averaged 1.34±0.04 in the NH group and 1.38±0.05 in the HH group.  During the EX visit, PAL 

averaged 1.75±0.05 in the NH group and 1.74±0.04 in the HH group.  For the three subjects on 

the revised protocol, PAL during the SED visit averaged 1.33 ± 0.06 and 1.80 ± 0.05 during the 

EX visit.  Additionally, the average difference in total energy expenditure measured using the 

SW armband was -32±67 kcals/d compared with DLW during the SED visit, while SW tended to 

overestimate TEE by an average of 143±84 kcals/d compared to DLW during the EX visit in the 

three subjects on the revised protocol.   

The average time and intensity spent exercising during each morning and afternoon 

exercise session was 55±5 minutes at 50±3% of predicted VO2 max.  Daily cycling exercise 
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energy expenditure averaged 564±36 kcals/d during the entire EX visit for all 13 subjects 

combined.   

 

Leptin 

In healthy weight individuals, we hypothesized that the 24 h average leptin would 

increase in response to OVER during SED or EX conditions, while the 24 h leptin response to 

OVER in the obese would be minimal in the SED condition and would normalize (increase) in 

response to EX.  In our study, six subjects had a healthy BMI (19 to 25kg/m
2
 and seven had an 

obese BMI (30 to 35kg/m
2
).  Contrary to our hypothesis, we did not find an effect of OVER on 

the 24 h leptin mesor during the SED or EX condition when subjects were grouped by BMI 

status (figure 1A; healthy BMI vs. obese BMI); however, two subjects with healthy BMIs (19.7 

and 22.2 kg/m
2
) and a percent body fat (BF%) of 25.6% and 26.6% had elevated HOMA values 

(5.4 and 7.5, respectively).  Therefore, subjects were grouped according to HOMA status (table 

1), defined as: normal HOMA (NH; range = 1.4 to 2.3; n=6) and high HOMA (HH, range = 3.0 

to 8.5, n=7).   

The 24 h leptin mesor in the NH group was increased in response to OVER during the 

SED condition (15.1±13.8%, p=0.02) but was unchanged during EX (3.0±5.2%, n.s.).  There was 

no effect of OVER on the 24 h leptin mesor during the SED or EX condition in the HH group.  

HOMA values associated with diet (OVER vs. EB) and activity (SED vs. EX) treatments are 

shown in figure 3 and demonstrate a significant increase in response to OVER in the NH group 

(p<0.05), along with a significant decrease in response to EX in both the NH (p<0.01) and HH 

groups (p<0.01) suggesting improvements in insulin sensitivity in response to EX. 
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Repeated measures ANOVA revealed significant effects of EX on 24 h plasma leptin 

levels relative to SED conditions.  24 h average leptin expressed as percent change from the 

SED_EB mesor was significantly reduced in response to EX in the NH group (-28±27%, p<0.05) 

and in the HH group (-14±12%, p<0.05).   

We next investigated the hypothesis that leptin response to OVER was related to insulin 

response.  The leptin mesor for all 13 subjects was significantly correlated with the 

corresponding insulin mesor within each treatment:  SED_EB (R
2
 = 0.34, p=0.04); SED_OVER 

(R
2
 = 0.41, p=0.02); EX_EB (R

2
 = 0.43, p=0.02); EX_OVER (R

2
 = 0.55, p<0.01).  When we 

investigated the two groups categorized by HOMA, repeated measures ANOVA revealed that 24 

h insulin was significantly increased in response to OVER in both the NH group (40±32%, 

p<0.01) and the HH group (35±19%, p<0.01) but there was no effect of EX on 24 h insulin 

levels relative to SED conditions.   

Similar analyses of leptin response categorized by HOMA were done on the amplitude 

(fraction above the mesor) of the 24 h leptin curves in response to OVER during SED and EX 

conditions grouped by HOMA.  There was no significant increase in the amplitude of the 24 h 

leptin curve in response to OVER during SED conditions in the NH group (EB = 17±2% vs. 

OVER = 16±3%) or in the HH group (EB = 19±5% vs. OVER = 14±3).  Similarly, there was no 

change in the amplitude of the 24 h leptin curve in response to OVER during the EX visit in the 

NH group (EB = 20±3% vs. OVER = 18±3) or in the HH group (EB = 16±2% vs. OVER = 

17±4).   

 

Ad-libitum breakfast  
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Ad-libitum breakfast energy intake is presented in figure 6.  In response to OVER, the 

NH group reduced self-selected energy intake during the SED condition (-229 ± 112 kcals, 

p<0.01), and demonstrated a trend for a reduction in self-selected energy intake during the EX 

condition (-214 ± 249 kcals, p=0.09).   The HH group also reduced self-selected energy intake 

during the SED condition in response to OVER (-165 ± 157 kcals, p<0.05), but not during EX (-

40 ± 242 kcals, n.s.).  Similar results were found when energy intake was expressed as the 

percentage of each subject’s average energy expenditure during each treatment. 

The relationship between change in leptin mesor in response to overfeeding during each 

visit (SEDOVER – EB and EXOVER – EB) and change in ad-libitum breakfast food intake is shown in 

figure 7.  Within the NH group, change in leptin mesor in response to OVER was not associated 

with a corresponding change in ad-libitum breakfast food intake in either the SED visit (r
 
= 0.51; 

95% C.I. = -0.46 to 0.91) or the EX visit (r
 
= 0.35; 95% C.I. = -0.58 to 0.86).  Similarly, within 

the HH group change in leptin mesor in response to OVER was not associated with a 

corresponding change in ad-libitum breakfast food intake in either the SED visit (r
 
= 0.04; 95% 

C.I. = -0.69 to 0.72) or the EX visit (r
 
= -0.02; 95% C.I. = -0.71 to 0.70).   

 

Discussion 

In a previous study, we reported that 24 h leptin levels in obese males did not respond to 

three days of moderate overfeeding, suggesting that the peripheral leptin system did not detect 

excess energy intake (7).  These findings contrasted results in individuals with a healthy BMI 

who displayed an increased 24 h leptin response to the same level of overfeeding (6).  In the 

current study we did not confirm these results when grouping subjects by BMI status, but did 

display a similar divergence of responses in sedentary overfeeding conditions when categorized 
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by insulin resistance as estimated by HOMA.  Because insulin is involved in regulating plasma 

leptin levels (10-12), we suggest that categorization by insulin sensitivity is the more robust 

method to detect changes in circulating leptin in response to changes in energy balance.  

Although there are no comparable studies of leptin response to overfeeding with which to 

examine these two methods of categorizing subjects, as HOMA was not measured in the 

previous studies, elevated HOMA is associated with obesity although this correlation is not 

perfect (26-30).   

To the best of our knowledge, only one study has previously examined the influence of 

exercise and positive energy balance on 24 h leptin levels.  Similar to our results, van Aggel-

Leijssen et al (31) showed that when energy balance was maintained through increased energy 

intake to match the greater energy expenditure on a day of relatively high physical activity, the 

24 h leptin mesor decreased relative to the non-exercise day.  Aggel-Leijssen et al (31) also 

reported that in the exercise treatment the leptin mesor increased during over-feeding.  Their 

subjects were lean males and thus probably are comparable to our NH group.  HOMA was not 

reported in their study nor are we aware of other studies that report both changes in leptin mesor 

during over-feeding and HOMA which might confirm the differences in leptin responses we 

report in our NH and HH subjects. 

The leptin results from the present study are also similar to work from our lab where 

Cooper et al (32) studied the influence of exercise on appetite hormones during high fat energy 

balance diets.  Our results contrast slightly with the findings of Hilton and Loucks (33) who 

found in healthy sedentary and exercising women that low energy availability, and not the stress 

of exercise, suppressed the 24 h mean and amplitude of the leptin curve and the authors 

concluded that changes in the 24 h rhythm of leptin depended on energy or carbohydrate 
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availability.  A majority of the other previous studies examining the effect of exercise on plasma 

leptin levels only examined a single time point (e.g. fasting or immediately post-exercise) with 

little or no effect of acute exercise on these single time-point plasma leptin concentrations (34-

37), and exercise training studies are often confounded by interventions designed to induce 

negative energy balance and corresponding body fat loss (38-40).  Our findings and those of 

others highlight the importance of studying leptin over a 24 h period, as leptin secretion over 24 

h has been shown to be pulsatile in nature, with ~32 pulses per 24 h and a pulse duration of ~30 

minutes (41). 

Although we did not study multiple mediators of leptin response, we can speculate on 

this.  Leptin protein synthesis in adipocytes has been shown to be down-regulated by 

catecholamine induced β adrenergic stimulation (i.e. exercise) as demonstrated in studies using 

β-adrenergic agonists (42) and is similar to mechanisms responsible for decreasing leptin protein 

production in response to fasting (43).  In addition, exercise induced improvements in whole-

body insulin sensitivity and insulin-independent glucose uptake in skeletal muscle often reduces 

the relative amount of insulin required from the pancreas to metabolize a given load of 

carbohydrate.  Taken together, exercise induced reductions in leptin production at the level of the 

adipocyte along with exercise induced decreases in 24 h average insulin levels (even during 

short-term periods of positive energy balance) may in effect remove the driving force (elevated 

insulin) behind increased in leptin protein production commonly associated with 

hyperinsulinemia.   

The lack of an association between change in leptin mesor and change in ad-libitum 

breakfast food intake observed in our study does not support the previous findings of Chin-

Chance et al (6), which suggested leptin was a principal regulator of energy intake following 
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three days of perturbations in EB.  While we cannot rule out the possibility that the lack of a 

relationship between 24 h leptin levels and self-selected breakfast intake in the present study is a 

type II error, our data does suggest that the physiological regulation of appetite behavior is more 

complex than that of the simple leptin theory upon which we speculated based on the previous 

study in obese men.  Indeed, numerous peptide hormones secreted from the gastrointestinal tract, 

such as ghrelin, glucagon like peptide-1, peptide YY, cholecystokinin, and many others, are 

known to by physiological regulators of food intake by influencing neuropeptide expression and 

activity in the brain (44). 

Our study has limitations.  First, although insulin resistance was not directly measured in 

the present study, HOMA has been shown to be highly correlated with the euglycemic-

hyperinsulinemic clamp technique (26-30) and represents a surrogate marker of insulin 

resistance.  In the two previous studies (6, 7), HOMA was not measured but we speculate that 

BMI and HOMA may have been correlated.   

Second, while both men and women participated in this study, the predominantly female 

sample may not be representative of the general adult population.  Plasma leptin concentrations 

in women can range approximately two to four times higher compared to men of similar BMI 

because women have a higher body fat mass at similar BMIs (45).  Also, plasma leptin is 

roughly two to four times higher in obese individuals compared with healthy weight peers of the 

same sex on account of the higher body fat mass in the obese.  Although the between-subject SD 

for the leptin mesor from all treatments was quite high in each group (NH ~10ng/mL; HH 

~16ng/mL), the within-subject SD was smaller (NH ~1ng/mL; HH ~3ng/mL).    

Third, in the previous studies in healthy weight (6) and obese men (7), the ad-libitum 

breakfast was a buffet consisting of a wide selection of common U.S. breakfast foods.  In the 
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present study, each subject received the same food (large bowl of yogurt and large muffins) in a 

family style format at every ad-libitum breakfast.  While the ad lib breakfast in the present study 

differed from the previous studies, this change was made to reduce potential confounding by 

dietary variety associated with a buffet. 

Lastly, the use of a metabolic research ward has the potential to decrease an individual’s 

activity level below their usual PAL, even if that person is classified as sedentary in free-living 

conditions.  The average PAL of U.S. adults is between 1.60 and 1.65 (46), while the average 

inpatient sedentary PAL of our subjects was 1.35.  Never-the-less, the greater precision and 

accuracy of controlling the imposed changes in energy balance compared to other 24 h leptin 

studies is a strength of our study.   

In summary, the results of the present study are a testament to the complexity of the 

regulation of human appetite.  Common human obesity is characterized by hyperleptinemia, 

which actually suggests an appropriate adaptive response to obesity and represents a state of 

positive energy balance where energy intake exceeds energy expenditure and the effects of 

adiposity signals fail to appropriately reduce food intake and adipose stores.  Additionally, obese 

humans are only weakly responsive (or not at all) to exogenously administered leptin (47).  It is 

possible that a lack of an association between change in leptin in response to overfeeding and 

change in subsequent food intake is not due to a pathological defect in leptin bioavailability, 

either at the level of the adipocyte or transport across the blood brainer barrier (48), but may 

simply reflect the limitations of the leptin “system” to regulate food intake and body fat stores as 

some investigators (49) have suggested the role of leptin is to prevent starvation rather than to 

avoid obesity.  Many rodent models of obesity are characterized by hypothalamic resistance to 

leptin and insulin, and exercise has been shown to improve central actions of these hormones 
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(50-53).  These data suggest future studies should focus on the central rather than peripheral 

action of leptin in the regulation of food intake.   
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Data = mean ± SD  

NH 

(n=1M, 5F) 

HH 

(n=1M, 6F) 
p-value 

HOMA 2.0 ± 0.4 6.5 ± 2.2 <0.001 

FPI (μU/mL) 9.4 ± 1.9 27.0 ± 7.5 <0.001 

FPG (mg/dL) 86.1 ± 5.5 95.0 ± 8.0 0.04 

Age (y) 29 ± 4 25 ± 5 0.12 

BW (kg) 66.4 ± 11.5 82.3 ± 15.1 0.06 

BMI (kg/m
2
) 25.0 ± 5.1 29.6 ± 7.0 0.21 

Fat (%) 32.4 ± 7.2 36.1 ± 10.2 0.47 

Fat (kg) 21.8 ± 7.4 30.4 ± 12.3 0.16 

FFM (kg) 44.6 ± 6.7 51.9 ± 9.6 0.15 

VO2max 

(ml/kg/min) 
25.7 ± 4.3 23.2 ± 3.1 0.26 

RMR (kcals/d) 1330 ± 120 1510 ± 190 0.08 

 

Table 1:  Subjects baseline characteristics as grouped by homeostasis model assessment 

(HOMA) estimate of insulin resistance.  Normal HOMA (NH; range = 1.4 to 2.3; n=6) and high 

HOMA (HH, range = 3.0 to 8.5, n=7); FPI = fasting plasma insulin; FPG = fasting plasma 

glucose; BW = body weight; BMI = body mass index; FFM = fat free mass; VO2max = maximal 

aerobic fitness; RMR = resting metabolic rate.  Data = mean ± SD.   
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Figure 1:  The Deltatrac (DTC) metabolic cart indirect calorimeter system in-use.  During 

testing, subjects were instructed to remain motionless without sleeping while respiratory gases 

were drawn from a clear hood canopy placed over the participant’s entire head, as shown.  The 

final 20 minutes were used to calculate respiratory exchange ratio (RER; VCO2 ÷ VO2), as well 

as RMR (kcals/day) using the modified Weir equation (17):  [3.941 x VO2] + [1.106*VCO2]    

 

 

 

 

 

 

 



74 
 

 

Figure 2:  Study Protocol.  In a randomized cross-over design, each participant took part in two 

separate one-week long interventions separated by a minimum of four weeks.  Subjects were 

kept in energy balance during the first three days, and then overfed by 30% of daily energy 

balance requirements during the last 3 days.  During one visit, subjects remained sedentary 

(kcals/d ≈ 1.4 x resting metabolic rate) and during the other visit exercised twice each day 

(kcals/d ≈ 1.8 x resting metabolic rate).  EI = energy intake; EE = energy expenditure.  The 

timeline on the bottom represents the blood draw, eating, and exercise schedule on days 3 and 6 

of each treatment.  B, L, D, S = breakfast, lunch, dinner, snack; Ex = during the exercise visit, 

subjects cycled on an indoor bicycle twice daily for ≈60 minutes @ ≈50% VO2max; black arrow = 

Ad-libitum breakfast. 
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Figure 3:  Diagram of the whole room indirect calorimeter (i.e. metabolic chamber) at the UW-

Madison CRU.  The design is similar to the metabolic chamber in the Department of Human 

Biology at Maastricht University in Maastricht, The Netherlands (22) and the specifications and 

diagnostics have been previously described (23).  Additionally, information on chamber 

temperature, humidity, airflow, pressure, and data collection instrumentation has been described 

elsewhere (24). Briefly, the composition of air is measured with CO2 (Hartman and Braun Uras-

4) and O2 (Magnos-6) gas analyzers (Applied Automation, Bartlesville, OK).  The chamber was 

calibrated against gravametric methanol burns prior to each study visit.  The percentage 

recoveries were used to develop correction factors for the corresponding chamber data for each 

study visit.  The precision of the corrections averaged 5.4% and 3.5% for O2 and CO2, 

respectively. 
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Figure 4:  Homeostasis model assessment estimated insulin resistance (HOMA) during each 

visit in subjects with a normal HOMA (NR, n=6) and high HOMA (HR, n=7).  EB = energy 

balance, OVER = overfeeding, SED = sedentary, EX = exercise.  Data presented as mean ± SE.  

* = OVER significantly different from EB within NH group (p < 0.05). † = EX significantly 

different from SED within group (p < 0.05).  Data = mean ± SEM 
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Figure 5:  Percent change (±SD) of the overfeeding (OVER) leptin mesor from the energy 

balance (EB) leptin mesor during the sedentary (SED) and exercise (EX) visit.  Graph on the left 

= subjects grouped according to BMI status; healthy BMI (H BMI, n=6) vs. obese BMI (O BMI, 

n=7).  Graph on the right = the same subjects re-grouped by HOMA status; normal HOMA (NH, 

n=6) vs. high HOMA (HH, n=7).  * = The only significant increase in the leptin mesor in 

response to OVER occurred in the NH group during the SED visit (p=0.02).  Exercise did not 

normalize (increase) the 24 h leptin response to OVER in the obese or high HOMA groups.  Data 

= mean ± SD 
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Figure 6: Ad-libitum breakfast energy intake.  SED = sedentary; EX = exercise; EB = energy 

balance; OVER = overfeeding.  Self-selected energy intake was significantly reduced in response 

to OVER during the SED condition in the NH group (-229±112 kcals, ** = p<0.01) and in the 

HH group (-165±157 kcals, * = p<0.05).  There was a trend for a reduction in energy intake in 

response to OVER during the EX condition in the NH group (-214±249 kcals, p=0.09).  Data = 

mean ± SD 
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Figure 7:  Relationship between change in mesor leptin levels in response to overfeeding and 

change in ad-libitum breakfast food intake following overfeeding during the sedentary (SED) 

and exercise (EX) visit for each group.  No significant correlations were found between change 

in mesor leptin levels in response to overfeeding and change in ad-libitum breakfast food intake 
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Abstract 

Introduction: Daily exercise (EX) during short-term positive energy balance (EB) may improve 

objective and subjective appetite regulation in obese individuals by modulating plasma levels of 

hormones involved in the homeostatic regulation of dietary behavior.  Objective:  To examine 

perceived hunger and peripheral concentrations of leptin and peptide YY (PYY) at two levels of 

physical activity.  Methods:  In a randomized cross-over design, 13 habitually sedentary 

individuals (19-39y) were in-patients in a metabolic research ward for two different six-

consecutive overnight visits.  During one visit, subjects remained sedentary (SED) and during 

the other performed cycling EX at 50% VO2max twice daily.  Subjects were in EB on days 1-3 

and overfed (OVER) on days 4-6 of each visit.  Multiple blood samples and visual analog scale 

appetite questionnaires were taken over 24h on days 3 & 6 of each visit.  The morning after EB 

and OVER, subjects were fed an ad-libitum breakfast.  Results: All 13 participants were 

analyzed together.  Significant reductions in average ad-libitum breakfast intake in response to 

OVER and EX were not explained by relationships with changes in meal related perceived 

hunger or appetite hormone levels.  Also, beneficial changes in 24h average perceived appetite 

(decreased hunger/increased fullness) were found in response to OVER and EX, but these 

changes were not explained by relationships with 24h hormone values.  Neither perceived 

appetite nor hormones measured explained more than 5% of the variance in ad-libitum breakfast 

energy intake following OVER.  Conclusions:  Subjective appetite and self-selected food intake 

are likely influenced by environmental and hedonic aspects of food that may override 

homeostatic biological mechanisms regulating appetite. 
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Introduction 

The prevalence of obesity has reached epidemic proportions worldwide, with more than 

1.5 billion adults considered overweight (BMI >25 kg/m2) and at least 500 million clinically 

obese (BMI >30 kg/m2) (1).  It is generally accepted that the steady increase in obesity 

prevalence over the last several decades has paralleled an increase in the consumption of energy-

dense foods along with an increasingly sedentary lifestyle; however, a better understanding of 

the causes of obesity lies in the study of the interactions between food intake and energy 

expenditure.  To this end, the influence of exercise on appetite regulation has drawn renewed 

interest.    

Cross-sectional studies have shown that food intake regulation in response to covertly 

manipulated breakfast pre-loads is more accurate in active vs. sedentary adults over the course of 

a day (2, 3).  Martins et al (4) demonstrated significant improvements in the ability of previously 

sedentary individuals to self-regulate food intake following moderate-term (i.e. 6 weeks) 

exercise training.  These data suggest maintaining a level of high habitual physical activity 

improves day-to-day appetite regulation by leading to a more sensitive eating behavior in 

response to previous energy intake, which may facilitate long-term energy balance.  Improved 

appetite control associated with regular exercise may derive from alterations in subjective 

feelings of hunger and/or fullness mediated via changes in plasma levels of appetite-regulating 

hormones induced by the physiological stimulus of exercise.  Of particular interest have been the 

hormones leptin and peptide YY (PYY).   

Leptin is a 16-kDa circulating hormone produced primarily by adipose tissue in 

proportion to the amount of lipid stores and is best known for its role as a signal of chronic 

nutritional state and regulator of long-term energy balance (5).  Previously, we could not confirm 
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results from a past study that demonstrated an association between the 24 h leptin response to 

overfeeding and subsequent food intake at an ad-libitum breakfast meal.  Our most recent study 

included both three-day sedentary or exercise conditions in habitually sedentary individuals with 

low or high values for estimated whole body peripheral insulin resistance (chapter 3); however, 

we did find that average self-selected breakfast food intake was reduced in both groups of 

individuals following three-days of overfeeding and tended to be reduced during exercise 

compared to sedentary conditions.  These findings suggest additional mechanisms are 

functioning in the physiological regulation of appetite during short-term changes in energy 

balance.  Indeed, numerous peptide hormones have been found to modulate feelings of hunger 

and satiety and of these, PYY has received much attention.   

It has been shown that PYY functions as an episodic signal of satiety (6), being released 

into circulation from endocrine L cells in the distal gastrointestinal tract partly in proportion to 

calories ingested such that plasma levels rise within 15 minutes, plateau at approximately 90 

minutes, and fall back to pre-meal levels at a rate dependent on calories ingested (7).  Aerobic 

physical activity of sufficient intensity and duration may alter plasma concentrations of PYY in a 

direction expected to suppress energy intake.  Martins et al. (8) showed that PYY was elevated 

during and immediately after 60 minutes of moderate intensity aerobic exercise.  Similarly, 

Broom et al. (9) found that aerobic exercise elevated PYY concentrations and suppressed hunger.  

These data lend physiological support to previous observational evidence that has shown acute 

exercise (at least aerobic exercise of moderate intensity) does not increase energy intake in the 

short term (10); however, further research is required to determine how long the exercise induced 

changes persist and whether the changes have any effect on subsequent subjective appetite or 

food intake. 
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In our previous study, we did not examine other peptide hormones that may impact 

changes in subjective appetite and food intake following overfeeding or exercise.  We propose 

that the previously observed reductions in self-selected breakfast intake in response to 

overfeeding and exercise are related to changes in fasting and post-prandial plasma insulin and 

PYY levels.  Thus, the aim of this study was to expand on our previous work by characterizing 

the relationship between changes in self-selected food intake, perceived appetite, and hormone 

(insulin, leptin, and PYY3-36) responses to overfeeding and exercise in habitually sedentary 

individuals.   

   

Methods 

Study design 

This was a sub-study to an investigation (chapter 3) of the 24 h plasma leptin response to 

exercise (EX) and overfeeding (OVER).  In a randomized cross-over design, subjects were seen 

as in-patients for two different six-consecutive overnight visits separated by four weeks.  During 

one of the visits subjects were sedentary (SED) and during the other visit exercised twice daily.   

All study visits took place at the University of Wisconsin-Madison Hospital’s Clinical Research 

Unit (CRU).  Each SED and EX visit consisted of two consecutive treatment periods lasting 

three days each.  Subjects were kept in energy balance (EB) during the first three days of each 

visit followed by three days of OVER.  During the SED visit, subjects were fed a diet to maintain 

EB at 1.4 x RMR for the first three days (SED_EB), followed by three days of OVER at 130% of 

SED_EB requirements (SED_OVER).  During the EX visit, subjects were fed a diet to maintain 

EB at 1.8 x RMR for the first three days (EX_EB), followed by three days of OVER at 130% of 
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EX_EB requirements (EX_EB).  All female subjects completed each visit during the early part 

of the follicular phase of their menstrual cycle. 

 

Study Subjects 

Thirteen healthy individuals (males n=2; females n=11) aged 19–39 y participated in this 

study.  Individuals who exercised regularly or did not eat three meals a day (including breakfast 

or an early morning meal) at least five days/week were excluded.  Additional exclusion criteria 

included current tobacco use, a history of metabolic or cardiovascular disease, history of 

claustrophobia (which might preclude use of a whole-room indirect calorimeter in this study), 

currently following a special diet (e.g. vegetarian, low-carbohydrate), use of prescription 

medications (other than oral hormonal birth control), use of over-the-counter substances that 

could potentially alter energy metabolism, and females who were pregnant, lactating, or 

experienced irregular menstrual cycles.  The study was approved by the University of 

Wisconsin-Madison IRB and all subjects provided written informed consent.  The study was 

performed at the Clinical Research Unit (CRU) at the University of Wisconsin-Madison 

Hospital. 

 

Protocol 

Treatment conditions are described in the study design section above.  Prior to 

participation in study visits, subjects underwent a physical exam and screening where a fasting 

blood sample was taken to screen for abnormal blood lipids, glucose, insulin, thyroid stimulating 

hormone, hemoglobin, and hematocrit levels.  Resting metabolic rate and estimated VO2max were 

measured during screening via indirect calorimetry, as described previously (chapter 3).  These 
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measures were used to establish energy intake, as well as exercise intensity and duration.  For 

each SED and EX study visit, participants stayed in a metabolic chamber at the CRU and visits 

were separated by four weeks.   

On the third and sixth day of each visit, an intravenous catheter was placed in the 

antecubital space of the subject at 0730 h and kept patent with saline.  Blood draws took place 

every hour from 08:00 to 23:00, every 30 minutes after each meal (08:30, 13:30, 18:30, 21:30), 

and every two hours after midnight to minimize potential sleep disruption until 08:00 the 

following morning.  Blood was drawn into chilled pink-top K2 EDTA tubes (BD Vacutainer) and 

immediately spun at 1800 x g for 15 min at 4ºC.  Aprotinin (0.6 TIU/mL, Phoenix 

Pharmaceuticals Inc., Burlingame, CA) and dipeptidyl peptidase IV inhibitor (10 μU/mL, item # 

DPP4; Linco Research, Inc., St. Charles, MO) was added to the plasma following centrifugation. 

Plasma was then aliquoted and stored at -80ºC until assayed.  

Participants also completed 100mm visual analog scale (VAS) questionnaires to measure 

hunger, fullness, and prospective consumption (how much they thought they could eat), as 

previously developed (11).  The questionnaire was given every hour from 0800 until 2300 h on 

days three and six of each visit, as well as before and after the ad-libitum breakfast (07:30 and 

08:00) on days four and seven.   

For the EX visits, cycling exercise was completed at 50% of VO2max for 2 h during each 

day, once in the morning from 10:00 to 11:00 and once in the evening from 20:00 to 21:00.  A 

visual analog scale (VAS) was completed hourly between 0800 and 2300 h to assess subjective 

appetite.  The morning after each three day treatment period, an ad-libitum breakfast was served 

to objectively measure self-selected food intake. 
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Diet 

All meals were prepared by the research dietician at the hospital CRU.  Daily energy 

intake was divided over three meals and one snack as follows:  Breakfast 20% (except during ad-

libitum breakfast described below); lunch 30%; dinner 35%, and snack 15% and each meal 

comprised 50% carbohydrates, 35% fat, and 15% protein.  Breakfast was served at 8:00 am, 

lunch at 1:00 pm, dinner at 6:00 pm, and the snack at 9:00 pm.  Subjects were required to 

consume all of the food provided to them, except for the ad-libitum breakfast (described below). 

The first meal after each three day treatment period (morning of day four and seven) was 

an ad-libitum breakfast provided in a family style format.  Subjects were given 30 minutes and 

instructed to “eat until comfortably full.”  Foods were pre-weighed and post-weighed to calculate 

energy intake.  Each participant received the same food at every ad-libitum breakfast, which 

included a large bowl of yogurt and extra-large muffins, each made by the CRU dietician to 

include the same relative proportion of fat, carbohydrate, and protein as the other study meals.  

The energy contents of the remaining meals on day four were the amounts that would normally 

be given during days five and six of each visit.  Any adjustments needed to match total daily 

energy intake to the treatment period based on how much was consumed at the ad-libitum 

breakfast were made using the evening snack. 

 
 
 

Hormone measurements 

 Leptin was measured in plasma in duplicate by radio-immunoassay (RIA) (kit# HL-81K; 

Linco Research, Inc., St. Charles, MO) with a lowest limit of detection of 0.5ng/mL and average 

intra- and inter-assay coefficients of variation of 5.7% and 9.2%, respectively.  PYY3-36 was also 

measured in plasma in duplicate by RIA (kit# PYY-67HK; Linco Research, Inc., St. Charles, 
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MO) with a lowest limit of detection of 20pg/mL and average intra-assay and inter-assay 

coefficient of variation (CV) of 10.9% and 13.7%, respectively.  While high, these CV’s are 

within published values supplied with the assay kit, as well as within the range of CV’s reported 

by others (12).  All samples for each subject were analyzed in a single assay kit.   

 

Statistical analysis 

SAS version 8.2 (SAS Institute Inc, Cary, NC) was used for all data analysis with 

subjects serving as their own controls due to the crossover design of the SED and EX visits.  The 

24 h weighted average of hunger, fullness, leptin, and PYY were each calculated from all 

available time points during each 24 h treatment period.  Changes in subjective appetite and ad-

libitum breakfast intake in response to OVER and EX were analyzed using ANOVA with 

repeated measures with all 13 subjects in one group.  Pearson correlations were used to examine 

relationships between changes in meal related subjective appetite and hormones in response to 

OVER and EX with corresponding change in ad-libitum breakfast food intake in response to 

OVER and EX.  To examine the effects of multiple variables on change in ad-libitum breakfast 

food intake in response to OVER and EX, a linear mixed effects model was used to examine the 

effect of treatment, age, sex, race, baseline BW, baseline HOMA status, change in meal related 

hunger (post breakfast – pre breakfast) in response to OVER and EX, change in 24h average 

leptin in response to OVER and EX, and changes in ad-libitum breakfast associated insulin and 

PYY3-36 (post breakfast – pre breakfast) responses to OVER and EX.  The best model was found 

using backward elimination by eliminating insignificant variables in a stepwise manner.  Results 

are presented as Mean ± SD unless otherwise stated.  Statistical significance was set at p ≤ 0.05. 
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Results  

Participants 

This study was an add-on to an investigation of the effects of exercise and overfeeding on 

leptin and ad-libitum food intake in sedentary individuals grouped according to degree of 

estimated insulin resistance as defined by the homeostasis model assessment (HOMA) method:  

Normal HOMA group (n= 1 male, 5 female) and high HOMA group (n=1 male, 6 female).  For 

the present analysis, no significant correlations were found between any of the planned 

comparisons when subjects were analyzed by HOMA group within each treatment; therefore, all 

13 participants were combined and analyzed together.  Five participants were non-Hispanic 

Caucasian, three were Hispanic, and five were African-American with a group mean age of 26.6 

± 4.7 years and baseline body mass index (BMI) of 27.5 ± 6.4 kg/m
2
.  Per eligibility criteria, all 

subjects were sedentary (<3 h per week of low to moderate exercise and no vigorous exercise) 

and subjects were identified as non-restrained eaters using the Three Factor Eating Questionnaire 

(13).  

 

Ad-libitum breakfast appetite responses 

Within subject ad-libitum breakfast intake was significantly reduced in response to 

OVER compared to energy balance (EB) conditions (OVER - EB = -157±72kcals 95% CI, 

p<0.01) and in response to EX compared to sedentary conditions (EX - SED = -93±72kcals 95% 

CI, p<0.01; however, change in hunger during the ad-libitum breakfast (post breakfast – pre 

breakfast) was not associated with change in ad-libitum food intake in response to OVER (r = 

0.16±0.35, 95% CI) or EX (r = -0.26±0.32, 95% CI).  Also, changes in PYY during the ad-

libitum breakfast (post breakfast PYY – pre breakfast PYY) in response to OVER or EX was not 
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inversely associated with corresponding change in ad-libitum breakfast food intake (Figure 1A = 

OVER; Figure 1B = EX).  Although there were no significant correlations between changes in 

PYY and changes in ad-libitum breakfast intake, the relationship between changes in PYY and 

change in subjective appetite during the ad-libitum breakfast in response to OVER or EX was 

assessed to determine if change in PYY was inversely correlated with perceived hunger or 

positively correlated with perceived fullness.  As shown in figure 3, change in PYY immediately 

after the ad-libitum breakfast PYY was not inversely associated with post-breakfast hunger in 

response to OVER (Figure 1A) or EX (Figure 1B).  Similar non-significant correlations were 

found for each previously described analysis when feelings of fullness were used in place of 

hunger (data not shown) as change in hunger and change in fullness during the ad-libitum 

breakfast were significantly inversely correlated (r= -0.55±23, 95% CI; p<0.01). 

A linear mixed effects model with backward elimination was used to examine the effects 

of multiple variables on change in ad-libitum breakfast food intake.  Significant variables in the 

final model predicting change in ad-libitum breakfast food intake included the categorical 

variables sex (p<0.01) and race (p<0.01), along with the continuous variables baseline body 

weight (p<0.05) and change in breakfast insulin (post breakfast – pre breakfast) in response to 

OVER (figure 2; p<0.001).  As shown in figure 2A, the change in ad-libitum breakfast insulin 

response (post breakfast – pre breakfast) to overfeeding was significantly positively correlated 

with change in food intake.   

 

24 h appetite responses  

 Within subject 24h average hunger was significantly reduced in response to overfeeding 

compared to energy balance conditions (OVER - EB = -11±4mm 95% CI, p<0.01) and in 
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response to EX compared to sedentary conditions (EX - SED = -6±4mm 95% CI, p<0.01.  

Additionally, within subject 24h average fullness was significantly increased in response to 

OVER compared to energy balance conditions (OVER - EB = 7±4mm 95% CI, p<0.01) and in 

response to EX compared to sedentary conditions (EX - SED = 9±4mm 95% CI, p<0.01); 

however, these changes in subjective appetite were not explained by relationships with 

corresponding changes in 24h average leptin in response to OVER or EX, as shown in figure 3.  

These changes in subjective appetite were also not explained by relationships with corresponding 

changes in 24h average PYY (data not shown). 

 

Discussion 

While investigators have previously studied the effects of exercise on appetite, this study 

is one of the few to replace energy expended during exercise in an attempt to tease out the effects 

of exercise per se from negative energy balance on appetite responses, as well as to examine the 

effects of exercise on appetite during overfeeding.  Other unique aspects of this study include the 

controlled research setting allowing precise and accurate measurements of daily energy 

expenditure and energy intake, along with subjective and objective measures of hunger and 

satiety over 24 h periods.  Our findings suggest that habitually sedentary individuals are able to 

detect three-day increases in food intake relative to energy balance requirements over the course 

of an entire day, and aerobic exercise was associated with beneficial changes in 24 h measures of 

hunger and fullness compared to sedentary conditions; however, changes in subjective appetite 

responses to overfeeding or exercise were not explained by relationships with the putative 

appetite regulating hormones, leptin and PYY.    
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Previously, we reported a lack of an association between the 24 h leptin response to 

overfeeding and subsequent food intake at an ad-libitum breakfast meal during sedentary or 

exercise conditions in habitually sedentary individuals with low or high values for estimated 

whole body peripheral insulin resistance (chapter 3).  In the present expanded data set, we also 

were unable to find a significant relationship between leptin and subjective appetite when 

subjects were grouped together.  While we cannot rule out the risk of a type II error, the 

collective body of work suggests 24h average leptin does not reflect average daily hunger or 

fullness or influence feeding at a subsequent morning meal; however, more work is required to 

further delineate the role of leptin in the regulation of appetite response to short-term 

perturbations in energy balance or energy flux (i.e. exercise). 

Most research examining the effects of exercise on appetite has focused on plasma levels 

of PYY, as this hormone is known to have acute episodic appetite suppressing effects (7).  

Interestingly, our data show no change in 24 h PYY or single meal changes in PYY associated 

with an ad-libitum breakfast following three-day overfeeding or exercise.  This data is in 

disagreement with others, as it has been reported that mean plasma PYY concentration increase 

and hunger sensations temporarily decrease during and for a short while after resistance and 

aerobic exercise in both healthy weight (8, 10, 14) and obese (15) individuals.  These effects are 

often short-lived, typically only detected during and immediately after cessation of the exercise 

bout.  Thus, the within-day changes in PYY after exercise appear to be washed-out when data 

from the entire 24 h period is compared.  We suggest that more frequent blood sampling may be 

needed to evaluate the extent of the within-day exercise effect and also to increase the precision 

of the 24 h mesor values which is limited under conditions of infrequent blood sampling because 

post-meal spikes are not optimally measured. Furthermore, it has recently been shown that 
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increased PYY levels in response to exercise depends on the intensity of exercise, with higher 

intensity exercise eliciting more pronounced changes in PYY (14) and our study employed low-

to-moderate intensity exercise.  Although these studies show that plasma PYY levels change 

during and after exercise, objective measures of food intake, subjective appetite, and PYY are 

often not measured over the course of a whole day and it does not necessarily follow that food 

intake will change.  Further research is required to examine the influence of exercise training on 

changes in PYY and corresponding capacity to regulate satiety and influence body weight in 

habitually sedentary and obese individuals.  

The 24 h subjective appetite response to exercise in the present study differs from 

previous work from our lab, in which eight healthy weight males fed eucaloric high fat diets 

differing in saturated and unsaturated fatty acids did not show a 24 h treatment effect for exercise 

vs. sedentary conditions (12).  This previous study did, however, detect significant correlations 

between 24 h hunger and fullness and 24 h changes in leptin, insulin, and total ghrelin but not 

total PYY.  A key difference between our study and the previous study is that we chose to 

measure the “active” form of PYY (PYY3-36).  At the time our study was initiated, few data were 

available on the effects of sample processing on measured PYY3–36.  Chandarana et al (16) 

recently studied how differences in sample processing affected measured gut hormone 

concentrations in human plasma.  The authors point out that commercially available gut hormone 

assays recommend the addition of aprotinin, which inhibits several serine proteases, along with 

an inhibitor of the enzyme dipeptidyl peptidase IV (DPP4), which is thought to be responsible 

for proteolytic cleaveage of the first two amino acids from the full length PYY1–36 to generate the 

selective Y2 receptor agonist PYY3–36.  Chandarana and colleagues point out that there is no 

published evidence demonstrating aprotinin stabilizes active PYY3–36 or total PYY.  The authors 
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further demonstrated that addition of aprotinin with a DPP4 inhibitor had no effect on fasted, fed, 

or post-prandial area under the curve PYY3–36 levels.  These results suggest that one or more 

alternative enzymes may convert PYY1–36 to PYY3–36 (17) and that differences in sample 

processing could be responsible for discrepancies between our study and the results of others.   

Additionally, the lack of an association between PYY3-36 and subjective appetite may be 

due to the inherent complexity of human appetite.  In addition to environmental influences and 

hedonic characteristics of food, many peripheral hormones in addition to PYY signal satiation 

(cessation of eating) and satiety (the feeling of fullness that persists after eating) either via the 

vagus nerve (gut to brain communication) or via receptors in the hypothalamus.  These include 

short-term or episodic hormones that occur in unison with episodes of eating, such as 

cholecystokinin, glucagon-like peptide 1, oxyntomodulin (secreted from the small and large 

intestines), pancreatic polypeptide, amylin, and insulin (all three secreted from the pancreas), and 

more long-term regulators of energy balance such as leptin.   

The overfeeding induced changes in 24 h subjective appetite responses were likely driven 

by increased food volume, as satiation is initiated by neural input from the stomach to the brain 

signaling gastric distension after food consumption.  The same foods were served at every meal 

during each treatment but portion size was increased by 30% during overfeeding, thus the 

percentage of total calories from carbohydrates, fats, and protein were held constant between 

treatments.  A collective body of work from the laboratory of Barbara Rolls (18) has clearly 

demonstrated that sensory-specific satiety is influenced more by the volume of food consumed 

rather than the energy content for studies over periods of about one-day, while others have 

shown that this volume effect lessens over periods of days when the energy density of the meal is 

manipulated (19).  Additional studies incorporating manipulation of energy density and food 
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volume during overfeeding in sedentary and exercise conditions could help parse out the 

different influences. 

In addition to the previously discussed potential PYY sample processing issues, our study 

does have some limitations.  Individuals may alter their food intake in a laboratory environment 

if they know they are being monitored and their appetites may be influenced by the foods they 

are offered rather than being allowed to self-select at each meal.  That said, it should be pointed 

out that inferences drawn from out-patient or observational studies are often difficult given the 

limitations on the precision and accuracy of self-reported energy intake (20) and energy 

expenditure.  Visual analogue scales (VAS) (11) are often employed to study the effect of a 

particular intervention (i.e. exercise) on appetite (hunger, fullness, desire for food, etc…) and 

have been shown to be reproducible and reliable for appetite research, particularly when used in 

a repeated measures design (21).  

In summary, a sedentary lifestyle may predispose to a failure in appetite regulation, 

resulting in the inability to down-regulate food intake to match lower energy requirements of 

inactivity (22).  Our subjective appetite data may suggest that increasing habitual high daily 

physical activity may improve responsiveness to hunger and satiety cues; however, the lack of an 

association between subjective and hormonal markers of satiety in our study suggest that 

additional studies of longer duration measuring additional hormones along with ad-libitum food 

intake over 24 hour periods (instead of a single meal) are needed, while also taking appropriate 

steps in blood sample processing.  Further studies investigating plasma levels of PYY and 

similar gut hormones may require interventions that stimulate or block the peptide at critical 

times of the day to clarify their role in exercise-associated appetite responses.  It is also 

important to emphasize that subjective appetite is likely influenced by environmental influences 



103 
 

and hedonic aspects of food that may override homeostatic biological mechanisms regulating 

appetite.   
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Figure 1: Relationship between the change in ad-libitum breakfast PYY (post breakfast – pre 

breakfast) response to overfeeding (A = OVER - SED) or exercise (B = EX – SED) and 

corresponding change in ad-libitum breakfast food intake in habitually sedentary individuals 

(n=13).   
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Figure 2:  Relationship between the change in ad-libitum breakfast insulin (post breakfast – pre 

breakfast) response to overfeeding (A = OVER - SED) or exercise (B = EX – SED) and 

corresponding change in ad-libitum breakfast food intake in habitually sedentary individuals 

(n=13). 
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Figure 3: Relationship between change in the 24h weighted average of plasma leptin and 

subjective appetite in response to overfeeding (A = hunger; C = fullness) and exercise (B = 

hunger; D = fullness) in habitually sedentary individuals (n=13).   
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Summary of findings 

A review of the scientific literature presented in chapter one described biological 

mechanisms, albeit imperfect mechanisms, that function in a physiological homeostatic system 

to balance calories consumed (energy intake) with calories burned (energy expenditure) to 

maintain body weight; however, it was pointed out in chapter two that overconsumption and a 

sedentary lifestyle are both implicated in the development of the obesity epidemic.  In light of 

these considerations, it was suggested that an improved understanding of how obesity occurs in 

the context of a homeostatic regulatory system is crucial to the development of effective 

therapies.  A set of studies were described which suggested that the leptin system in healthy 

weight, but not obese, individuals was responsive to three days of overfeeding and this response 

was associated with reductions in ad-libitum breakfast food intake following overfeeding.  

Additional studies were described suggesting high levels of physical activity associated with 

successful maintenance of body weight may result in a better coupling between energy intake 

and energy expenditure, albeit in the presence of large inter-individual variability.  In an 

extension of these findings, our overarching hypothesis was that high levels of physical activity 

during short-term positive energy balance may improve objective and subjective appetite 

regulation by modulating plasma levels of hormones involved in the homeostatic regulation of 

dietary behavior.  To test this hypothesis we examined the effects of overfeeding on (1) leptin 

and self-selected food intake, and (2) perceived hunger and peripheral hormonal concentrations 

at two levels of physical activity in habitually sedentary individuals. 

In chapter three, we report data for the first study aim.  When stratified by degree of 

insulin resistance as estimated by the homeostasis model assessment (HOMA) method, both 

groups of subjects (normal HOMA and high HOMA) decreased self-selected breakfast intake in 
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response to overfeeding, with a trend for a reduction in response to exercise, but these changes in 

food intake were not explained by the 24 h leptin response to overfeeding or exercise.  These 

findings suggest more work is required to further delineate the role of leptin in the regulation of 

appetite response to day-to-day perturbations in energy balance or energy flux.  Instead of 

peripheral leptin response to changes in energy balance or energy flux recent work has focused 

on defects in leptin signaling within the central nervous system.  Many rodent models of obesity 

have been shown to be characterized by hypothalamic resistance to leptin and insulin.  Recent 

work (1-3) has shown that exercise improves both insulin and leptin signaling in an interleukin-6 

dependent manner within the rat hypothalamus, a critical region in the brain for the integration of 

signals known to be involved in regulating energy homeostasis.  Additional data shows that Ob-

Rb mRNA from the hypothalamic arcuate nucleus of male Wistar rats is significantly increased 

following 12 weeks of endurance exercise training, along with increased activity 

(phosphorylation) of key molecules in the leptin signaling cascade even as circulating plasma 

leptin concentrations are significantly decreased with loss of fat mass (4).  Based on this 

information, it is possible that exercise reinforces the central rather than peripheral action of 

leptin and further work is required to confirm.  Additionally, while leptin resistance is a feature 

of already obese humans (5, 6), it is less clear that reduced leptin responsiveness actually pre-

dates the onset of human obesity as it does in some obesity prone rodents.  A key issue for future 

studies will be to elucidate the molecular mechanisms responsible for leptin resistance and 

whether this is a cause or consequence of obesity.   

In chapter four, we report data for the second study aim.  We were unable to find any 

association between hormonal markers of appetite and either perceived appetite or objectively 

measured food intake.  These results are a testament to the complexity of the regulation of 
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human appetite.  Neither 24h average leptin nor PYY explained much of the average daily 

perceived hunger, fullness, or feeding at a subsequent morning meal in habitually sedentary 

individuals.  While our subjective appetite data may suggest that increasing habitual high daily 

physical activity may improve perceived responsiveness to hunger and satiety cues, the lack of 

an association with PYY or leptin suggests future research should measure additional hormones 

in conjunction with objectively monitored ad-libitum food intake over 24 hour periods (instead 

of a single meal).   

 

Conclusions 

It is important to keep in mind that there are multiple hormones that acutely suppress (or 

stimulate) food intake and that the integration of these signals influence overall energy balance in 

a manner that is not yet fully understood.  Simply understanding the hormonal signaling system 

will not prevent obesity unless it is coupled with changes in behavior that alter energy balance.  

Decreased requirements for physical energy expenditure and an increased availability of 

palatable, high fat, high sugar, high salt, calorically dense foods may combine to act on neural 

reward mechanisms, similar to those involved in reinforcing drug seeking behavior (7), that 

generate a constant pressure on food intake that is not compensated by commensurate changes in 

intake or expenditure to alter energy balance enough to maintain a healthy weight for a long 

period in some individuals (8, 9).   

Only during the past four to six decades has our species effectively engineered physical 

activity out of the daily lives of large portions of the US population.  Physical inactivity has 

become so prevalent that it is common to refer to exercise as having health benefits, even though 

the exercise-trained state is likely the biological normal condition (10).  It is reasonable to 



114 
 

hypothesize that modern influences on physical activity or physical inactivity are influencing, or 

even driving, the obesity epidemic.  Thus, assessment of the feasibility of restructuring the 

human environment to reduce exposure to highly palatable and energy rich food and increase the 

opportunity for physical activity is warranted, particularly in the workplace where, for example, 

treadmill based walking workstations have been proposed as a strategy to increase daily activity 

levels (11).  Additionally, characterization of the modes, volumes, and intensity of physical 

activity that would produce optimal diurnal between-meal appetite suppression may be helpful as 

well.   

The need for additional knowledge in one particular area is suggested and a research 

proposal follows:  Many studies have noted large inter-individual variability in change in body 

weight or body fat after sedentary individuals complete a structured exercise intervention (12-

14).  A likely possibility is that individuals who lose less weight than predicted (or even gain 

weight) may be compensating for the physical activity induced energy expenditure either via 

increases in energy intake or decreases in non-physical activity energy expenditure (or both).  

Thus, the purpose of this research proposal is to study the effects of a 24 week exercise 

intervention on behavioral and physiological mechanisms mediating change in body weight in 

overweight & obese women. 

 

Research Proposal Review of Literature: 

A structured exercise program is often recommended as an intervention for reducing 

excess weight in overweight/obese populations (15); however, the evidence for the efficacy of 

this approach is not so clear.  Large inter-individual variability in exercise-induced weight and 

fat loss has been documented, even when exercise is supervised and compliance is >90% (12, 

13).  For example, Barwell et al. (13) studied individual responsiveness to exercise-induced fat 
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loss in 55 women following a 7 week exercise program while continuing otherwise normal free-

living conditions (Figure 1).  When expressed as absolute change in fat mass (panel A), 

approximately 70% of the women lost body fat; however, when change in fat mass was adjusted 

to take into account exercise induced energy expenditure (panel B), the distribution of change in 

fat mass showed that roughly 50% of the women actually gained fat while approximately 50% 

lost body fat. 

     A.              B. 

        
Figure 1: Change in body fat mass in 55 women following a 7 week exercise program. A = 

absolute change in fat mass; B = change in fat mass adjusted for net exercise energy expenditure.  

Adapted from Barwell et al. (13) 

 

 

Individuals who lose less weight than predicted or even gain weight after undertaking an 

exercise program have been referred to as “compensators,” while those who lose more than or 

equal to predicted weight loss have been referred to as “non-compensators” (12).  Additional 

studies have reported similar results (14, 16) and it is also apparent that differences exist between 

men and women regarding the degree of compensation for exercise induced increases in energy 

expenditure (17, 18).  The health benefits of exercise independent of weight loss (19) deserve 

recognition, but in the face of the current obesity epidemic it is extremely important to better 

understand the factors that drive compensation to exercise induced weight loss (20).  It is 

apparent that behavioral and/or physiological mechanisms exist in compensators that result in the 
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resistance or susceptibility to exercise induced weight loss.  Identifying these mechanisms is of 

fundamental importance, as this will lead to the design of more effective strategies for weight 

control.  Data evaluating this phenomenon are limited, especially in women, as few studies have 

been designed to investigate compensatory mechanisms together using objective measures of 

energy expenditure, food intake, and appetite during supervised structured exercise.   

Until fairly recently, the impact of structured exercise on daily PAEE has been difficult to 

quantify because of challenges in measuring both total daily PAEE and exercise energy 

expenditure objectively in a free-living environment.  A limitation of many studies is that 

activity outside of planned exercise, as well as energy intake, are determined from self-report 

diaries.  Self-report techniques have been common due to low cost and ease of administration, 

but tend to overestimate energy expenditure (21, 22) and underestimate energy intake (23, 24) on 

the individual level due to recall bias.  On the other hand, the doubly labeled water technique 

(23) is relatively noninvasive and allows accurate and precise quantification of total energy 

expenditure; however, this method is expensive and cannot quantify subcomponents of PAEE, 

such as intensity and frequency.  An alternative is the use of accelerometers and heart rate 

monitors, which are advantageous because duration and intensity of daily physical activity can 

be quantified.  However, each has limitations when used alone.  Therefore, the use of 

accelerometry and heart rate in combination has been used to improve the estimate of physical 

activity energy expenditure (25, 26).  Turner and colleagues (17) used combined accelerometer + 

heart rate (Actiheart) to measure both daily exercise and non-exercise PAEE before, during, and 

after 6 months of structured exercise in sedentary, overweight middle aged men.  Results 

indicated that non-exercise PAEE was actually maintained and not decreased, as hypothesized, in 

response to structured exercise.  The authors speculated intuitively that the less-than-predicted 
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weight loss reflected compensatory increases in energy intake, although energy intake or factors 

influencing intake were not measured.   

Knowledge concerning the impact of chronic exercise training on appetite and the 

regulatory control of energy balance and body weight is also limited.  Emerging evidence 

suggests that longer term exercise may also trigger compensatory eating in susceptible 

individuals.  King et al. (16) examined the effects of 12 weeks of supervised aerobic exercise on 

fasting and daily hunger in 58 overweight and obese individuals.  Compensators who lost only 

1% of their initial body weight exhibited increased fasting and daily hunger.  In contrast, the 

non-compensators, who lost almost 6% of initial body weight, showed no increase in overall 

daily hunger despite an increase in fasting hunger.  This study was unique because the 

investigators also utilized a technique called the “satiety quotient” (27) to measure the sensitivity 

of satiety signaling associated with a fixed energy breakfast meal.  This allowed for direct 

comparisons in satiety signaling before and after the intervention in both compensators and non-

compensators.  The satiating effect of the fixed breakfast increased after the 12-wk exercise 

program in both the groups.  A limitation of the study by King et al. is that blood hormones 

associated with appetite regulation were not measured and therefore a potential mechanistic 

explanation cannot be offered for the observed results.  Novel gastrointestinal and adipose tissue 

derived hormones have been shown to have a role in the regulation of appetite and food intake, 

and ultimately in the regulation of energy balance and body weight/fat mass.  It will be important 

for future research to examine changes in blood levels of these hormones in conjunction with 

psychological appetite ratings during both fixed and ad-libitum meals to link biology with 

behavior.  For example, compensators may experience increased hunger and corresponding 
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increased energy intake in response to exercise due to elevated plasma levels of fasting acylated 

ghrelin, as recently demonstrated by Martins et al. (28).   

The proposed study is important because it will determine if compensators decrease daily 

non-exercise (non-prescribed) PAEE in response to structured exercise and if compensators 

demonstrate changes in appetite that are associated with increased daily energy intake during the 

structured exercise program.  A better understanding of the components of energy balance that 

may be susceptible to compensation in response to exercise in overweight/obese women will 

allow for targeting of weight loss intervention strategies and should result in improved weight 

loss outcomes.   

 

Central hypothesis:   

Overweight/obese women who experience a lower than predicted weight loss following 

structured exercise are compensating for the exercise-induced energy expenditure by reducing 

daily non-exercise physical activity energy expenditure (PAEE) and/or by increasing energy 

intake mediated by changes in appetite. 

 

Specific Aim 1:  Characterize the individual variability in change in body weight and body 

composition associated with a 24 week exercise intervention in overweight/obese women. 

Specific Aim 2:  Determine if compensators decrease daily non-exercise (non-prescribed) PAEE 

in response to structured exercise. 

Specific Aim 3:  Determine if compensators display changes in appetite that are associated with 

changes in objectively measured daily energy intake. 

Specific Aim 4:  Demonstrate beneficial changes in traditional biomarkers of health during a 

structured exercise program independent of changes in body weight. 
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Methods: 

Population 

Forty generally healthy, non-smoking women 20-39 years old with a body mass index 

(BMI) between 25 ≤ 35 kg/m
2
 will be recruited.  Participants must be sedentary (<60min of 

intentional moderate physical activity per week, including work related activity) and weight 

stable (±2kg over the previous 6 months).  Personal and immediate family health histories will be 

obtained using criteria set forth by the American College of Sports Medicine (29) to exclude 

persons with known or diagnosed type I or II diabetes, cardiovascular disease, thyroid disorders, 

and/or orthopedic limitations.  Participants who are pregnant, lactating, or taking medications or 

supplements that could affect physical performance or metabolism will also be excluded.   

 

Study Design 

Initial baseline testing is shown in figure 2.  Prior to beginning the exercise intervention, 

participants will arrive at 0800 after a 10-12hr overnight fast for height, body weight (BW) and 

resting blood pressure (BP) and heart rate (HR) measurements.  Resting metabolic rate (RMR) 

will be measured for 30 minutes via indirect calorimetry.  Fasting blood samples will be drawn 

for baseline blood chemistries, including:  glucose, insulin, thyroid stimulating hormone, 

thyroxine (free T4), and a basic lipid panel.  Body composition will be measured by dual energy 

x-ray absorptiometry.  Maximal oxygen uptake (VO2max) will be determined on a treadmill using 

a progressive incline test similar to the modified Balke protocol (29).  Baseline testing 

procedures will be repeated at the end of the exercise intervention (post-D1).   
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Figure 2:  Baseline Testing 

 

As shown in figure 3, participants will report one week before (week 0) and one week at 

the end of a 24 week exercise intervention to assess daily PAEE, appetite/energy intake, and 

body weight/composition.  During the exercise intervention, participants will continue normal 

free-living conditions and consume an ad-libitum diet.  All participants will be given a “cover 

story” to hide the true study purpose in an attempt to minimize the impact of knowledge of the 

study purpose on changes in normal behavior.    

 

Figure 3: Study Design 
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Test Meals and Daily Energy Intake (-D8 of week 0 and D7 of week 24): 

Personalized Breakfast Meal 

48 hours following baseline testing (-D8), participants will arrive at 0800 after a 10-12hr 

overnight fast to be fed a breakfast meal.  Participants will be asked to “eat until comfortably 

full” and the food will be weighed pre & post consumption to determine amount and energy 

intake (kcal).  The amount of food consumed at this time will become a personalized fixed 

breakfast that will be consumed again at the end of the intervention (day 7 of week 24).   

Lunch, Dinner, Snack 

After the personalized fixed breakfast is consumed, total daily energy intake will be 

directly measured from ad libitum lunch and dinner test meals and a take-home evening snack.  

Thus, an objective measure of daily energy intake will be compiled from the energy consumed in 

the fixed breakfast and three subsequent eating episodes before starting the intervention (week 0) 

and at the end of the intervention (day 7 of week 24). 

 

Appetite Ratings and Hormone Biomarkers of Appetite (-D8 and D7 of week 24): 

Visual analog scale appetite rating scores (30) will be used before, during, and after all 

meals to assess degrees of:  1) hunger; 2) fullness; 3) desire to eat; and 4) prospective 

consumption.  For the personalized fixed breakfast, appetite scores and blood samples to 

measure plasma levels of hormones known to be physiological regulators of appetite (i.e. insulin, 

ghrelin, PYY, and GLP-1) will occur before breakfast at minute -15, -10, -5, at the start of 

breakfast = minute 0, and after beginning breakfast at minutes 5, 10, 15, 30, 45, 60, 90, 120, 150, 

180, and 240.  Because of the relatively short half-life of many of these peptide hormones (i.e. 

several minutes up to 30 minutes), frequent sampling times are required.  Because the breakfast 
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meal time and energy content is the same before and after the exercise intervention, this should 

allow a direct examination of the effect of exercise on plasma levels of appetite hormones.   

Appetite scores will also be measured immediately before consuming each ad libitum 

lunch and dinner (time = 0 minutes), as well as at 30, 60, 90, 120, 150, 180, and 240 minutes 

(4hrs in total) after beginning each meal.   No blood samples will be taken with these meals.   

To determine whether subjects engage in eating behaviors (i.e., weighing food, self-

monitoring, self-weighing, etc.) consistent with weight control, the Eating Behavior Inventory 

(31) will be completed the morning of each test meal period.  A higher score post-intervention is 

indicative of engagement in more eating behaviors recommended for weight control. 

 

Average Daily PAEE (7 days during week 0 and week 24): 

For seven full days and nights before (week 0) and at the end of the intervention (week 

24), average daily PAEE will be assessed using combined accelerometry and heart rate 

(Actiheart; Cambridge Neurotechnology, Cambridge, United Kingdom) measurements.  Briefly, 

Actiheart uses branched-equation modeling to estimate PAEE from synchronized 

accelerometry/heart rate data, providing estimates of energy expenditure in minute-by-minute 

epochs during a range of physical activities (25, 26, 32).  Participants will be shown how to 

wear/use the Actiheart device following determination of their personalized fixed breakfast on –

D8 (figure 2). 

 

Exercise Intervention: 

Aerobic exercise will be individually designed to expend 500kcal/session 5d/wk at 

approximately 70% VO2max, following ACSM age-specific physical activity recommendations 
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(33).  If feasible, all exercise sessions will be directly supervised.  However, in the event this is 

not possible, participants will wear a heart rate monitor at every exercise session that will allow 

recording of exercise duration and heart rate.  Participants will complete at least one of their 

weekly exercise sessions every week under direct supervision so that exercise intensity and heart 

rate response can be monitored and the exercise prescription altered accordingly.  Indirect 

calorimetry will be performed once every 4 weeks during one of the supervised exercise sessions 

to assess energy expenditure of the prescribed exercise session. VO2max will be recalculated after 

the first 4 weeks and after 12 weeks to account for changes in weight and fitness. In addition, a 

full practice exercise session will be carried out prior to beginning the intervention to familiarize 

each participant with their individual exercise prescription plan.  The first two to three weeks of 

the intervention may require an individualized progressive build-up of intensity, frequency, and 

duration to achieve the full 5d/wk at 70% VO2max, which may help minimize soreness and 

encourage continued participation.   

 

Research Timeline: 

This study is anticipated to last approximately three years.  The first 12 months will be 

used to attain funding, equipment, IRB approval, and to set up arrangements to conduct the 

intervention.  At the end of year one, twenty participants will begin the exercise intervention 

staggered over a five week period with two participants beginning the intervention each week to 

space out testing procedures.  These participants will finish the intervention 24 weeks from their 

individual start date.  At the end of year two, the same design will be followed for the remaining 

20 participants, which should eliminate any seasonal differences (e.g. holidays) in energy intake 

or energy expenditure, while also allowing time for data analysis.   
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Statistics: 

Compensators and non-compensators will be identified by comparing their predicted 

weight loss with actual weight loss. One kilogram of body weight (assuming 70:30 fat/lean 

tissue) has been estimated to be equivalent to 7700 kcal (34).  Therefore, each individual’s 

predicted weight loss will be calculated from the exercise energy expenditure (EE) using 

equation (1):  

Expected weight loss (kg) = Total Exercise EE (kcal) ÷ 7,700 kcal/kg     (1) 

 

A participant will be classified as a compensator if actual weight loss is less than predicted and 

classified as a non-compensator if their actual weight loss is greater than or equal to predicted 

weight loss.  Based on the previously described equation and knowing the exercise intervention 

is designed to expend 500kcal/session, 5d/wk for 24 weeks, the intervention should produce a 

weight loss of -7.8kg per individual, as calculated below: 

60,000 kcal total exercise EE over 24 weeks ÷ 7700 kcal/kg = -7.8kg 

The primary outcome of this study is that the energy equivalent of the missing predicted weight 

loss in compensators is accounted for by increasing daily energy intake (mediated via changes in 

appetite) and/or decreasing daily non-exercise PAEE in response to structured exercise. 

Previously, King et al. (16) reported large variability in change in weight in 35 overweight and 

obese men and women (-14.7kg to +1.7kg) following 12 weeks of supervised exercise, with a 

difference in weight loss of 4.8kg between compensators and non-compensators.  This difference 

represents an energy equivalent = 3,080 kcal/wk (4.8kg * 7,700 kcal ÷ 12wk) or a mean of 440 

kcal/d in compensation.  This is well within the analytical accuracy and precision of the 

Actiheart monitor for measuring daily energy expenditure.  The estimated sample size based on a 

t-test to find an effect of 440 kcal/d in the face of an average SD of ±440kcal/d, α = 0.05, and a 
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power of 80% would require a total of 32 participants.  Allowing for attrition and in order to 

obtain more representative data, 40 participants will be recruited.    

The immediate and delayed effects of the fixed breakfast will be assessed by calculating 

the satiety quotient (SQ), developed by Green et al (27).  The SQ allows actual energy consumed 

to be related to the subsequent change in appetite ratings by using the following equation (2): 

 

(2)     
              (             )                (              )

                        (     )
 

Area under the curve (AUC) values for appetite VAS scores and hormone biomarkers of 

appetite will be calculated using the trapezoidal rule.  Within group (compensators or non-

compensators) comparisons in weight, body composition, total daily energy intake, SQ appetite 

scores, average daily PAEE, and AUC values between week 0 and week 24 will be assessed with 

paired t-tests. Comparisons between groups will be assessed with an independent t-test.  Pearson 

coefficients will also be calculated to examine relationships between appetite VAS scores and 

plasma appetite hormone levels, and between appetite VAS scores and change in weight/body 

composition.       
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Appendix A:  Sample Visual Analog Scale (VAS) Questionnaire 

 

8:00am 
 

Please make an up and down line across each horizontal line at the point on the line that best describes 

how you are feeling right now. 

 

 

 

1)  How hungry are you right now? 

 

Not at all hungry                     Extremely hungry  

             

 

 

 

 

 

 

2)  How full are you right now? 

 

Not at all full                     Extremely full  

             

 

 

 

 

 

 

 

4)  How much do you think you could eat right now? 

 

Nothing at all                                   A large amount  
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Appendix B:  Menu 

 

Day 1 & 4 (except 

breakfast)  

Day 2 & 5  Day 3 & 6 

   

Breakfast Breakfast Breakfast 

Oatmeal Scrambled Egg Kashi GoLean Crunch 

Nuts (walnuts, almonds) Whole Wheat Bread Fruit Yogurt 

Milk Peanut Butter, Butter, Jelly Milk 

 

Breakfast (morning of 

day 4& 7) 

Grape Juice  

Milk 
 

Lunch 

Citrus Yogurt  Tuna Salad Sandwich on  

Multigrain Muffins     Whole Wheat Bread 

 Lunch Relish Plate: carrots, celery, 

ranch dressing 

 Chicken Salad Trail mix 

 Pita Bread Ambrosia 

 Grapes Milk 

Dinner Relish plate (carrots, broccoli, 

ranch dressing) 

 

Tilapia w/ Dill Sauce Lemonade Dinner 

Carrots w/ Butter  Chicken w/ BBQ sauce 

White Rice w/ Butter  Green Beans w/ Butter 

Coleslaw Dinner Citrus Rice Salad 

Ambrosia Spaghetti w/ Meat Sauce & Whole Wheat Bread 

Whole Wheat Bread    Parmesan Cheese Citrus Tapioca Pudding 

 Broccoli w/ Butter Lemonade 

Evening Snack Green Salad (lettuce, tomatoes, 

ranch dressing) 

 

Pudding/Cookie Bar Pears Evening Snack 

 Whole Wheat Bread Pudding/Cookie Bar 

 Vanilla Pudding  

 Milk  

   

 Evening Snack  

 Pudding/Cookie Bar  

 


