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ABSTRACT 

 

 
Background: Until recently, consuming nutrients close to sleep was believed to have 

negative impacts on body composition and overall health. However, recent work from our 

laboratory and others has demonstrated that a low calorie snack, high in protein may be 

beneficial for facilitating weight loss in overweight and obese adults, increasing overnight 

muscle protein synthesis in both young and old men, increasing morning metabolism in young 

men and decreasing morning hunger in overweight and obese women. To date, no studies have 

investigated the impact of casein intake before sleep on appetite the following morning in 

overweight and obese men. Purpose: The present study investigated whether casein (CAS) 

protein consumed within 30 min of sleep could acutely alter morning appetite in overweight or 

obese men the next morning when compared to a non-caloric placebo (PLA). Methods: Twelve 

overweight and obese men completed this randomized, crossover, double blind and placebo- 

controlled study. Subjects came to the laboratory on three occasions: baseline (BAS), and in the 

morning following CAS and placebo. Within 30 min of sleep, CAS or PLA was consumed. The 

next morning (6-8 hours later), subjective appetite (visual analog scales for hunger, satiety, and 

desire to eat) and ghrelin levels (blood samples) were measured. Results: There were no 

significant differences in next morning hunger (BAS, 35 ± 6; CAS, 49 ± 6; PLA, 47 ± 6 mm, p = 

0.21), satiety (BAS, 36 ± 6; CAS, 36 ± 4, PLA, 39 ± 5 mm; p = 0.89), or desire to eat (BAS, 38 ± 

6; CAS, 62 ± 8; PLA, 55 ± 5 mm; p = 0.06). Additionally, there were no significant differences 

in next morning acyl ghrelin (BAS, 54.8 ± 15.7; CAS, 54.3 ± 10; PLA, 61.3 ± 15 pg/ml, p = 

0.93), desacyl ghrelin (BAS, 46.4 ± 9; CAS, 43.4 ± 6.9; PLA, 45 ± 9.9 pg/ml; p = 0.97) or 

ghrelin ratio (BAS, 1.3 ± 0.4; CAS, 1.6 ± 0.4; PLA, 2.3 ± 1.0, p = 0.63). Conclusion: The results 

of the present study reveal that CAS can be consumed within 30 minutes of sleep without 

negatively affecting next morning appetite or insulin levels in overweight and obese men. Long- 

term studies are needed to evaluate the effects of chronic protein consumption before sleep on 

body composition and appetite. 
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CHAPTER 1 

INTRODUCTION 

 
1.1 Background 

 

 

Obesity is an epidemic affecting many people in today’s society. As of 2012, over 69% 

of adults in the United States were considered overweight or obese (33). An inactive lifestyle and 

increases in energy intake have escalated this problem over time. According to the World Health 

Organization, more than 80% of the world’s adolescent population is insufficiently physically 

active (209). Moreover during the years 1971-2000 it was determined that average energy intake 

increased from 2,450kcals/d to 2,618kcals/d (p<0.01) for men, and from 1,542kcals/d to 

1,877kcals/d (p<0.01) for women in the United States (204). Because of the established health 

risks and substantial increases in prevalence observed overtime, obesity has become a major 

global health challenge (143). In addition to high levels of inactivity and increases in energy 

intake throughout the day, nighttime eating has also been linked to obesity (77,125,129). Due to 

this perception, people frequently avoid caloric intake pre-sleep due to worries of weight gain 

and negative health impacts despite the fact that the majority of the research on nighttime eating 

has been conducted in special populations. Increased health risk has been associated with 

nighttime eating in night shift workers (126) and those with nighttime eating syndrome, which is 

defined as an eating disorder with morning anorexia, nighttime hyperphagia, and sleep 

disturbances (76, 130). However, the results seen in these studies cannot be assumed to be true 

for the general, healthy population. Furthermore, the unfavorable findings in these previous 

studies have been observed in response to high-energy meals with mixed macronutrient 

compositions. Therefore, the contribution of nighttime eating (pre-sleep) to excess adiposity in 

the general population is not well understood. 

 
Intervention studies demonstrating a negative relationship between nighttime food 

consumption, appetite, and weight regulation in the general population are limited. While this 

topic is controversial, a mounting body of evidence exists to support the possible benefits of 

consuming low energy snacks before sleep. For example, Waller et al. (196) conducted a 4-week 

study where overweight and obese adults were provided a small mixed macronutrient, low fat, 
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low calorie (120kcals) cereal snack at night after dinner and pre-sleep as an alternate to high-fat 

and high caloric foods. It was demonstrated that the low fat, low calorie nighttime snack reduced 

total daily caloric intake and facilitated weight loss in these individuals (196). Moreover, it has 

been demonstrated that a 40 gram bolus of casein protein given prior to sleep increases overnight 

muscle protein synthesis in younger (160) and older (80) men. Madzima et al. (128) concluded 

that a 150kcal serving of whey, casein, or carbohydrate consumed by physically active men prior 

to sleep resulted in a more favorable effect on resting metabolism the following morning 

compared with a non caloric placebo. Additionally, this study indicated that a single serving of 

whey or casein protein before sleep had a greater satiating effect than that of carbohydrate (128). 

Another recent study observed greater gains in muscle mass and strength after daily 

supplementation with 27.5g of dietary protein consumed before sleep in a young, healthy 

population following 12 weeks of resistance training compared to supplementation with a non- 

caloric placebo (176). Furthermore, an acute study using sedentary overweight and obese women 

reported an increase in satiety the morning after nighttime feeding of a carbohydrate or protein 

with an undesirable increase in fasting insulin and insulin resistance (101). However, the 

increases in insulin and insulin resistance were eliminated with the addition of exercise training 

for 4 weeks combined with nightly pre-sleep single-macronutrient snacks in young obese women 

while still maintaining increases in satiety following the nighttime casein pre-sleep snacks (137). 

 
Altering appetite and energy regulatory hormones represent a promising approach to the 

prevention and treatment of obesity. The types and timing of nutrients consumed will affect 

levels of appetite hormones (28) and feelings of satiety (36). Determining an effective way to 

increase levels of satiety despite a negative energy balance is imperative in successful weight 

loss and weight maintenance. Manipulating next morning appetite hormones, and perhaps next 

day appetite, with pre-sleep nutrition may provide a natural approach to increasing satiety and 

decreasing hunger the following day. The present study will be the first to observe the effects of 

nighttime ingestion of 130 kcal of a casein protein beverage compared to a non-caloric placebo 

on subjective feelings of hunger (hunger, satiety, and desire to eat), ghrelin concentrations, and 

insulin concentrations in sedentary (<2 days of planned exercise per week for <45 minutes per 

session within the past 6 months) overweight and obese males ages 18-45 years. 
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1.2 Purpose 

 

 

The purpose of the present study will be to determine whether nighttime ingestion of a 

micellar casein protein beverage (130kcal) before (at least two hours after last meal replacement 

liquid beverage but no more than 30 minutes before going to bed) sleep will acutely alter both 

subjective feelings of appetite, insulin and the hunger hormone ghrelin the following morning (8- 

10h later) compared to a non-nutritive placebo in healthy, sedentary (<2 days of planned exercise 

per week for <45 minutes per session within the past 6 months) overweight and obese (BMI >25 

kg/m2) men ages 18-45 years. 

 
1.3 Specific Aims and Research Hypotheses 

 

 

1.3.1 Specific Aim 1 

To determine if nighttime ingestion of a casein protein beverage (130kcals) before sleep 

alters appetite (hunger, satiety, desire to eat), as measured by a visual analogue scale, the 

following morning when compared to a non-nutritive placebo. 

 

1.3.2 Hypothesis for Specific Aim 1 

It is hypothesized that nighttime ingestion of a casein protein beverage will increase 

satiety and decrease hunger and desire to eat the following morning when compared to a non- 

nutritive placebo. 

 

1.3.3 Specific Aim 2 

To determine if nighttime ingestion of a casein protein beverage before sleep (130kcals) 

alters ghrelin levels the following morning when compared to a non-nutritive placebo. 

 

1.3.4 Hypothesis for Specific Aim 2 

It is hypothesized that nighttime ingestion of a casein protein beverage will attenuate 

increases in ghrelin the following morning when compared to a non-nutritive placebo. 



4  

1.3.5 Specific Aim 3 

To determine if nighttime ingestion of a casein protein beverage (130kcals) before sleep 

alters fasting insulin levels the following morning when compared to a non-nutritive placebo. 

 

1.3.6 Hypothesis for Specific Aim 3 

It is hypothesized that nighttime ingestion of a casein protein beverage will increase 

insulin levels the following morning when compared to the non-nutritive placebo. 

 

1.4 Assumptions 

 
1. All subjects will consume their respective supplements as the last food or caloric 

beverage, at least two hours after last meal replacement liquid beverage but no more than 

30 minutes prior to sleep. 

2. All research personnel will accurately record all measurements and assessments. 

3. All laboratory equipment will yield accurate measurements over the course of repeated 

testing. 

4. All subjects will follow the instructions given to them regarding supplement consumption 

and honestly and accurately report their adherence to the supplementation when 

prompted to do so. 

 
1.5 Delimitations 

 
1. All subjects will be men between the age of 18 and 45 years and have a body mass index 

(BMI) ≥ 25 kg/m2. 

2. All subjects will maintain their normal dietary habits to minimize any intervention- 

related alterations in nutritional intake. 

3. All subjects will be eligible for this study as determined by pre-screening completed via 

phone or email. 
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1.6 Limitations 

 
1. Only overweight and obese men will be included in the present study and therefore 

results obtained may not generalize to overweight and obese women and non-obese 

populations. 

2. Visual analog scales will be used to assess subjective feelings of satiety, hunger and 

desire to eat, and may not correlate with alterations in energy intake. 

3. Subjects will be trusted to follow the instructions regarding meal supplementation and 

may not honestly and accurately report their adherence to the dietary standardization. 

4. Sleep quality and quantity was not accounted for in this study. 

5. Only 12 subjects were included in this study and it’s possible that a larger sample size 

would better represent the true effects of treatment. 
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CHAPTER 2 

REVIEW OF LITERATURE 

Body weight is tightly regulated by a complex system of humoral and neural 

mechanisms. When there is any imbalance between energy intake and energy expenditure it 

often results in fluctuations in weight. Moreover, the mechanisms that regulate energy 

homeostasis are often altered in obese populations. Determining how to optimize the timing and 

composition of food intake to increase levels of satiety despite a negative energy balance is 

essential for weight loss and subsequent weight maintenance. This review will examine the 

current understanding of appetite regulation and energy balance, focusing particularly on the 

interactions of gut hormones with local tissues, as well as the central nervous system. The effects 

of macronutrient ingestion on appetite regulation will then be examined with a discussion on the 

differences in digestion kinetics and influence on appetite parameters. Lastly the contribution of 

nighttime macronutrient intake on energy balance and appetite will be reviewed. 

 
2.1 Regulation of Energy Intake 

 

Communication between the gastrointestinal (GI) tract and the central nervous system 

(CNS) is a key mechanism through which appetite is regulated. Specifically, integrative neural, 

mechanical, and hormonal cues from the GI tract relay information to the CNS (41) to signal 

energy status. To maintain homeostasis, neurocircuitry must sense both immediate nutritional 

status and the amount of energy that is stored in the body to be able to provide appropriate output 

to balance energy intake (97). 

 

2.1.1 Neural Cues 

 

The hypothalamus and the brainstem are the main CNS regions responsible for the 

regulation of energy homeostasis (21). These regions must first be stimulated by peripheral 

neural and/or hormonal signals that relay the information necessary to stimulate or suppress food 

intake. Visual, olfactory (smell), and gustatory (taste) stimuli incite endocrine secretions and gut 

motility before food even enters the mouth (3, 25). Upon food ingestion, afferent nervous signals 

from mechanoreceptors, which sense gastric distention, and chemoreceptors, which indicate 

changes in nutrient composition, osmolality, and pH, are transmitted via the vagus nerve to the 
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dorsal vagal complex in the medulla which terminates in the nucleus of the solitary tract (NTS) 

(3). As seen in Figure 1, projections from the NTS in the brainstem then innervate the 

paraventricular, dorsomedial, and arcuate nuclei of the hypothalamus, and downstream 

communication with the visceral sensory cortex mediates the conscious perception of GI fullness 

and satiety (3), and therefore, alters food intake. Obese individuals tend to have a larger than 

normal gastric capacity compared to normal weight individuals, which likely delays gastric 

distention and therefore delays neural activation and satiety signals (79). This can lead to an 

increased energy intake in this population along with attenuated feelings of satiation after a meal. 

 

Figure 1. Appetite Regulating Neurocircuitry. This figure illustrates the location of the arcuate 
nucleus (ARC), lateral hypothalamic area (LHA), ventral medial nucleus (VMN), dorsal medial 
nucleus (DMN), and paraventricular nucleus (PVN) within the hypothalamus of the brain and 
their relationship to one another. Gastrointestinal and peripheral appetite hormones can influence 
the ARC directly by crossing the median eminence and binding to receptors (21, 58, 152), or 
indirectly through vagal nerve stimulation (155). (Picture Source: Expert Rev Endocrinol Metab 
2008 Expert Reviews Ltd) 
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2.1.1.1 Hypothalamus 

The hypothalamus maintains body weight homeostasis by effectively adjusting food 

intake and energy expenditure in response to changes in the levels of various nutritional status 

indicators such as leptin (appetite suppressor), insulin (appetite suppressor), and ghrelin (appetite 

stimulator), among others (63, 73, 88, 144, 206). The arcuate nucleus (ARC) of the 

hypothalamus, which plays a crucial role in the regulation of food intake, is located outside of 

the blood-brain barrier and circulating hormones are able to pass across the median eminence 

and act on the ARC neurons directly (21, 58, 152). As seen in Figure 2, this nucleus contains two 

types of opposing neurons (40, 41, 58) that act as an appetite accelerator and brake, respectively. 

The first subset of neurons express orexigenic neuropeptide Y (NPY) and agouti-related protein 

(AgRP) neurotransmitters (82), which stimulate appetite. The opposing anorexigenic neurons 

express alpha-melanocyte-stimulating hormone (α-MSH) derived from pro-opiomelanocortin 

(POMC) and cocaine-and amphetamine-regulated transcript (CART), which inhibit appetite (61). 

These two sets of neurons innervate the paraventricular nucleus, which, in turn, sends signals 

downstream to other areas of the brain such as the ventromedial nucleus, dorsomedial nucleus, 

and the lateral hypothalamic area (168) which help to modulate appetite homeostasis. This 

pathway is crucial for sensing signals to control energy balance. 

Appetite stimulating NPY is a 36 amino acid polypeptide (105) that responds to changes 

in energy status (19). Stimulation of NPY occurs with exercise, fasting, and energy loss 

(glucosuria), and leads to an increase in appetite and parasympathetic activity, which in turn 

prompts a decrease in sympathetic activity and energy expenditure resulting in overall energy 

storage (105). Central injection of NPY results in increased plasma concentrations of 

corticosterone and insulin which promote energy storage as fat (74). The NPY pathway can be 

directly stimulated by ghrelin (123) and suppressed by leptin (105) which is increased with 

increased energy stores (74). NPY colocalizes the ARC with neuropeptide AgRP and the 

neurotransmitter gama-aminobutyric acid (GABA) (30). AgRP neurons express receptors for 

peripheral hormonal signals and send projections into the paraventricular nucleus, dorsomedial 

nucleus, and lateral hypothalamic area (168). AgRP neurons can directly bind with ghrelin, 

which will increase neural activity stimulating appetite, or with leptin and insulin which will 

hyperpolarize AgRP and down regulate neural activity, suppressing appetite (123). AgRP is also 

believed to be an endogenous antagonist of α-MSH at the melanocortin-4 receptor (MC4R), 
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therefore, it has a net effect to increase food intake (3). GABA release from AgRP neurons is 

required for normal body weight regulation as it inhibits appetite suppressing POMC/CART 

neurons (144) and it has been found that a disruption in GABA release leads to increased energy 

expenditure (190). 

Appetite suppressing CART and POMC also colocalize within the ARC (61) where 

expression is enhanced under feeding conditions and reduced when fasted (108). POMC is a 

prohormone precursor that is cleaved into several peptides, including α-MSH, which exerts 

anorexigenic effects by binding to MC4R in the paraventricular nucleus (133). POMC and AgRP 

neurons have opposite physiological functions, but are located in close proximity and are able to 

sense peripheral and central signals, which modulate their electrical activity and influence the 

release of neuropeptides and neurotransmitters that will regulate appetite, energy expenditure, 

and metabolism (168). CART has been determined to be the principal neurotransmitter acting via 

the brain stem and hypothalamus to mediate short-term satiety (87). CART neurons express 

cholecystokinin (CCK) receptors and leptin receptors where both hormones act to increase 

CART stimulations and therefore reduce hunger and food intake (87). 

The hypothalamic paraventricular nucleus is highly sensitive to endogenous 

neuropeptides and receives innervation not only from the AgRP and POMC neurons but also 

from extra hypothalamic regions such as the NTS (168). The lateral hypothalamic area is critical 

in the mediation of orexigenic responses, likely due to high levels of melanin-concentrating 

hormone neurons (168). The dorsomedial nucleus is involved in several physiological processes, 

including appetite, thermoregulation and stress, and after receiving projections from ARC, relays 

them to the paraventricular nucleus and lateral hypothalamic area. The ventromedial nucleus is 

of particular importance because it relays information from ARC neurons into hypothalamic and 

extra hypothalamic areas such as the brainstem (43). 

 

2.1.1.2 Brainstem 

In addition to the hypothalamus, the brainstem neurons are key to detecting and 

controlling energy status. This information can be processed at four different levels: (i) by 

sensing circulating metabolites and hormones released by peripheral organs; (ii) by receiving GI 

vagal inputs; (iii) by receiving neuronal inputs from midbrain and forebrain nuclei that also 

detect energy related signals; and (iv) by projecting into local brainstem circuits to provide 
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information that will be integrated by these neurons to control energy balance (168). The dorsal 

vagal complex, which comprises the dorsal motor nucleus of the vagus, the NTS, and the area 

postrema, is found within the brainstem and integrates energy-related cues by relaying peripheral 

signals through vagal afferents and into the hypothalamus (168). The brainstem is made up of 

different populations of neurons that express appetite-modulatory neuropeptides, along with a 

variety of receptors to mediate the effects of these neuropeptides (168). The GI tract can convey 

information about luminal distention, nutritional content, and local peptides through vagal 

signals (191) which will be relayed to the hypothalamus where the appropriate effects will be 

exerted. The NTS also receives descending projections from the hypothalamus in order to 

mediate the effects of neurons located there (168). 

 

2.1.2 Hormonal Cues 

 
Hormonal regulation of energy intake acts synergistically with neural regulation. Upon 

digestion, the presence of nutrients in the GI tract promotes the release of various hormones that 

control food intake (3). There are several different types of enteroendocrine cells distributed 

throughout the GI epithelium but found in the highest numbers within the small intestine, 

duodenum, jejunum and colon, that produce and secrete a variety of hormones and signaling 

molecules (173). Although endocrine cells of the stomach and intestine respond to neural and 

physical stimulation (21), energy intake is the chief stimulant of GI hormone release (181). 

Nutrients released from digestion of food activate G-protein coupled receptors on the luminal 

side of the enteroendocrine cells stimulating an intracellular pathway that induces the release of 

gut hormones into the circulation that influence the regulation of food intake at the vagus nerve, 

brainstem, and hypothalamus (21). Additionally, these hormones are able to access the brain 

through the area postrema, an organ situated above the NTS, which allows neurons to respond 

directly to circulating gut hormones, and relays these signals to the neuronal circuits in the 

brainstem (3). Furthermore, it has been proposed that long-term control of food intake is 

controlled by hormones expressed by peripheral tissues, mainly pancreatic and adipose tissue, 

which produce several paracrine and endocrine mediators (142) that also act on the 

hypothalamus to communicate levels of energy storage. The overall function of the GI hormones 

is to acutely regulate food intake by either inducing hunger or satiety; however, there are several 

changes in blood levels of gut peptides and satiety hormones responses associated with obese 
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Figure 2. Orexigenic and Anorexigenic Neurotransmitters. This figure is a schematic 
representation of the main neuronal circuits engaged by appetite hormones. Orexigenic agouti- 
related protein (AgRP) and neuropeptide Y (NPY) neurotransmitters can be regulated directly by 
appetite hormones binding to their respective receptors. Hunger hormones, such a ghrelin, will 
stimulate these neurotransmitters, which will send signals downstream to second order neurons 
in order to simulate appetite and increase food intake. Orexigenic neurotransmitters can be 
directly inhibited by receptor binding of satiety hormones, such as leptin, or by stimulation of 
anorexigenic neurotransmitters. Anorexigenic pro-opiomelanocortin (POMC) and cocaine-and 
amphetamine-regulated transcript (CART) can also be directly stimulated by receptor binding of 
satiety hormones, such as leptin and insulin. Stimulation of these neurotransmitters will send 
signals downstream to second order neurons in order to decrease appetite and decrease food 
intake. Likewise, anorexigenic neurotransmitters can be inhibited by orexigenic stimulation (12). 
(Picture Source: (12)) 
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individuals. Among the GI hormones anorexigenic peptide tyrosine tyrosine (PYY), glucagon- 

like peptide-1 (GLP-1), cholecystokinin (CCK), and orexigenic ghrelin, along with peripheral 

hormones leptin and insulin and the alterations seen among obese individuals will be discussed 

in this review. 

 

2.1.2.1 Orexigenic Hormone 

Ghrelin 

Ghrelin is the only endogenous orexigenic gut hormone (21, 22, 58, 85) which exerts a 

stimulatory effect on appetite and food intake following both intracerebroventricular and 

intraperitoneal administration to both lean and obese humans (203). Ghrelin is a peptide 

produced and secreted primarily by the oxyntic cells of the stomach, the hypothalamic nuclei, 

and in smaller amounts by islet cells of the pancreas (155) and the endocrine cells of proximal 

intestine (144). During its synthesis, ghrelin is acylated on serine with a fatty acid group (183), 

which is essential for its activity at the receptor (104). Although des-acyl ghrelin tends to be 

more abundant (92), both acyl- and des-acyl forms are found in the circulation (104). Although 

des-acyl ghrelin does not bind to the classical ghrelin receptor (188), some of the actions of des- 

acyl ghrelin oppose those of acyl-ghrelin, so it has been suggested that the ratio of the two may 

determine the overall response (185). Moreover, research shows that half-life of des-acyl ghrelin 

in approximately 3-fold longer than that of acyl-ghrelin, and this is likely due to the fact that 

acyl-ghrelin is deacylated in the circulation and converted to des-acyl ghrelin (188). The acylated 

form of ghrelin, however, is the form that binds to receptors and stimulates its orexigenic 

response (179) and is therefore is commonly measured along with total ghrelin levels. Research 

suggests that calorie intake is the primary regulator of plasma ghrelin levels (192) and the 

observed post-prandial fall in plasma ghrelin is proportional to ingested calories with 

carbohydrate and protein causing a greater suppression than fat (34, 135). 

The effects of peripheral ghrelin are primarily mediated by the growth hormone 

secretagogue type 1a receptors (GHS-R) (104), which are highly expressed in the CNS 

throughout the hypothalamus, pituitary gland, brainstem, and in a number of peripheral tissues 

(153). However, it is believed that ghrelin has the ability to signal the hypothalamus in three 

separate ways (106): (i) Penetration of the ARC via the bloodstream where it can act on AgRP 

neurons through GHS-R binding (10). (ii) Activation of the GHS-R on vagal afferents, signaling 
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the NTS, which relays to the hypothalamus (55). (iii) Small amount of ghrelin may be produced 

within the hypothalamus, which could directly activate NPY/AgRP neurons (48). After 

activating neurons in the ARC and paraventricular nucleus of the hypothalamus, the orexigenic 

effects of ghrelin are believed to be mediated via NPY/AgRP ARC neurons (58). It has also been 

suggested that ghrelin may be able to stimulate the transcription of NPY and AgRP, increase the 

number of stimulatory synapses on AgRP neurons, and increase the number of inhibitory 

synapses on POMC neurons (48). In fact, it has been observed that the application of ghrelin 

increased the action potential frequency of NPY/AgRP neurons by 300% while decreasing the 

activity of POMC neurons by 50% (97). Ultimately, ghrelin induces hunger by stimulating NPY, 

which will lead to increased food intake and decreased energy expenditure, increasing AgRP, 

which is an antagonist of MC4R and thus inhibits downstream melanocortin pathways that 

decrease food intake and increase energy expenditure, and by increasing GABA levels which 

will inhibit appetite suppressing POMC/CART neurons (144). However, NPY-deficient mice 

treated with ghrelin still respond with increased food intake (192) suggesting that ghrelin can 

also exert its effects outside of the ARC. One extra-hypothalamic site suggested is the vagus 

nerve which can relay signals between the gut and NTS of the brainstem which has outputs to the 

ARC (85). 

Ghrelin appears to exert its effect in other ways as well. Some research suggests that 

ghrelin may act locally on the GI tract by increasing gastric acid secretion and gastric motility 

(54), which in theory would reduce satiety signals and promote food uptake. Ghrelin can also act 

by stimulating growth hormone secretion, and decreasing fat utilization (48). Several pieces of 

evidence suggest that ghrelin may also increase food intake by engaging the mesolimbic reward 

circuitry in the midbrain dopaminergic pathway (144), proposing that ghrelin may induce 

dopamine-overflow and have a similar effect on this pathway as several types of drugs. 

Additionally, ghrelin has been found to reduce glucose-stimulated insulin secretion and glucose 

disappearance in healthy humans (189) leading to increases in blood glucose levels and impaired 

glucose tolerance (107). Furthermore, ghrelin reduces the use of fat as a fuel source and 

promotes an increase in adipose tissue and body weight (192) by significantly increasing several 

fat storage related proteins (163). 

Plasma ghrelin levels rise shortly before and fall shortly after every meal (50). 

Additionally, most research indicates that disrupted sleep or lack of sleep can increase ghrelin 
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levels and thus, increase appetite signals (125, 180). Thus, disrupted sleep may lead to increased 

food intake and weight gain. However, not all studies have observed alterations in ghrelin with 

sleep deprivation (77). In a randomized crossover study that examined the effects of sleep 

fragmentation on appetite and related hormone concentrations in 12 healthy male subjects, no 

significant differences were seen in the 24 hour ghrelin or leptin levels between the fragmented 

sleep and the non-fragmented sleep nights (77). Furthermore, levels of circulating ghrelin tend to 

be chronically higher in people with weight loss from either dietary reduction or clinical 

conditions like anorexia nervosa (50, 171). This suggests that increased ghrelin concentrations 

may participate in the adaptive responses that limit the amount of weight that may be lost by 

dieting and weight regain. Obese subjects have lower fasting ghrelin level, but reduced ghrelin 

suppression after a meal compared with normal weight controls (144, 164, 193) perhaps leading 

to a reduced feeling of satiety. However, ghrelin levels normalize following diet-induced weight 

loss (50, 171). There is evidence that the anabolic actions of ghrelin involve more than 

hyperphagia and include, increasing the expression of genes for lipogenic enzymes in white 

adipose tissue, and the stimulation of lipid synthesis in the liver, which could contribute to the 

persistence of an overweight phenomenon despite controlled caloric intake (151). Shiiya et al. 

(171) observed that plasma ghrelin concentrations were higher in patients with anorexia nervosa 

as well as lower in obese patients compared with normal-weight controls. It has additionally 

been reported that fasting ghrelin concentrations are negatively correlated with percentage body 

fat, and fasting insulin and leptin levels (193). Wren et al. (203) clearly demonstrated that ghrelin 

stimulates appetite and food intake potently in humans, and when administered peripherally the 

increase in calories consumed was over 28% in a single meal. It seems possible that the increase 

in ghrelin levels that come with weight loss may explain why some individuals find weight loss 

difficult to maintain and have a tendency to experience weight regain. Weight loss may be easier 

to sustain if ghrelin levels could be manipulated and controlled over the weight loss process. 

 

2.1.2.2 Anorectic Hormones 

Peripheral adiposity signals: Leptin 

Gut hormones modify food intake on a meal-by-meal basis, while adiposity signals are 

involved in the long-term regulation of energy balance (182). Leptin is an anorexigenic hormone 

expressed by the adipose tissue (61, 144) and circulates in proportion to adipose tissue mass and 
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triglyceride content (3, 45) signaling the state of fat stores to the brain, inhibiting further food 

intake and fat accumulation. Unlike the gut peptides, nutrient ingestion does not seem to 

stimulate leptin secretion, rather, it is secreted in a diurnal and pulsatile pattern, peaking at night 

(166), but research has indicated that the pattern of leptin secretion is dependent on daytime 

feeding rather than the endogenous circadian clock (170). Leptin reaches the CNS through 

saturable transport across the blood-brain barrier where it binds to multiple leptin receptor 

(LEPR) isoforms and conveys information about the energy status of the organism (168). Leptin 

receptors LEPRa-LEPRe have been identified (140). LEPRa is the most abundant short leptin 

receptor and is believed to mediate leptin transport across the brain capillaries (3). LEPRb is 

highly expressed in the hypothalamus, brainstem, and several regions of the brain that control 

feeding, energy expenditure, and hormones (4, 62), but POMC and AgRP neurons in the ARC 

are direct targets of leptin (47). Binding of leptin to LEPRb results in autophosphorylation of 

JAK2, which phosphorylates tyrosine residues on the intracellular domain of the LEPRb (140, 

168). This will result in the activation, dimerization, and nuclear translocation of STAT3 (161) 

where it will bind to DNA and enhance POMC gene expression and inhibit AgRP gene 

expression (102). Therefore, as see in Figure 3, leptin directly activates the POMC/CART 

neurons causing a release of α-MSH, which engages the melanocortin circuitry that decreases 

food intake and increases energy expenditure (144). Leptin can also bind to and directly inhibit 

NPY/AgRP neurons, which will decrease GABA release, resulting in an increase in 

melanocortinergic tone (208), ultimately decreasing energy intake. 

Leptin has been observed to exert rapid effects on neurotransmission. When applied to 

hypothalamic slices, Jobst et al. (97) demonstrated that leptin increased frequency of action 

potentials in the anorexigenic POMC neurons by depolarizing a nonspecific cation channel, 

decreasing the inhibitory effect of GABA released from the NPY terminals in the ARC, and 

hyperpolarizing NPY neurons (97), lastly decreasing the firing rate of NPY/AgRP neurons. 

Another suggested mechanism of leptin action that has been demonstrated in animals is the 

increasing thermogenesis and energy expenditure as a result of increasing activity of the 

sympathetic nervous system (61). Many obese patients exhibit hyperleptinemia and some degree 

of leptin resistance, which is the inability of circulating levels of leptin to exert anorexigenic 

actions (4, 168). Hyperleptinemia can result from a gene mutation resulting in the absence of 

functional leptin, or may result from compensation for a lack of functional leptin receptors (144). 
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Although higher levels are often seen in obese, the circadian pattern of leptin secretion seems to 

be preserved in obese patients and the pulsatile patterns imply that neural and neurohumoral 

components in the brain may drive leptin secretion from the adipocytes (100). Alterations in 

sleep quality and quantity have also been shown to affect leptin levels. While some studies 

suggest that disrupted sleep reduces leptin availability and is associated with increased appetite 

and food intake (39, 86, 180), another study found that leptin levels are actually higher in short 

sleepers (150). Some authors have concluded that sleep loss and the activation of the stress 

system is needed to reduce leptin levels, rather than just sleep loss (150). 

 

Insulin 

Insulin is produced by the beta cells of the pancreas and although it increases the storage 

of glycogen, fat, and protein, it has also been indicated to act as an anorectic signal within the 

CNS (168). Insulin is synthesized and secreted in response to increased levels of metabolites 

after a meal. Although it is produced in the pancreas, insulin is secreted in proportion to fat 

stores and passes through the blood brain barrier through a saturable transport mechanisms (18). 

Insulin receptors (IR) are expressed in the ARC (46, 90), and binding of insulin to its receptor 

leads to an autophosphorylation of the IR and consequent activation of the insulin receptor 

substrate phosphatidylinositol 3-kinase enzyme system, which converges with the leptin pathway 

(3, 205). Therefore, the activation of the IR signaling pathway ultimately results in increased 

levels of POMC and deceased NPY thus having an anorexigenic effect similar to leptin. It has 

also been suggested that leptin and insulin act by influencing the efficacy of meal induced satiety 

peptides (202). Figlewicz et al. (69) demonstrated this when they observed the effect of CCK to 

reduce meal size is enhanced by the co-administration of either leptin or insulin. Insulin is the 

principle hormone of glucose homeostasis, and is potently secreted in response to carbohydrate 

and protein ingestion, and less potently to fat ingestion (138). When insulin is secreted, 

substrates derived from ingestion are taken up and metabolized by the body’s cells, and any 

excess is stored in adipose tissue or muscle cells (13). Insulin peaks quickly post nutrient 

ingestion, but its effects are thought to prevail much longer due to possible effects on gene 

expression (59). 

Insulin resistance is a concern in the overweight and obese population and is often 

regarded as the primary cellular defect that leads to the development of type 2 diabetes (99). 
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Insulin resistance is defined as a state that requires more insulin to obtain the biological effects 

achieved by a lower amount of insulin in the normal state (148). There are several tests available 

that can be used as a diagnostic tool for type 2 diabetes, but not all are good measures of insulin 

resistance (148). One test that accurately evaluates insulin resistance and is commonly used 

because the laboratory diagnoses are fast, easy and unobstructive to the patient (148) is the 

Homeostatic Model Assessment (HOMA) (131). This method uses fasting insulin and glucose 

concentrations to assess insulin resistance (148). One acute study in overweight and obese 

women found that ingestion of a small serving of carbohydrate or protein consumed at night 

before bed increased fasting insulin and HOMA-IR, indicating greater insulin resistance (101). 

However, the increase of insulin resistance was attenuated in a follow up study where the 

combination of nighttime feedings with exercise training over 4 weeks observed no changes in 

fasting insulin and HOMA-IR in the same population group (146). This suggests that if nighttime 

eating does alter insulin resistance in a negative way, that adding exercise could attenuate this 

response. 

 

2.1.2.3 Other Anorectic Hormones 

Peptide tyrosine tyrosine (PYY) 

PYY belongs to a family of peptides known as the PP-fold peptides and the N terminal 

allows this hormone to cross the blood-brain barrier freely by non-saturable mechanisms (58). 

Intestinal L cells are the major source of PYY, and levels of PYY in the enteroendocrine cells 

increase distally along the small and large intestine, reaching their highest levels in the cells of 

the colon and rectum (2, 40). The PP-fold peptides mediate their effects by binding to the Y 

family of inhibitory G protein-coupled receptors with high affinity (110) and mediate the 

inhibition of intracellular cyclic adenosine monophosphate (CAMP) synthesis (137) which is a 

second messenger that moderates the effects of various hormones (129). One anorectic (appetite- 

suppressing) mechanism of action of PYY is through the activation of the Y2 receptor, an auto- 

inhibitory pre-synaptic receptor found on the orexigenic NPY neurons within the hypothalamic 

ARC (21, 31). There is a tonic GABA-mediated inhibition of POMC neurons by NPY neurons, 

therefore, when PYY binds to inhibit NPY neurons, the GABA-mediated inhibition of POMC is 

decreased, consequentially disinhibiting POMC neurons (58). This reduced ARC NPY neural 

activity and increased ARC POMC activity results in increased feelings of satiety and a 
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reduction in food intake (40, 58). PYY may further inhibit food intake through Y2 receptor 

mediated activation of abdominal vagal sensory nerves (24). Additionally, peptide YY has been 

found to act on the GI tract by inhibiting fluid and electrolyte secretion, slowing gastric 

emptying, and delaying intestinal transit (14) so that more nutrients may be taken up in the small 

intestine (184). Research has also demonstrated that PYY infusion in both lean and obese 

 
 
 

Figure 3. Appetite Hormone Neural Regulation. This figure is a representation of the main 
neuronal circuits engaged by leptin and ghrelin. (A) Leptin is released in proportion to fat stores 
and stimulates the activity of anorexigenic proopiomelanocortin (POMC) neurons in the arcuate 
nucleus (ARC) while inhibiting neighboring agouti-related proteins (AgRP) neurons. This results 
in increased release of α-melanocyte stimulating hormone (α-MSH) and the activation of 
downstream second-order neurons expressing melanocortin-4 receoptors (MC4R) in 
hypothalamic and extrahypothalamic regions. Leptin also acts on GABAergic presynaptic 
neurons attenuating its inhibitory effect on POMC neurons. Overall, these effects result in 
reduced food intake and increased energy expenditure. (B) Under conditions of negative energy 
balance ghrelin exerts its orexigenic effects through AgRP neurons. Ghrelin increases inhibitory 
GABAergic projections onto POMC neurons and enhances the expression and release of 
neuropeptide Y (NPY) and AgRP. Collectively, these events lead to increased orexigenic output 
(169). (Picture Source (169)) 
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subjects significantly decreases plasma ghrelin levels, which may add of the effects of PYY on 

appetite reduction (15). The vagal brainstem is believed to be involved in regulation as PYY is 

expressed by the neurons of the myenteric plexus and Y2 receptors are expressed by the vagus 

nerve (103). Neural regulation is supported by the observation that most PYY is released from 

the distal small intestine and colon in advance of the arrival of nutrients (94). Research shows 

that intravenous administration of PPY to normal weight humans at physiological levels can 

reduce food intake by more than 30% (16). 

Endogenous circulating concentrations of PYY are lowest in the fasting state, and are 

observed to rise postprandially in proportion to caloric intake within 15 minutes (65) plateauing 

at 1-2 hours and remaining elevated for up to 6 hours (2, 14). PYY and its effects have been 

suggested to have a longer duration of action than other GI satiety hormones (142). Peak levels 

of PYY are influenced by the number of calories consumed and by the composition of the food 

consumed (2). Research has shown that protein rich meals cause the greatest increase in PYY 

levels compared to other macronutrients (17), while other studies suggest that fat ingestion 

causes the greatest release (2, 40). PYY release can also be stimulated by gastric acid, CCK, and 

luminal bile salts, though not by gastric distention (149). It is suggested that obesity is a PYY 

deficient state, with low basal levels and blunted responses to food intake in obese individuals 

(41). Although obesity is associated with blunted fasting and postprandial plasma PYY levels 

(175), it has been demonstrated that intravenous administration of PYY inhibits food intake to a 

similar extent in both normal weight and obese subjects (15) suggesting the anorectic effects may 

be  preserved in obesity. 

 

Glucagon-like peptide-1 (GLP-1) 

GLP-1 is an amino acid peptide produced from the cleavage of preproglucagon and is 

released into the circulation from L cells of the gastrointestinal tract in response to intraluminal 

nutrients (41, 53). GLP-1 is also expressed by the alpha cells of the pancreas (60), and by the 

neurons within the NTS of the brainstem (96) in response to an oral glucose load (57, 89). GLP-1 

is secreted at levels proportional to calorie intake (58) in healthy individuals. Two peaks in GLP- 

1 secretion have been observed in response to a meal in humans (158). The first peak appears 

within 15 min after meal initiation and appears to involve a neuroendocrine loop where nutrients 

in the stomach stimulate the release of hormones gastric inhibitory peptide and gastrin releasing 
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peptide (53) that act through the vagal pathway to stimulate GLP-1 secretion (162). The second 

peak occurs later, is larger, and derives from the direct contact of nutrients with the intestinal L 

cells (53). Thus, ingested nutrients are able to stimulate GLP-1 release directly or indirectly 

through hormonal and neural mechanisms. GLP-1 actions are mediated by the activation of the G 

protein-coupled receptor GLP-1 receptor (GLP-1R) found throughout the periphery and the brain 

(53). Endogenous GLP-1 is released from the intestinal L cells, diffuses into the lamina propia 

where it can act on GLP-1R on vagal afferents or on enteric nerves in the intestinal wall (6) 

before entering the lymph or the capillaries (52). GLP-1 also acts within the CNS as a 

neurotransmitter (40). It has been shown to act on the ARC where receptors are present on the 

orexigenic NPY/AgRP neurons, anorexigenic POMC neurons (111), the paraventricular nucleus, 

and supraoptic nuclei (SON) of the hypothalamus (172) stimulating adenylyl cylcase activity and 

cAMP production resulting in increased insulin synthesis and release. 

Another way GLP-1 can alter appetite is through changes in GI motor function. GLP-1 

decreases gastric emptying and intestinal motility by vagus mediated pathways (167), interacting 

with brain GLP-1R (95), and through GLP-1R activation in the enteric neurons in the GI wall 

(53). GLP-1 additionally acts by inhibiting secretion of glucagon therefore inhibiting endogenous 

glucose production (201), suppressing gastric acid secretion and gastric emptying (58), 

increasing satiety (157), and acting as an incretin hormone enhancing insulin secretion (187) 

ultimately reducing blood glucose following a meal (21). Levels of circulating GLP-1 tend to 

rise after a meal and decrease with fasting (93). Fat and carbohydrate ingestion seem to stimulate 

GLP-1 release to a greater degree than protein ingestion (49). The intravenous administration of 

GLP-1 to normal weight and obese humans has been demonstrated to decrease food intake and 

slow gastric emptying in a dose dependent manner and is believed to be mediated through vagal 

and brainstem pathways (141, 195). However, some studies have observed differences in GLP-1 

concentrations between lean and obese subjects (24, 48). Bowen et al. (28) was the first to 

demonstrate that fasting and post-prandial GLP-1 concentrations are increased in overweight 

subjects compared with lean counterparts. The higher GLP-1 observed in overweight subjects in 

this study appears to be an appropriate response to an assumed higher energy intake, yet they 

found no effect of weight on energy intake or appetite ratings (27). The authors suggested that 

the overweight subjects might have diminished sensitivity to this hormone, along with the 

already established reduced sensitivity to insulin and leptin in this population. Research indicates 
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that GLP-1 secretion is reduced in obese subjects, but levels return to normal following weight 

loss (58). GLP-1 is rapidly degraded in circulation by dipeptidyl peptidaste-IV (DPP-IV) making 

it unsuitable for therapeutic use (21, 85) to increase satiety. 

 

Cholecystokinin (CCK) 

CCK is an intestinal satiation peptide distributed throughout the GI tract, but the majority 

is produced in the I-cells of the duodenum, jejunum and proximal ileum (32, 49), as well as by 

the specialized neurons in the myenteric plexus and brain (37). CCK is released postprandially 

from the small intestine (139) in response to saturated fat, long-chain fatty acids, amino acids 

and small peptides that often result from lipid and protein digestion (159). Basal plasma 

concentrations of CCK are low but rise postprandially (117). Once secreted, CCK can act on two 

different G-protein coupled receptors. CCKB receptors are found in the stomach, the afferent 

vagus nerve, and throughout the brain (58). CCKA receptors are found on the pancreas, vagal 

afferent and enteric neurons, the brainstem, and the dorsal medial nucleus of the hypothalamus 

and most evidence suggests that the anorectic effects of CCK are mediated through these 

receptors (40, 58). Bi et al. (23) demonstrated the importance of these receptors by observing that 

mice lacking functional CCKA receptors over consumed a high-fat diet and maintained higher 

expression of NPY in the dorsal medial nucleus of the hypothalamus, resulting in hyperphagia, 

obesity and diabetes. 

CCK has several mechanisms of action. Neurons in the brain can be activated by CCK- 

induced stimulation of the vagal nerve and in turn, hypothalamic POMC neurons proceed to 

tonically inhibit food intake via the MC4-Rs (66). CCK release and signaling via the CCKA 

receptors has also been shown to mediate stimulation of PYY release and inhibition of ghrelin in 

human subjects (56). Another mechanism through which CCK exerts local regulatory effects in 

the GI tract is by stimulating gall bladder contractions and pancreatic enzyme secretions (117), 

as well as inhibiting gastric acid secretion and gastric emptying (136) additively increasing 

satiety. Furthermore, it has been suggested that CCK may promote stimulation of gastric 

mechanoreceptors, invoking neural feedback and decreasing appetite (40). In humans, 

intravenous administration of physiological doses of CCK have been found to reduce food intake 

and increase the perception of fullness (119). CCK levels tend to rise 10-30 min after a meal, 

with the greatest stimulation seen after ingested lipids and proteins (49), and gradually fall to 
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basal levels within 3-5 hours (117). Some research has reported elevated fasting levels of CCK in 

obese subjects when compared to lean controls, and decreased levels in anorexia nervosa (11). 

 

2.2 Macronutrient Effects on Appetite 

 

 

All diets contain a mixture of three macronutrients: carbohydrates, fats, and proteins, 

each of which is glorified in endless numbers of diets available today. In the past, the diets that 

reduce fat and calorie intake have proven unsuccessful for most, so the current focus of much 

research is to increase the satiating power of the diet, so that people feel full with fewer calories. 

Each macronutrient will induce a different physiological response and alter appetite hormones 

specific to the metabolites produced during digestion. A macronutrient composition that provides 

essential nutrients, high feelings of satiety, and ideal health could be crucial for healthy weight 

loss and weight maintenance. Research has shown that the macronutrient specific differences in 

energy intake and postprandial appetite hormone responses are observed independent of body 

weight (27). Recent findings suggest that high levels of dietary protein effect short term and long 

term energy balance by increasing satiety, despite lower energy intakes, via increased 

thermogenesis, increased fat-free mass retention (84, 147, 199, 200), higher sleeping metabolic 

rate (116) and increased anorexigenic hormone concentrations (194). 

 

2.2.1 Protein 

 

 

Dietary protein has been found to have a profound impact on food intake. Research 

indicates that a high-protein diet may be the reason for success in inducing weight loss despite no 

restrictions in total calories (9). The benefits of high-protein intake are believed to be due to 

increased diet-induced thermogenesis (134), decreased hunger (174), and increased satiety (197) 

most likely mediated through GI hormones. It has been determined that protein is more satiating, 

gram for gram, than carbohydrate or fat (5, 83, 109, 147, 198). This suggests that a moderate 

increase in protein intake at the expense of other macronutrients may promote satiety, which 

could lead to reduced energy consumption and subsequent weight loss. Weigle et al. (197) 

showed that an increase in dietary protein from 15% to 30% of energy and a reduction in fat 

from 35% to 20%, at a constant carbohydrate intake, produced a sustained decrease in ad libitum 
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calorie intake and resulted in significant weight loss. In another study performed by Anderson et 

al. (7) satiety was determined by ad libitum food intake following a preload 50g of soy protein 

and then, compared the results after substituting glycemic carbohydrate for 50% of the soy 

protein. It was hypothesized that the combined satiety signals from both protein and 

carbohydrate would be stronger than for each alone, but this was not the case. The reduction in 

soy protein from 50 to 25g in the preload, and its replacement with a carbohydrate source of 

equal energy value, did not duplicate the effect of soy protein on food intake (7), it increased 

food intake. 

The satiating effects of high protein ingestion have been observed among obese 

individuals as well. A recent study demonstrated that weight regain after 26 weeks in obese 

subjects was less in response to a high-protein diet (25% energy from protein), compared with a 

low-protein diet (13% energy from protein) (112). Another study preformed by Brennan et al. 

(30) compared the effects of fat, protein and carbohydrate on hunger levels and appetite 

hormones between obese and lean individuals. This study was able to demonstrate several 

findings: (i) the high protein meal was the most potent reducer in hunger and energy intake in 

both lean and obese subjects, (ii) high protein meals were associated with more sustained levels 

of CCK and suppression of ghrelin in both lean and obese subjects, and (iii) obese subjects 

tended to have greater energy intakes after the high fat (by 17.5%) and the high carbohydrate (by 

13%) meals when compared with the lean subjects (29). Several factors could contribute to this 

satiating effect, including elevated levels of appetite controlling hormones, higher diet-induced 

thermogenesis, and increases in protein synthesis (1, 109, 124, 200). The term ‘protein 

leveraging’ has also been termed to explain why reductions in dietary protein in human subjects 

may lead to increases in overall short term energy intake (78). This concept suggests that species 

seek to consume a fixed amount of both protein and carbohydrate, and when a diet does not 

allow an individual to meet the target ratio it will drive excess energy intake in an effort to reach 

the desired amount (78). 

Nutrients created from protein digestion are proposed to activate G-protein-coupled 

receptors on the luminal side of enteroendocrine cells which will stimulate the release of gut 

hormones (177). Protein and fat in the small intestine stimulate CCK release, which increases 

feelings of satiety, and is also known to slow gastric emptying (118). The term gastric emptying 

refers to the rate at which food empties the stomach, and it also plays a significant role in gastric 
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distention and corresponding satiety (44). Bowen et al. (28) also observed a prolonged ghrelin 

suppression, prolonged GLP-1 secretion, and prolonged CCK elevation for 1.5 hours longer after 

consumption of protein when compared to carbohydrate. In contrast, another study observed that 

the ingestion of protein led to an increase of plasma ghrelin levels (64), however, this finding has 

yet to be repeated. 

Another way protein is believed to affect appetite and body composition is through its 

thermogenic effects. Diet-induced thermogenesis (DIT) has been shown to be higher after the 

ingestion of a high-protein meal than after meals having similar high content of carbohydrate or 

fat (75). Reported values for DIT for separate nutrients are 0-3% for fat, 5-10% for carb, and 20- 

30% for protein (200). Several suggestions have been made as to why protein has such a high 

thermogenic effect. It has been suggested that since the body has no flexible storage capacity for 

increases in protein intake (147), it has to actively oxidize or eliminate the excess amino acids 

and that this increased protein turnover may account for up to 68% of the acute thermogenic 

effect (134). Total energy expenditure is the sum of resting energy expenditure, the energy 

expenditure related to activity, and the thermic effect of food (147). Therefore, with a higher 

thermic effect of food, one would suspect to see higher total energy expenditure. With high- 

protein diets there also tends to be an upregulation of uncoupling proteins, which may also 

increase thermogenesis (134). Research suggests that the higher protein diets significantly 

increase total weight lost when compared to lower protein diets (84, 174). 

 
2.2.1.1 Protein Type and Appetite 

Because proteins from different sources have unique protein content, amino acid 

composition, and absorption kinetics, some evidence suggests that different protein sources 

differ in their metabolic effects (75) and satiating capacity (1, 83). In the Western world, dairy 

products are a major source of dietary protein. Casein and whey are the two major protein classes 

within dairy protein comprising approximately 80% and 20%, respectively (20). Caseins are 

phosphoproteins that are dispersed in milk in the form of micelles that are maintained as a 

colloidal suspension and can precipitate by acidification (20). Whey proteins, on the other hand, 

remain soluble after precipitation of casein. Although casein and whey are both complete 

proteins containing all essential amino acids, they differ in the way in which they are digested 

and absorbed (20). Casein exists as micelles, which also contains water and salts, and are mainly 
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hydrophobic (20). This structure causes it to coagulate in the stomach (1, 20) which delays 

gastric emptying and leads to a slow postprandial increase in plasma amino acids (20, 26, 83, 

124). Whey proteins have been found to be highly digestible and to induce a fast, high, and 

transient increase in plasma amino acids (20). Boirie et al. (27) described the differences in 

digestion and absorption of whey and casein protein as ‘fast’ and ‘slow’ proteins, and predicted 

that ‘fast’ proteins may be more satiating than ‘slow’ proteins. According to Mellinkoff’s 

original aminostatic concept, it is suggested that a larger rise in plasma amino acids would 

increase satiety (132). Amino acids have been determined to be potent modulators of protein 

synthesis, breakdown, and oxidation, and they may exert their action by stimulating endocrine 

responses; so different patterns of postprandial amino acidemia might result in different 

postprandial protein kinetics (26). Therefore, due to the differences in absorption, whey seems to 

be more satiating short term while casein may still have satiating effects long after the effects of 

whey have disappeared (200). This is demonstrated in a study performed by Boirie et al. (27) 

where amino acid concentrations increased to a lesser degree 100 min following casein intake 

when compared with whey, but at 300 min, amino acid concentrations remained high in the 

casein group and returned to basal levels in the whey group. Hall et al. (84) showed that a 

preload drink of whey protein was more satiating and was associated with higher postprandial 

circulating levels of amino acids, CCK and GLP-1 when compared to an isoenergetic casein 

preload at 90 and 180 min. However, Acheson et al. (1) observed that subjects experience 

hunger/emptiness more rapidly following a whey meal when compared to either a casein or soy 

meal and determined casein to have more satiating effects at 330 min. Therefore, present data 

suggest that the “fast” protein whey is more satiating than the “slow” protein casein acutely but 

casein is more satiating than whey long term. 

Alfenas et al. (5) support these findings when casein was found to reduce daily energy 

intake compared with whey during a 7-day supplementation period, where casein 

supplementation induced lower energy intake on day 7 when compared with day 1. 

Hochstenbach-Waelen et al. (92) performed a study to compare the effects of two diets with 

either 25% or 10% of energy from casein as the only protein source on energy expenditure, 

substrate balance, and appetite profile. It was observed that increasing the casein content of the 

diet, while reducing the fat content and keeping the carbohydrate content the same resulted in an 

increase in total energy expenditure, increased sleeping metabolic rate, positive protein balance, 
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and negative fat balance in the subjects (91). More pertinent to this paper is the observation that 

the 25% casein diet resulted in 41% lower hunger and 33% higher satiety ratings than did the 

isoenergetic 10% casein diet along with lower levels of plasma glucose and a lower insulin 

response (91). The authors hypothesize that these findings are likely due to the slower gastric 

emptying seen with casein protein leading to prolonged elevated concentrations of amino acids. 

Ultimately, increasing protein in a normal diet has been shown to promote weight loss and 

maintenance mainly as a result of increasing satiety and energy expenditure (113, 178). 

Moreover, higher daily protein intake has been shown to result in a significantly higher sleeping 

metabolic rate (116), attenuating the typical drop in sleep time metabolism. 

 
2.2.2 Carbohydrate 

 

 

Carbohydrate and fat intake have different effects on energy regulating mechanisms and 

still remain controversial. The presence of glucose in the small intestine has been found to 

stimulate appetite and satiety hormones, although this response may be less marked than that of 

protein or fat (154). Regardless, suppression of appetite and energy intake have been observed in 

young obese and healthy older subjects by small intestinal infusions of glucose (38, 114). 

Significant relationships have been observed between plasma insulin, GLP-1, and CCK 

concentrations and glucose load (154). Some research suggests that decreases in post prandial 

plasma ghrelin levels are paralleled, and possibly even suppressed by, increases in plasma insulin 

(64, 171). 

Like protein, carbohydrate type appears to have different effects of satiety (28). Glycemic 

index, in turn, ranks carbohydrate foods based on postprandial glycemia, therefore, low glycemic 

foods are thought to increase satiety by prolonging the availability of glucose and producing a 

longer insulin response (28). This hypothesis is demonstrated in a study performed by Erdmann 

et al. (65) where plasma ghrelin was inhibited after carbohydrate-rich meals but increased after 

protein or fat ingestion. These findings, however, are not fully supported. Johnstone et al. (99) 

displayed the effects of a high protein ketogenic diet on hunger, appetite, and weight loss in 

obese men when compared to a high protein non-ketogenic diet. The data suggest that reducing 

carbohydrate content between the two high-protein diets resulted in a decrease in energy intake, 

decrease in hunger, and a corresponding decrease in body weight (98). The observed decrease in 
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hunger between the low carbohydrate ketogenic meals (38.8g protein, 39.2g fat, 5.5g 

carbohydrate) and the medium carbohydrate meals (38.8g protein, 20.8g fat, 48.0g carbohydrate) 

is due to the difference in carbohydrate or fat intake, because the energy density and protein 

content remained constant. Foster-Schubert et al. (73) revealed an unidentified pattern in 

response to ghrelin levels post carbohydrate ingestion. They observed that ghrelin levels 

decreased in the initial 3 hours, followed by a marked overshoot to above the pre-ingestion 

baseline after ingesting a carbohydrate rich meal when no overshoots occurred after protein or 

lipid ingestion (72). The authors suggested that the early post-carbohydrate hunger may be due to 

faster gastric emptying after ingestion of carbohydrates compared to lipids or proteins, and 

because ghrelin stimulates gastric emptying the post-carbohydrate ghrelin rebound could 

accelerate gastric emptying (72). Bowen et al. (29) similarly observed that a glucose preload 

resulted in an earlier return of ghrelin to the preprandial concentrations and higher ad libitum 

energy intake compared with protein or fat preloads (28). 

 

2.2.3 Fat 

 

 

Triacylglycerides (TGs) have been found to modulate GI function and appetite (122) by 

stimulating GI hormone release and suppressing subsequent energy intake (127). Furthermore, it 

has been demonstrated that the effects of free fatty acids (FFAs) on the perceptions of fullness 

are even greater than those of TG, leading to a greater reduction in energy intake, although 

insignificant, when compared with TG (122). Fat in the small intestine induces a number of 

changes, including stimulation of satiety hormones CCK, GLP-1, PYY, as well as the 

suppression of the hunger hormone ghrelin (67). Fat ingestion triggers the production of a 

number of mediators, including oleic acid and apo A-IV, that play an important role in 

transmitting information about the presence of fat in the GI tracts to the CNS by initiating a 

signal pathway that ultimately activates vagal afferent neurons (121). Essah et al. (66) 

demonstrated an enhanced postprandial PPY secretion after consuming a low-carb-high-fat diet 

when compared with the low-fat-high-carb diet. Additionally, the administration of a fat-rich 

meals and subsequent fat in the proximal intestine has been found sufficient to suppress ghrelin 

levels (64, 67). This however, is controversial. Foster-Shubert et al. (72) suggest that since 

insulin has been found to suppress ghrelin, the poor stimulation of insulin by lipids could 
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contribute to a weak ability of lipids to suppress ghrelin levels. When compared to protein, Ryan 

et al. (165) found that intraduodenal lipid comparably suppressed subsequent energy intake in 

lean men. Additionally this study demonstrated that protein had lesser effects on pyloric 

pressures and plasma CCK and GLP-1 than did lipid, protein significantly stimulated insulin and 

glucagon release compared to lipid maintaining normoglycemia, and that the effects of lipid- 

protein combinations on gut hormones were related directly to the amount of lipid while the 

effect of insulin and glucagon were relating to the amount of protein included (165). 

These responses may be altered in obese individuals when compared to their lean 

counterparts. In obese humans, oral and intraduodenal responses to fat are diminished compared 

with lean subjects, where as the effect of oral protein seems to persist (29). Data are limited, but 

it has been suggested, however, that consumption of a high-fat diet may attenuate GI fat sensing 

mechanisms, resulting in increased energy intake and body weight gain (121). This has been 

demonstrated in a human study where increasing dietary fat in the diet for 2 weeks resulted in a 

15% increase in total daily energy intake, associated with weight gain (120), suggesting that fat 

sensing may decrease and attenuate subsequent satiety mechanisms. 

 

2.3 Nighttime Eating 

 
Nighttime eating has received considerable negative attention in recent years, and 

subsequently, many people avoid pre bedtime snacks due to fear of weight gain and negative 

impacts on overall health. Interestingly, independent from shift workers and populations with 

night eating syndrome (consuming a large proportion of one’s daily calories during the evening 

and night time hours (196)), very limited data exist to support a negative health impact of 

nighttime eating on otherwise healthy populations. Additionally, most preliminary studies have 

used large mixed meals rather than small, nutrient dense snacks. It is reasonable to hypothesize 

that late-evening food consumption will lead to weight gain given that metabolic rate and satiety 

(35) are reduced during this time, which would favor positive energy balance. However, in 

contrast to popular belief, more recent studies suggest that nighttime eating of smaller snacks 

may offer positive outcomes to overall health (70, 80, 101, 128, 146, 196) among different 

populations. The overnight period may represent a window of opportunity to potentially optimize 

human health and performance. 
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2.3.1 Nighttime Eating and Obesity 

 

 

Although many factors contribute to overweight and obesity, snacking on foods that do 

not provide satiety may be one source of excess caloric intake for many individuals. Research 

examining the effects of nighttime eating on overweight and obese populations is limited, 

however, the few studies that exist demonstrate that eating a low energy snack with a specific 

macronutrient composition may provide positive health benefits for this population (70, 101, 

146, 196). Waller et al. (196) demonstrated that providing a low fat, low calorie nighttime snack 

as opposed to a high fat, high calorie food option for 4 weeks was beneficial to overweight and 

obese nighttime snackers. Results showed that the low fat, low calorie nighttime snack reduced 

post-dinner energy intake and total daily caloric intake, which resulted in weight loss (196). This 

study was one of the first to highlight the potential benefits of nighttime eating if the 

composition of the food was lower in energy and fat. Kinsey et al. (101) performed a subsequent 

study in overweight and obese women. This was the first study performed to investigate whether 

protein or carbohydrate consumed as a single macronutrient at night can acutely alter appetite 

and cardiometabolic risk the following morning in sedentary overweight and obese women 

(101). 

This study found consuming a 150 kcal protein or carbohydrate snack before sleep increased 

satiety and reduced the desire to eat the following morning, however, this was accompanied with 

increases in insulin and insulin resistance (101). 

To combat the increases in insulin seen in the previous study, the same laboratory 

performed a study that included exercise and macronutrient ingestion. Ormsbee et al. (146) 

examined the influence of nighttime feeding of carbohydrate or protein combined with exercise 

training on appetite and cardiometabolic risk factors in obese women. This study compared the 

effects of a 150kcal whey, casein, or carbohydrate nighttime beverage combined with exercise 

training for 4 weeks. It was determined that nighttime feeding of casein protein combined with 

exercise increased morning satiety more than the whey protein or carbohydrate beverages (146). 

Additionally, it was shown that exercise resulted in a positive mood state, improved body 

composition and strength, and did not impact insulin sensitivity (146). Therefore, this study 

concluded that eating small portions of single macronutrient snacks at nighttime does not appear 

to be harmful in obese women. Similarly, Figueroa et al. (70) demonstrated that the combination 

of nighttime protein supplementation and exercise training reduced both aortic systolic blood 
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pressure, arterial stiffness, and augmentation index compared to baseline and carbohydrate 

supplementation is obese women suggesting improvements in overall arterial function. Overall, 

it seems that small, protein rich nutrient intake before sleep may provide positive physiological 

adaptations in overweight and obese populations. Although research in this area is emerging, no 

data have been examined on the effects of nighttime eating on next morning appetite in obese, 

sedentary men. 

 

2.3.2 Nighttime Eating and Other Populations 

 

 

Nutrient intake prior to sleep could potentially augment physiological adaptations and 

outcomes in other populations as well. Overnight nutrition may play a role in sport and 

performance, it could help attenuate age related declines in muscle mass, or simply help healthy 

individuals achieve optimal body composition. Evidenced based outcomes from nighttime eating 

are few, but more research is beginning to emerge to determine if nighttime eating could be 

beneficial for normal weight populations. Res et al. (160) was the first to assess whether 

providing dietary protein before sleep would lead to stimulation of protein synthesis and/or 

attenuate protein breakdown during overnight recovery from exercise. In this study performed in 

recreationally active men, following a day of dietary standardization, an additional 40g of protein 

was provided to the experimental group approximately 30 min before sleep post resistance 

training. The results of this study showed that protein ingestion immediately before sleep is 

effectively digested and absorbed, thereby stimulating muscle protein synthesis and improving 

whole body protein balance during post exercise overnight recovery (160). 

Recent work from Madzima et al. (128) compared different macronutrients and proteins 

to a non-caloric placebo consumed at nighttime on next morning satiety and metabolism with no 

exercise in healthy, physically active men. The authors of this study concluded that the 

consumption of 150kcals of whey, casein, or carbohydrate before sleep increases morning resting 

energy expenditure in healthy physically active young men when compared to a non-caloric 

placebo, although there were no significant differences between the macronutrient groups (128). 

However, the results showed no significant differences on subjective feelings of hunger and 

satiety among the groups (128). These data suggest that regardless of the macronutrient type, 

consuming a small liquid supplement before bed has a superior effect on morning oxygen uptake 
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(VO2) and resting energy expenditure than going to bed on an empty stomach (128). 

Furthermore, another study was performed to assess whether protein ingestion before sleep 

increases muscle mass and strength gains during prolonged resistance exercise in healthy, young 

men. Forty-four young men participated in 12 weeks of supervised resistance training and were 

randomly assigned to either a protein supplement (27.5g protein, 15g carbohydrate, 0.1g fat) 

group or a non-caloric placebo group. The subjects consumed their assigned beverages every 

night before sleep for the duration of the study and hypertrophy was assessed on a whole body, 

limb, and muscle fiber level before and after exercise training, and they strength was assessed 

regularly by 1-repetition maximum strength testing (176). This study observed a significantly 

greater increase in muscle strength after resistance training in the protein-supplemented group 

when compared to the placebo-supplemented group (176). In addition, quadriceps muscle cross- 

sectional area and type II muscle fiber size were increased to a greater extent in the protein group 

compared to the placebo group (176). These data suggest that protein ingestion before sleep 

represents an effective dietary strategy to increase muscle mass and strength gains during 

resistance exercise training in young men compared to no nutrition before sleep (176). 

With the growing population of older individuals, it is important to consider whether 

nighttime nutrition could be beneficial for this population. With age related loss of muscle mass 

leading to increases in falls and physical disability as well as poor quality of life, providing 

nutrients at nighttime could potentially help to maintain or attenuate this loss. Only one study has 

been performed in this area (80). In this study 40g of casein protein was administered to 16 

elderly men through a nasogastric tube during sleep and dietary protein digestion and overnight 

protein synthesis were assessed (80). This study reported that protein administered via 

nasogastric tube overnight was well digested and absorbed and promoted overnight muscle 

protein accretion in elderly men (80). This finding demonstrates potential benefits for providing 

nighttime protein nutrition for other populations susceptible to muscle loss, including cancer 

cachexia. 

The role of nighttime nutrition in individuals is largely unexplored. However, the limited 

data available suggest that it may be advantageous for individuals to consume a small, nutrient 

dense, high protein beverage close to bedtime. Potential benefits include improved resting 

metabolic rate (128), increased protein synthesis and positive protein balance (80, 160) and 
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increased feelings of satiety the following morning (146). Long-term studies are warranted to 

determine whether meaningful benefits will come from nighttime nutrition. 
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CHAPTER 3 

RESEARCH METHODOLOGY 

 
3.1 Participants 

 

Twelve overweight and obese (BMI ≥ 25 kg/m2; body fat > 25%) but otherwise healthy 

sedentary (<2 days of planned exercise per week for < 45 minutes per session within the past 6 

months) men aged 18-45 years were recruited for this study. Exclusion criteria included 

uncontrolled hypertension (blood pressure (BP)>160/100 mmHg), use of BP medications, use of 

cholesterol medication, diagnosed cardiovascular disease, stroke, diabetes, tobacco users, and 

uncontrolled thyroid or kidney dysfunction, or milk allergies. All subjects were pre-screened via 

a telephone interview (Appendix A) to ensure their eligibility and were asked to refrain from 

consuming caffeine or alcohol, and performing physical activity during the 24h preceding each 

visit. The Florida State University Human Subjects Institutional Review Board approved all 

procedures of the present study (Appendix B). Written informed consent (Appendix C) and 

medical history (Appendix D) forms were completed by all subjects before participating in the 

study. 

 

3.2 Study Design 

 
This crossover study was randomized, double blind, and placebo-controlled. Subjects 

reported to the Institute of Sports Sciences and Medicine (ISSM) Laboratory at Florida State 

University in the morning (6am-7am) while fasted (8-10 hrs) on three different occasions over a 

2-4 week period. The laboratory visits consisted of the following: 

Visit 1: baseline testing 

Visit 2: morning testing 6-8 hours after nighttime supplement consumption 

Visit 3: morning testing 6-8 hours after nighttime supplement consumption 

 

Visit 2 was completed within one week of baseline testing, and a minimum of 48 hours was 

given between visit 2 and visit 3. 
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3.2.1 Baseline Testing (6am-7am) 

 

 

3.2.1.1 Measurement of Anthropometric Parameters 

Height was measured using a wall-mounted stadiometer (SECA, Hamburg, Germany) 

and body weight was assessed using a digital scale (Detecto®, Webb City, MO). Body 

composition was determined by dual-energy X-ray absorptiometry (DXA, Discovery W, Hologic 

Inc., Bedford, MA). Subjects laid in the supine position as previously described (8) and the test 

was completed according to the manufacturer’s instructions and specifications by a certified X- 

ray technician. 

 

3.2.1.2  Measurement of Heart Rate and Blood Pressure 

Resting heart rate and blood pressure were measured twice by the same technician after 5 

min of seated rest. Blood pressure was measured using a manual sphygmomanometer and a 

stethoscope and the average of the two measurements were recorded to verify whether the 

subjects met the inclusion criteria. Heart rate was measured for 60 seconds manually at the radial 

artery. 

 

3.2.1.3 Assessment of Appetite 

Appetite was assessed using a visual analogue scale (Appendix E) which has been 

validated (71). This scale is a 100 mm horizontal scale with opposing extremes (‘not at all’ to 

‘extremely’) of different appetite sensations (hunger, satiety, and desire to eat) anchored at each 

end. The subjects rated their subjective feelings, at that moment, by placing a vertical line on the 

horizontal scale. The ratings were converted to a score in mm by using a standard ruler and 

measuring from zero to the vertical line that was drawn. Higher scores indicate greater subjective 

feelings of each sensation. Appetite assessments were completed during each laboratory visit. 

 

3.2.1.4 Metabolic Testing 

Resting metabolic rate (RMR, the amount of calories burned at rest) was measured using 

indirect calorimetry (ParvoMedics TrueOne 2400 metabolic cart, Sandy, Utah, USA). During 

this non-invasive test, subjects rested in a semi-recumbent position in a dark, quiet, and climate 

controlled room with a ventilated hood covering the subjects’ head and torso. Prior to testing, 
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duplicate calibrations were performed as described previously (101). Gas exchange was then 

measured for 45 minutes and the last 30 minutes were used for the data analysis. This 

measurement provided information necessary to calculate the daily caloric needs of each subject. 

 

3.2.1.5  Blood Sampling and Analysis 

Fasting blood glucose was obtained via duplicate finger pricks and measured using a test 

strip and glucose meter (OneTouch Ultra®, LifeScan; Milpitas, CA). Fasting venous blood 

samples were collected from the antecubital vein into serum (insulin) and plasma (ghrelin) 

vacutainer tubes. The samples were centrifuged (IEC CL3R Multispeed Centrifuge, Thermo 

Electron Corporation, Hudson, New Hampshire) for 15 min at 3500 rpm at 4˚C. Serum aliquots 

of 300 μL were transferred into microtubes and stored at -80˚C for later batch analysis of insulin 

using enzyme-linked immunosorbent assay (ELISA) (IBL International, Inc., Hamburg, 

Germany). For ghrelin analysis, pre-chilled EDTA-containing plasma vacutainers were 

preloaded with 4-(2-aminoethyl)-benzene sulfonylfluoride (AEBSF) prior to sample collection 

(final concentration 4mM) (156). After plasma samples were centrifuged they were acidified 

with 200 µL 1N hydrochloric acid per mL of blood and stored at -80˚C until analysis for ghrelin, 

as previously described (156). The averages of duplicate samples were used for statistical 

analysis. The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated 

from fasting glucose and insulin levels using a computer program available online at 

https://www.dtu.ox.ac.uk/homacalculator/. This method of calculating HOMA-IR is more 

accurate than other formulas as it takes into account variations in hepatic and peripheral glucose 

resistance, increases in the insulin secretion curve for plasma glucose concentrations above 180 

mg/dL and the contribution of circulating proinsulin (137). 

 

3.2.1.6 Dietary Food Logs 

During their involvement in this study, subjects were asked to maintain their normal 

dietary and activity habits on days other than supplementation days. Dietary intakes were 

assessed by 3-day dietary logs completed on two weekdays and one weekend day. All dietary 

log data were analyzed by the same research personnel using the United States Department of 

Agriculture Super Tracker (https://www.supertracker.usda.gov/default.aspx). 
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3.2.1.7 Sleep Quantity and Quality 

Sleep quantity and quality were assessed on a subset of participants (n=5) using wrist 

actigraphy (Fatigue Science ReadibandTM, Blaine, WA) whereby an actigraphy watch was worn 

on the non-dominant arm at baseline and during both treatment periods. The outcome variables 

from the sleep assessment included average time sleeping. 

 

 
3.2.2 Day of Nighttime Supplementation 

 

 

To standardize dietary intake, subjects were provided with liquid meal-replacement 

beverages (350 kcals, 11g fat, 51g carbohydrate, 13g protein, Ensure Plus®, Abbott 

Laboratories, Columbus, OH) to match their caloric needs (calculated from their baseline RMR, 

estimated caloric cost of daily activities for sedentary adults (RMR x 0.2), and estimated thermic 

effect of food (RMR x 0.1) used previously in this population (total daily caloric needs: (RMR+ 

(RMR x 0.2) + (RMR x 0.1)) (145) for the entire day prior to nighttime feeding. No other food or 

caloric beverages were allowed. Subjects were asked to return their empty meal-replacement 

bottles in order to verify compliance. 

 

3.2.3 Nighttime Supplementation 

 

 

Subjects arrived to the ISSM laboratory in the evening before each morning visit (visits 2 

and 3) to receive their nighttime supplement, pre-mixed in a shaker bottle, and were instructed to 

consume it at least 2 hours after the last meal replacement beverage but within 30 min of 

bedtime. In a randomized order, subjects consumed either 1) casein protein (CAS), or 2) a non- 

caloric placebo (PLA). Subjects were asked to drink the CAS supplement (total protein content: 

30 g, 120 kcals; 25 g micellar protein, 1 g L-Tryptophan, 1 g L-Leucine, 100 mg L-Theanine, 1 g 

colostrum fraction (bovine)), or a flavor and sensory-matched PLA (0 kcals; non-nutritive 

sweeteners (sucralose), and stabilizers (gums)) as close to bedtime as possible and to record this 

time of day. The PLA included small amounts sodium, potassium, and calcium for consistency 

and flavoring. All supplements were chocolate flavored and kept blind from both subjects and 

researchers until the end of the study 
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3.2.4 Morning Laboratory Testing (Visit 2 and 3 between 6am-7am) 

 

 

The mornings following nighttime supplementation, subjects arrived at the ISSM after 

only having consumed their nighttime supplement (6-8 hours fasted). Upon arrival, subjects 

completed appetite questionnaires and had their blood collected using identical techniques 

described for baseline testing. Upon study completion, all subjects were provided with 

information regarding their RMR and a copy of their DXA scan (Appendix F). Additionally, 

subjects were given a choice of two protein products from Dymatize Nutrition ® (Appendix G) 

and $100. 

 
 

 

3.3 Statistical Analysis 

 

 

A priori power analysis was performed with adipose tissue glycerol concentration as the 

primary outcome variable (the primary dependent variable for which this study was a subset) 

which revealed a need for 12 subjects per group with an effect size of 0.80, α =0.05, standard 

deviation =16 μmol/L (for the control group), and difference to detect (between groups) of 20 

μmol/L (145). Data were analyzed using JMP PRO 11 (SAS, Cary, NC). A one-way analysis 

variance was used to compare difference between Baseline, CAS, and PLA. A one-way analysis 

variance was also used to compare difference between baseline and control days of dietary 

intake. In the presence of significant differences, a Tukey post-hoc analysis was used to locate 

differences. Significance was set at p < 0.05 and all data are reported as mean ± standard error of 

the mean (SEM). 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Results 

4.1.1 Baseline Characteristics 

A summary of the descriptive data obtained at baseline is reported in Table 1. Heart rate 

and blood pressure was not measured on one subject, however, normal blood pressure and heart 

rate were reported in his medical history questionnaire. 

 

Table 1. Descriptive characteristics of subjects at baseline 
 

N = 12 
 

Age, yrs 27 ± 2.2 
Height, cm 175.8 ± 2.0 
Weight, kg 112.0 ± 6.6 
BMI, kg/m2 36.1 ± 1.9 

VAT, cm2 167.2 ± 22.7 
Fat Mass, kg 41.4 ± 4.3 
Lean Mass, kg 66.0 ± 2.7 
Heart rate, bpm 66  ± 3 
Systolic blood pressure, mmHg 131 ± 4 
Diastolic blood pressure, mmHg  78 ± 3 
Total, kcals 2489 ± 191 
Carbohydrate, % 
Carbohydrate, g 
Protein, % 
Protein, g 
Fat, % 
Fat, g 

43.8 ± 2.0 
273.9 ± 85.9 

16.8 ± 1.1 
102.27 ± 30.5 

39.2 ± 2.2 
107.73 ± 33.9 

 

Mean ± SEM; BMI, body mass index; VAT, visceral fat tissue 
 

4.1.2 Assessment of Appetite 

Subjective appetites among treatments are shown in Table 2. There were no significant 

differences in subjective measures of hunger, satiety or desire to eat. Interestingly, however not 

statistically significant, differences in desire to eat did approach statistical significance for CAS 

suggesting a greater desire to eat the morning after CAS supplementation (baseline: 38 ± 6, CAS: 

62 ± 8, PLA: 55 ± 5 mm, p =0.06). 
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4.1.3 Blood Markers 

Glucose, insulin and HOMA-IR concentrations are shown in Table 2. One subject was 

excluded from all glucose and HOMA-IR analyses because glucose measurements were not 

available for that subject during one of the treatments due to technical error. There were no 

differences in glucose (n = 11), insulin, or HOMA-IR (n=11) among baseline, CAS and PLA 

(Table 2). 

There were no significant differences in desacyl ghrelin (Figure 4), acyl ghrelin (Figure 

5), or ghrelin ratios (Figure 6) among the treatments when compared to baseline values (Table 

2). 

 

Table 2.Metabolism, subjective appetite, blood glucose and hormones  

p-value for 

 Baseline CAS PLA treatment effect 

Hunger, mm 35 ± 6 49 ± 6 47 ± 6 0.21 

Satiety, mm 36 ± 6 36 ± 4 39 ± 5 0.89 

Desire to eat, mm 38 ± 6 62 ± 8 55 ± 5 0.06 

Insulin, uIU/mL 33.7 ± 6.4 32.9 ± 6.2 31.6 ± 4.9 0.96 

Glucose, mg/dL^ 89.7 ±3.7 90.5 ± 3.1 87.5 ± 2.8 0.84 
HOMA^ 7.7 ± 1.7 7.3 ± 1.5 7.1 ± 1.3 0.95 
Ghrelin Acyl pg/ml 54.8 ± 15.7 54.3 ± 10.0 61.3 ± 15.2 0.93 
Ghrelin Des pg/ml 46.4 ± 9.7 43.4 ± 6.9 45.0 ± 9.9 0.97 
Ghrelin Ratio 1.3 ± 0.4 1.6 ± 0.4 2.3 ± 1.0 0.63 

 

Mean ± SEM; ^, n = 11; HOMA, Homeostatic Model Assessment of Insulin Resistance 
 
 

4.1.4 Sleep Data 

Subjects were asked to record bed times during treatment and to consume the 

supplementation at least 2 hours after their last liquid meal replacement supplement but within 

30 minutes of sleep. The average self-reported time spent in bed for the participants (n=12) was 

5 hours and 56 min before their scheduled arrival time at the laboratory the next morning (6 am). 

Therefore, supplementation was consumed approximately 6 hours before arrival to the laboratory 

the following morning for Visit 2 and Visit 3 testing. Sleep quality data at baseline and during 

treatment groups were collected in a small subset of subjects (n=5). Average time sleeping were 

4 hours 48 minutes, 4 hours 21 minutes, and 3 hours 55 minutes at baseline and during CAS and 

PLA treatments, respectively (p = 0.57). 
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Figure 4. (Top) Morning Acyl and Desacyl Ghrelin Concentrations. Baseline; CAS, casein; PLA, 
non-caloric placebo; (Bottom) Morning Acyl to Desacyl Ghrelin Ratio. Baseline; CAS, casein; 

PLA, non-caloric placebo 
 
 

 

4.1.5 Dietary Food Log 

Eleven of the twelve subjects satisfactorily completed the pretesting dietary food log. 

There were no differences between the subjects habitual versus controlled diet (Ensure; day 

before each test) for total caloric intake (baseline, 2489 ± 191 vs. control, 2889.07 ± 121.7 

kcals/day, p = 0.101), protein (baseline, 102.27 ± 30.5 vs. control, 107.29 ± 5.12 g/day, p = 

0.636), or fat intake (baseline, 107.73 ± 33.9 vs. 90.79 ± 5.74 g/day, p = 0.108). However, 
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carbohydrate intake was significantly different between baseline and control diets (273.9 ± 85.9 

vs. 412.65 ± 21.8 g/day, p = 0.00, respectively). 

 
 

4.2 Discussion 

 

 

Many people avoid caloric intake close to bedtime due to the popular perception that 

eating at night leads to negative effects on body composition and health. However, independent 

of shift workers and populations with night eating syndrome, there is no evidence that supports 

these perceptions when, smaller calorie (~150 kcals) nutrients or meals are consumed by healthy 

populations. In fact, recent evidence suggests that consuming small snacks that are higher in 

protein may offer positive outcomes to overall health (70, 80, 101, 128, 146, 196). Appetite is 

often a primary factor associated with overeating and weight gain. To our knowledge, the present 

study was the first to investigate the influence of the slow digesting protein casein consumed 

before bed on subjective appetite and blood levels of the appetite regulating hormone ghrelin the 

next morning, in overweight and obese men. 

Our hypotheses that nighttime ingestion of a casein protein beverage would increase 

satiety and decrease hunger and desire to eat the following morning when compared to a non- 

nutritive placebo was not supported in overweight and obese men. This hypothesis was made 

because previous work from Groen et al. (80), Kinsey et al. (101) and Ormsbee et al. (146) all 

observed subjective decreases in hunger or increases in satiety the morning following 30-40g of 

protein administered orally before bed or via nasogastric tube during sleep. However, these 

observations were seen in elderly men and overweight and obese women while the present study 

assessed whether similar observations would be seen in overweight and obese men. One 

possibility for these differences may be due to difference in food intake prior to nighttime 

supplementation. In previous studies (80, 101, 146), dietary intake the day of nighttime 

supplementation was not well controlled or standardized. However, in the present study, food 

was controlled by meal-replacement liquid beverages to match their daily caloric needs for the 

entire day leading up to the ingestion of CAS or PLA. Besides carbohydrate intake (baseline, 

273.91 ± 25.9 g vs. control 412.65 ± 63.2 g, p = 0.001), there were no significant differences in 

kcals, protein, or fat intake between baseline intake according to dietary food logs and those 
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provided by the liquid supplementation for dietary standardization. Therefore, it is unlikely that 

differences in kcal or nutrient intake had any influence on subjective appetite the following 

morning. Although we reported no differences in subjective measures of hunger, satiety, or 

desire to eat, we cannot rule out the possibility that the liquid nature of the meals influenced the 

hunger, satiety, and desire to eat visual analog scales. The desire to eat did trend toward 

statistical significance for CAS (baseline: 38 ± 6, CAS: 62 ± 8, PLA: 55 ± 5 mm, p =0.06) 

indicating more desire to eat, possibly due to the lack of chewing food the day before. Therefore, 

these data must be interpreted with caution. 

Although previous studies have measured subjective appetite in response to nighttime 

eating (80,101,146), to date, no studies have directly assessed the effect of nighttime protein 

intake on plasma ghrelin levels in human subjects the following morning. Previous research has 

concluded that the post-prandial fall in plasma ghrelin is proportional to ingested calories with 

protein causing a greater suppression than fat (34, 135).  Moreover, Tschop et al. (192) support 

the idea that nutrients induce ghrelin suppression by demonstrating that serum ghrelin levels are 

decreased in rats 120 minutes later by filling the stomach with a dextrose solution but not with an 

equal volume of water. Therefore, with nutrient supplementation before sleep it may be possible 

to suppress ghrelin levels the following morning. Because ghrelin should rise as a result of 

hunger following the overnight fast, our hypothesis was that the nighttime ingestion of a casein 

protein would attenuate increases in ghrelin the following morning when compared to a non- 

nutritive placebo. However, this hypothesis was not supported. We reported no significant 

differences in plasma ghrelin levels among any of the trials. It has already been determined that 

the acylated form of ghrelin is the form that binds to receptors and stimulates its orexigenic 

response (179), however, both acyl- and des-acyl forms are found in circulation (188) and some 

of the actions of des-acyl ghrelin oppose those of acyl ghrelin (186). Therefore, all forms of 

ghrelin were measured in the present study. Although it has been demonstrated in humans that 

pre-prandial ghrelin levels surge 1-2 hours before each meal, and fall within one hour of meal 

initiation, the surges seen in human studies tend to be approximately within regular meal times (4 

hours) (51). However, in the present study, the length of time between CAS and PLA 

supplementation before sleep and morning blood draw (>6 hours) may be too long to observe 

nutrient induced suppression of ghrelin. 
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When considering an overweight or obese population, it is important to also consider 

insulin levels and glucose control. In an acute study, Kinsey et al. (101) provided single- 

macronutrient beverages (casein vs. whey vs. carbohydrate; 140-150 kcals) in a supplementation 

protocol similar to the one used in the present study and found that the nighttime macronutrient 

beverages, regardless of the type, lead to a small but significant increase in insulin levels in 

overweight and obese women the following morning when compared to baseline measurements. 

These findings suggest the nighttime ingestion of protein before sleep may elicit unfavorable 

metabolic effects in sedentary overweight and obese women. However, this was not observed in 

the present study using overweight and obese men. There were no differences in glucose, insulin, 

or HOMA-IR among baseline, CAS and PLA (Table 2). The addition of a casein beverage prior 

to sleep did not alter morning insulin levels, however, the subjects in the present study met the 

criteria for hyperinsulinemia (fasting insulin> 30 μUL (115) and insulin resistance (HOMA-IR 

value >2.5) (131) at baseline and during both trial visits. The structure of casein protein causes it 

to coagulate in the stomach (1, 20) which delays gastric emptying and leads to a slower 

postprandial increase in plasma amino acids (20, 26, 83, 124). Several studies have found casein 

protein to be more satiating long term due to its digestion and absorption kinetics (1, 5, 91). It is 

likely that the slow rate of digestion and absorption of casein (20, 26, 83, 124) has a lower 

impact on insulin compared to other macronutrients. 

There are several limitations to the present study that should be addressed. Following the 

nighttime intake of CAS or PLA, measurements were not taken until the following morning. It is 

possible that the time between supplementation and measurement of the outcome variables the 

next morning was too long and any effects induced by the supplementation could have returned 

back to baseline levels. It is likely that serial sampling overnight at various intervals would have 

provided more information regarding the true effects of nighttime supplementation. Outside of 

this limitation, sleep quantity and quality was only measured in a small subset (n=5) of the study 

population during the testing period. Previous research has concluded that disrupted sleep can 

increase ghrelin levels and thus increase appetite signals (125, 180), although not all research 

supports these findings (77). Being that the majority of the subjects that participated in the study 

were college students it is possible that sleep patterns were irregular and disrupted. Of the 5 

subjects from which sleep data were collected average times sleeping were 4 hours 48 minutes, 4 

hours 21 minutes, and 3 hours 55 minutes at baseline and during CAS and PLA treatments, 
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respectively (p = 0.57). Collecting sleep data on every subject would have proved valuable to the 

study since sleep duration and quality do affect plasma ghrelin levels (127, 182). Additionally, 

subjects were entrusted to comply with the standardization of dietary intake the day before 

supplementation and to follow instructions regarding nighttime supplementation and may not 

have honestly or accurately reported adherence. However, take home instruction cards, and daily 

phone calls and/or texts were provided in order to combat this issue. Lastly, only 12 subjects 

were used in the present study, it is likely that a much higher subject number would be needed to 

measure differences in ghrelin and appetite. 

Future work should strive to determine the long-term effects of nighttime protein 

consumption on appetite, appetite markers, and body composition changes in healthy and clinical 

populations. It will also be important to determine if any changes in subjective hunger will 

promote any differences in actual food intake the next day. Additionally, the use of whole food 

protein sources, as nighttime snack options should be tested to determine if mixed nutrient whole 

food sources would provide similar results. 

In conclusion, casein protein intake at night before bed did not alter subjective appetite or 

plasma ghrelin levels the following morning. It is logical to assume that this finding may be due 

to the long duration of time between nighttime supplementation and next morning testing. 

Additionally, while the finding that protein supplementation at night did not affect insulin levels 

the following morning in the present study, consideration should be taken as the study population 

used already demonstrated hyperinsulinemia levels at baseline. Considering that the present 

study reported no differences when consuming CAS pre sleep compared to consuming no 

calories in overweight and obese men, it can be concluded that nighttime ingestion of 30g or 

casein protein will not be harmful to this population. Additionally, because other positive 

findings have been found in response to casein consumed at night in other populations, it is 

possible that consuming casein before bed may be a useful strategy for optimizing body 

composition and health if carried out over time. 
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APPENDIX B 
 

 

INSTITUTIONAL REVIEW BOARD APPROVAL OF STUDY PROTOCOL 

 
Office of the Vice President For Research 

Human Subjects Committee 

P. O. Box 3062742 

Tallahassee, Florida 32306-2742 

(850) 644-8673 · FAX (850) 644-4392 

RE-APPROVAL MEMORANDUM 

Date: 
 

To: 

Address: 

Dept.: 

08/14/2014 

 
 

NUTRITION FOOD AND EXERCISE SCIENCES 

From: Thomas L. Jacobson, Chair 

 

Re:  Re-approval of Use of Human subjects in Research: 

The effect of nighttime protein intake on overnight lipolysis and morning fat oxidation in obese men. 

 

 

Your request to continue the research project listed above involving human subjects has been approved 

by the Human Subjects Committee. If your project has not been completed by 08/12/2015 

must request renewed approval by the Committee. 

, you are 

 

If you submitted a proposed consent form with your renewal request, the approved stamped consent 
form is attached to this re-approval notice. Only the stamped version of the consent form may be used 

in recruiting of research subjects. You are reminded that any change in protocol for this project must 

be reviewed and approved by the Committee prior to implementation of the proposed change in the 

protocol. A protocol change/amendment form is required to be submitted for approval by the 

Committee. In addition, federal regulations require that the Principal Investigator promptly report in 

writing, any unanticipated problems or adverse events involving risks to research subjects or others. 

 

By copy of this memorandum, the Chairman of your department and/or your major professor are 
reminded of their responsibility for being informed concerning research projects involving human 

subjects in their department. They are advised to review the protocols as often as necessary to insure 

that the project is being conducted in compliance with our institution and with DHHS regulations. 

 

Cc: 

HSC No. 2014.13180 



 

  

APPENDIX C 

INFORMED CONSENT 

 
 
 47

The effect of nighttime protein intake on overnight lipolysis and morning fat oxidation in obese men. 
 

______________ 
Initials 

 
FSU Human Subjects Committee approved on 12/05/14. Void 8/12/15. HSC # 2014.13509 
 

 

Informed Consent Form 

 
1. I voluntarily and without element of force or coercion, consent to be a participant in the 

research ������� �	�
���� The effect of nighttime protein intake on overnight lipolysis and 
morning ��� �⌧
���
�	 
	 ����� ��	�� This study is being conducted by Dr. Michael Ormsbee 
Amber Kinsey, Stacy Cappadona and Dr. Michael J Sweeney of the Department of Nutrition, 
Food, & Exercise Sciences at The Florida State University. 

 
2. The purpose of the proposed study is to examine the effect of acute protein consumed late in 

the evening before sleep on overnight subcutaneous abdominal adipose tissue (SCAAT) 
lipolysis (fat breakdown) and morning whole-body fat oxidation (fat use).Twenty overweight 
and obese ���� ≥ 25 kg/m2; body fat > 25%), sedentary (<2 days of planned exercise per 
week for < 45 minutes per session within the past 6 months) males aged 18-45 years will be 
recruited for this study. 

 
3. My participation in this study will require coming to the Human Performance Laboratory at The 

Florida State University for testing on five different occasions over 2-4 weeks to complete the 
measurements and assessments as described below. 
 

On my first visit, I will come to the laboratory in a fasted state (no food or drink, except water 
for at least 8 hours) between 6 and 10 am. I will also abstain from caffeine, alcohol and 
vigorous exercise 24 hours prior to my first visit. I will be given an informed consent document 
to sign and a medical history form to complete before I can participate in the study. I cannot 
participate in this study if I have uncontrolled hypertension (Blood Pressure (BP)>160/100 
mmHg), have been diagnosed cardiovascular disease, stroke, diabetes, thyroid or kidney 
dysfunction, have milk allergies, or smoke cigarettes.  In addition, I will be excluded if I 
currently take cholesterol medication or partake in planned exercise for more than 2 days per 
week for more than 45 minutes per session (within the past 6 months).  
 

During this visit (visit 1) I will then have my blood pressure, height, weight, and body 
composition measured and complete appetite questionnaires. Height and weight will be 
assessed using a standardized scale. My body composition and bone mineral density will be 
measured using dual energy X-ray absorptiometry (DXA). Very low doses of radiation are 
used; however, this test is noninvasive. I will lie on a padded table for approximately 10 
minutes while the scan is being completed. Testing will be completed according to the 
��	����������� 
	������
�	� �	� ����
�
���
�	� �ִ � ����
�
�� �-ray technician. 
 

I will (during visit 1) be familiarized with metabolic testing and then have my resting metabolic 
rate (RMR) measured using indirect calorimetry for 45 minutes. This is a non-invasive test that 
involves lying down on a padded table for 45 minutes with a ventilated hood covering my head 
and torso.  
 
I will also get familiarized with the microdialysis equipment during visit 1. The microdialysis 
technique is used to measure the blood flow and the breakdown of fat in my abdominal tissue.  
For this test I will first have to lie down and have my abdominal skin cleaned with iodine and 
numbed with topical ethyl chloride spray to reduce discomfort. In order to measure the blood 
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The effect of nighttime protein intake on overnight lipolysis and morning fat oxidation in obese   men. 

 

maintained by assigning each subject a code number and recording all data by code number. 
The only record with my name and code number will be kept by the principal investigator, Dr. 
Ormsbee, in a locked drawer in his office. Data will be kept for 10 years and then   destroyed 

 
1. In case of an injury, first aid (free of charge) will be provided to me by the laboratorypersonnel 

working on the research project. However, any other treatment or care will be provided at my 
own expense. 

 

2. Any questions I have concerning the research study or my participation in it, before or after my 
consent, will be answered by the investigators or they will refer me to a knowledgeable source.   
I understand that I may contact Dr. Michael Ormsbee, Amber Kinsey, or Stacy Cappadona for 
answers to questions about this research study or my rights. Group results will be sent to me 
upon my request. 

 

3. In case of an injury, or if I have questions about my rights as a subject/I in this research, or I 
feel I have been placed at risk, I can contact the chair of the Human Subjects Committee, 
Institutional Review Board, through the office of the Vice President of Research at (850) 644- 
8633 (humansubjects@magnet.fsu.edu). 

 

4. The nature, demands, benefits and risks of the study have been explained to me. Iknowingly 
assume any risk involved. 

 
5. I have read the above informed consent form. I understand that I may withdraw my consent 

and discontinue participation at any time without penalty or loss of the benefits to which Imay 
otherwise be entitled. In signing this consent form, I am not waiving my legal claims, rights or 
remedies. A copy of this consent form will be given to  me. 

 
 
 
 
 

Print Name  
 
 

Signature  Date  

 
 
 
 
 
 
 
 
 
 
 

Initials 



52 4 

APPENDIX D 

 

HEALTH AND MEDICAL HISTORY QUESTIONNAIRE 
 



53 4 

 



54 4 

 



55 4 

 

 



56 4 

APPENDIX E 

VISUAL ANALOG SCALE 

 



57 4 

APPENDIX F 
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APPENDIX H 

 

INSTITUTIONAL REVIEW BOARD APPLICATION 

 

 

 
1. Project Title and Identification 

1.1 Project Title 

The effect of nighttime protein intake on overnight lipolysis and morning fat 

oxidation in obese men. 

Project is: Dissertation 

1.2 Principal Investigator (PI) 

Name(Last name, First name MI): 

Kinsey, Amber Whitley 

Highest Earned Degree: 

Bachelor's Degree 

Mailing Address: 

Phone Number: 

Fax: 

 

University  Department: 

NUTRITION FOOD AND EXERCISE SCIENCES 

Email: 

The training and education completed in the protection of human subjects or human 

subjects records: 

CITI 

Occupational Position: 

Student 

 

1.3 Co-Investigators/Research Staff 

Name(Last name, First name MI): 

Ormsbee, Michael James; Co-Investigator 

Highest Earned Degree: 

Doctorate 

Mailing Address: 

Phone Number: 

Fax: 

 

University  Department: 

NUTRITION FOOD AND EXERCISE SCIENCES 

Email: 

The training and education completed in the protection of human subjects or human 

subjects records: 

FSU Training Module NIH HIPAA 

Occupational  Position: 

Faculty 

 
Name(Last name, First name MI): 

Cappadona, Stacy ; Co-Investigator 

Highest Earned Degree: 

Bachelor's Degree 

Mailing Address: 
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Phone Number: 

Fax: 

 

University Department: 

NUTRITION FOOD AND EXERCISE  SCIENCES 

Email: 

The training and education completed in the protection of human subjects or human 

subjects records: 

 
Occupational Position: 

Student 

 

Name(Last name, First name MI): 

Sweeney, Michael J; Co-Investigator 

Highest Earned Degree: 

Doctorate 

Mailing Address: 

Phone Number: 

Fax: 

 

University Department: 

COLLEGE OF MEDICINE 

Email: 

The training and education completed in the protection of human subjects or human 

subjects records: 

FSU Training Module   NIH    HIPAA 
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