The Role of Diet Composition and Fat-Free Mass on Appetite Regulation
Austin J Graybeal
Bachelor of Science in Kinesiology
Master of Science in Kinesiology
Harris College of Nursing & Health Sciences
Texas Christian University
August 2018 — May 2021

A RESEARCH PROJECT SUBMITTED IN PARTIAL FULFILMENT OF THE
REQUIREMENT FOR THE AWARD OF THE DEGREE OF DOCTOR OF PHILOSOPHY IN

HEALTH SCIENCES & KINESIOLOGY OF TEXAS CHRISTIAN UNIVERSITY
Doctor of Philosophy in Health Sciences & Kinesiology

May 8™ 2021






Table of contents

Lt L o Uo [ PR [
COPYIgNT PAGE ..ot I
Table Of CONTENTS ... e i
Listof figuresand tables ....... ..o %
ACKNOWIBAGEMENTS ... e Vi
DRAICALION ...\ttt e viii

Chapter 1: Introduction

1.1 Appetite Regulation and Energy Balance ..o 1
1.2 Environmental and Psychological Regulation of Appetite ...............cccooeviiiiiiinni. 4
1.3 Physiological Regulation of Appetite ..........cooviiriiiiiii e, 6
1.4 The Effect of Diet Composition on ApPetite ...........cooiiiiiiiiiiiiiii e, 11
1.5 The Effect of Body Composition on Appetite ..........c.ccoovviiiiiiiiii e 14
1.6 Summary of the AIMS ... 16

Chapter 2: Manipulation of fatty acid composition in a high-fat meal does not result in
differential alterations in appetite or food intake in normal weight females: A single-blind
randomized crossover study

2.0 Title Page and ADSIIaCE ..ot 18
2. L INtrOAUCTION ... 20
2.2 Materials and Methods ... 22
2.3 RESUIES .. 27
2.4 DISCUSSION ..ottt e e e e 38
2.5 CONCIUSION ... 42

Chapter 3: The effects of a ketogenic diet compared to high-carbohydrate and habitual
diets on fasting and postprandial measures of hunger and satiety in highly-trained
endurance athletes: a pilot study

3.0 Title Page and ADSIIaCE ........ooviniii e 44
S L INITOAUCTION e 46
3.2 Materials and Methods . .....ooor e, 47



B B RESUIES .. e 54
B4 DISCUSSION .. eeeetettttt et 63

Chapter 4: Body composition and appetite regulation: emerging evidence of the
relationship between fat-free mass and physiological signals of appetite

4.0 Title Page and ADSIIaCt .......c.ooniie e, 67
A INErOAUCTION ..o e e e e 70
4.2 Adipose tissue as a physiological regulator of food intake ..................ccoeieiennnn 71
4.3 The relationship between FFM and appetite ................ccoiiiiiiiiiiiiiieiieeceeeeeenn. 1D
A4 CONCIUSIONS .. .vtet ittt e e eae e e 90

Chapter 5: Conclusions

5.1 Summary ......... ettt e e ereeneesaeenseeeseens 92

5.2 Contribution to KNOWIEAQE ..ot 93
5.3 Discussion of Knowledge Gaps and Implications for Future Research ................... 96
5.4 Implications for Appetite Regulation in Athletes and Individuals with Obesity ......... 98
5.5 CONCIUSIONS ...ttt 100

RETEIENCES ...t e 102

A DS G ...t i, 138



Figure 1.1
Figure 1.2

Figure 2.1a-c

Figure 2.2a-c

Figure 2.3

Figure 3.1a-b

Figure 3.2a-d

Figure 4.1

Table 2.1
Table 2.2
Table 2.3
Table 3.1

Table 3.2

Table 3.3

List of Figures and Tables
Neuroendocrine and Endocrine Pathways of Obesity .................
POMC Neurons in the Melanocortin System ...........................

Ratings of Hunger, Fullness, and Desire to Eat during
3 h Postprandial Period .............cooiiiiiiiiiiii

Area Under the Curve for Ratings of Hunger, Fullness,
and Desire tO Eat .......ooovviniii

Consumption and Composition of an Ad Libitum Lunch ............
Postprandial Total Ghrelin and Glucagon-like Peptide-1
Responses to the Ketogenic Meal, High-carbohydrate

Meal, and Standard Meal ...
Postprandial Hunger, Desire to Eat, Prospective

Consumption of Food, and Fullness Responses to the

Ketogenic Meal, High-Carbohydrate Meal, and

Standard Meal ...,

Overview of the relationships between fat-free mass
and appetite NOrMONES ..........ooviiiii i,

Liquid Test Meal Composition ............c.ccoiviiiiiiiiiiiiiennn,
Participant Characteristics at SCreening ................cooevevvininnnn.
VAS Postprandial Appetite Ratings (mm) .................coeeeinnin.
Participants Characteristics at Screening ...............ccooevivenen.n

Energy Intake and Diet Composition during the Habitual,
Ketogenic, and High-carbohydrate Diets .........................oc.e.

Fasting Appetite MeasUres ..........coooviviiiiiiiiiieeeeeeeea,



Acknowledgements
I would first like to thank my mentor, Dr. Meena Shah, for her continuous dedication and

support throughout my graduate studies. Her commitment to me as both a student and scholar is
unmatched, and it has been a blessing to have such a strong, yet caring figure to model myself after.
Her caring nature, guidance, and leadership have undoubtedly shined a light on me and it is my hope

that I can reflect that light back unto the world.

| would next like to thank my co-mentor, Dr. Jada Willis, for her unwavering commitment
to my intellectual, professional, and personal development, even when she did not have to. | am
forever indebted to her for her willingness to take me in as a lost academic soul and molding me into
an astute young scholar with incredible trajectory. It is my hope to repay my debt to her by providing

others with the same vision and commitment as she dedicated to me.

| would also like to thank Dr. Robyn Trocchio for her welcoming nature and her
willingness to repeatedly guide me throughout my time as a doctoral student. Dr. Trocchio is one
of my most trusted and valued voices and it has been an honor to work alongside her. It has been
so wonderful getting to know her and it is safe to say that Dr. Trocchio is a colleague, but more so

a friend.

I am so thankful for my dissertation advisory committee for their contributions to my

professional development and for always taking the time to discuss and guide my works.

Thank you to my fellow graduate students, Petra Rack, Garrett Augsburger, Kaitlyn
Harrison, Ashlynn Williams, and Kamiah Moss for their contribution to my dissertation and for
making data collection so much fun. My colleague, and friend, Andreas Kreutzer, is invaluable to
me and deserving of every honor | can conjure. Thank you for your willingness to summon ideas,

synthesize new questions, vent, laugh, and thank you for rolling with the punches with me as a

Vi



member of the first cohort of our doctoral program. I am proud and grateful that we were able to

climb this mountain together.

I would finally like to thank all of my family and friends for their continual support
throughout my graduate studies. My fellow first cohort doctoral students, thank you for being the
family I never knew I needed. | am forever grateful for your friendship and am thrilled to see where
life takes you. Thank you to my wonderful partner, Stephanie Knudsen, for being my shoulder, my
foundation, the root of my ambition, and my unbreakable support. Thank you for always believing
in me, even when | was unable to believe in myself. Thank you to my mother, Kimberly Graybeal,
for your friendship and love. Thank you for your years of dedication to my success and to making
me a productive member of society. There is no question that you are my best buddy for life. You
will know what that means. Finally, thank you to my best friends, Aaron Shockey, Ryan Corso,
Dexter Braziel, Harrison Goad, and James Gibbs for your incredible friendship, encouragement, and

dependability through the good and bad, eventful and mundane.

vii



Dedication

This work is dedicated to my father, Joseph Graybeal, and my best friend, Titan, to take us

across the finish line.

viii



Chapter 1

Introduction
1.1 Appetite Regulation and Energy Balance

A foundational principle of metabolism is that weight change is associated with an
imbalance between the amount of energy consumed through diet and the energy expended by the
body to sustain life and perform physical laborst. This principle, also known as energy balance, is
an extension of the first law of thermodynamics, which states that energy can neither be created
nor destroyed but is instead transferred from one form to another. In humans this refers to the gain
or loss of energy and demonstrates how body weight change ensues over time?.

During energy balance, El is equivalent to energy expenditure (EE) and body weight
remains stable®. Energy intake (EI) refers to the energy consumed from fat, carbohydrate, protein,
and alcohol. EE is due to resting metabolic rate (RMR), thermic effect of food (TEF), and physical
activity?. RMR is the EE necessary for maintaining vital physiological functions and is the largest
proportion of total daily EE*. RMR is also primarily driven by an individual’s fat-free mass
(FFM)5. TEF refers to the increase in EE above pre-prandial (before a meal) basal levels® that
reflects the energy necessary to digest, absorb, transport, metabolize, and store food’.
Approximately 5-15% of total daily EE is attributable to TEF but is dependent on the composition
of the diet®. TEF is greatest for dietary protein and least for fat®. The most variable component of
EE is physical activity®, which refers to the energy expended from voluntary (i.e. exercise) and
involuntary movement (i.e. shivering). Collectively, these components make up total daily EE and
are determinants of energy balance.

As previously mentioned, energy imbalances lead to changes in body mass that are
primarily attributable to changes in body fat; although, changes in FFM may occur simultaneously

albeit to a lesser degree®. During positive energy balance, El is greater than EE causing weight



gain. Over time, the constant state of positive energy balance gradually results in weight gain and
eventually obesity. During negative energy balance, EE exceeds EI causing weight loss. A
consistent state of negative energy balance may lead to states of physiological distress from low
EI, especially in individuals with high levels of physical activity. It is a common misconception
that El and EE can be modified independently to achieve energy balance. For example, individuals
may believe that they can increase their EE through exercise and that this will result in the negative
energy balance necessary to induce weight loss. However, the relationship between El and EE is
regulated by both neural and peripheral physiological systems that detect energy imbalances and
work together to maintain body mass*!. As a result of this physiological regulation, El and EE are
dependent and one cannot change without compensatory changes in the other?. During positive
energy balance, for example, the body responds by suppressing hunger and increasing EE.
Conversely, the body responds to negative energy balance by stimulating hunger and suppressing
EE®. Furthermore, the body’s response to energy imbalance appears to be asymmetrical,
suggesting that the anabolic components of energy balance are more powerful than the catabolic
components®. This is particularly true in regard to appetite regulation, which may be a more
prominent system than originally postulated.

Appetite, defined as the psychological drive to eat'*, is a multifaceted system that includes
both central and peripheral elements involved in food intake and energy balance®®. Branches of
appetite regulation include perceptions of hunger and fullness and gut hormones that are either
anorexigenic such as glucagon-like peptide 1 (GLP-1), cholecystokinin, or peptide YY (PYY), or
orexigenic such as ghrelin®. Suppression of appetite may lead to several negative effects,
specifically in athletes. Appetite suppression, combined with high EE from participation in sport,
may lead to insufficient energy availability'’. Energy availability is the amount of dietary energy

available to sustain physiological functions after accounting for the energy expended during



physical activity and other metabolic processes®®. Low energy availability is linked to several
physiological impairments such as disturbances in reproductive health, bone metabolism, and
endocrine function in both males and females'’. A state of low energy availability in athletes that
results in the above mentioned physiological dysregulation is known as relative energy deficiency
in sport (RED-s) and has surged as a topic of interest since the inception of the definition in 2014
by the International Olympic Committee!®°,

Appetite stimulation poses a difficult scenario for individuals attempting to sustain a
constant state of negative energy balance or those with obesity. During negative energy balance,
the human body responds by stimulating short-term orexigenic hormone production and
suppressing satiety hormone circulation?’. The alterations in gut hormone production influences
neuropeptide release in the hypothalamus which stimulates appetite to increase EIl. Even after
energy balance is obtained, this process often continues and promotes continued EI despite
sufficient body energy stores?!. Over time, continual appetite stimulation and increases in El may
lead to obesity??. Furthermore, individuals with obesity develop disrupted appetite responses that
make it difficult to lose weight. Specifically, individuals with obesity have impaired ghrelin
response compared to leaner individuals, where postprandial ghrelin remains elevated despite
consumption of a meal?>?*, Moreover, fasting PYY levels are lower in individuals with obesity
compared to individuals with normal weight?®. Individuals with obesity are at greater risk for the
development of several comorbidities such as type Il diabetes mellitus, hypertension,
dyslipidemia, many types of cancers, and cardiovascular disease?®.

Although it is well established that appetite has considerable influence on energy balance,
research is needed to determine strategies that will effectively modulate this relationship. In the
next few sections in this chapter we will examine the environmental, psychological, physiological,

and dietary regulation of appetite.



1.2 Environmental and Psychological Regulation of Appetite

Appetite regulation is influenced at both the environmental and psychological levels?’.
Environmental changes, specifically the industrialization of our food systems??°, have shifted
human appetite behavior considerably. The sharp increase in production of highly-palatable,
ultraprocessed foods®® in the modern food environment no longer compliment the primary
purposes of eating such as replenishing depleted energy to maintain energy balance®. Instead,
eating has taken a hedonic approach, where the modern food environment promotes appetite
responses to induce reward rather than need®. Environmental factors that increase the hedonic
approach to appetite are food availability, portion size, variety, and the continuous presence of
food cues®.

Food is now available at any time and in almost any location in Western countries®3.
Moreover, foods specifically designed to improve palatability and increase consumption are more
available now than at any other point in human history3*. Studies show that increased ability to
obtain food leads to increases in ad libitum EI*®2¢, The increased palatability of foods in the current
environment may also influence the amount of food consumed when sufficiently available*”. This
exposure to highly palatable foods has shown to increase hunger during the pre-prandial and early
postprandial periods®®. Moreover, studies report that appetite recovery is faster after consumption
of a highly-palatable meal®**°. This is likely because both the availability and palatability of easily
accessible foods alters homeostatic food intake and promotes continued consumption beyond what
is physiologically necessary®3,

Portion-size also increases the risk of consuming excess food when available in surplus*:.
Under normal environmental conditions, hunger and satiety guide El. However, when food is

available in excess and portion sizes are large, a new eating norm is established that can overcome



signals of satiety to guide EI*®. Furthermore, previous experience with foods may dictate portion
size. The fullness experienced from a particular meal creates cognitive expectations about the
degree of satiation and may determine future portion sizes*>*,

The substantial variety of food in the modern environment has also been shown to be a
potent stimulator of appetite**. It has been reported that consumption of a single food over time
leads to decreased liking and desire to eat relative to other foods*>*. However, the presentation of
new foods results in an increased desire to eat and El despite being sufficiently satiated*’. This is
concerning given that an average grocery store sells more than 30,000 food items and over 12,000
new items are introduced into grocery stores annually*®.

All of the abovementioned factors are associated with food cue reactivity, which is defined
as the degree to which an individual is susceptible to eating in the presence of food cues*® such as
the sight or smell of food®°. Increased reactivity to food cues leads to overeating®, especially in
the modern food environment. Classical conditioning best describes how food-cues interact with
appetite. In food cue conditioning, an initial association occurs between a cue unassociated with
food and the actual consumption of food®?. For example, original research from lvan Pavlov
reported increased salivation in canines after hearing a bell ring that preceded the offering of
food®3. After this association is established, the food cue gains the ability to promote EI by altering
homeostatic pathways that increase hunger despite being in a state of satiation®.

At the individual level, psychological factors that influence appetite regulation include both
behavioral and emotional components. For example, a negative mood is associated with increased
El and an inability to delay reward®. Stress can also affect appetite regulation, resulting in either
appetite suppression or stimulation depending on the psychological stressor®. For instance, a mild
psychological stressor may increase El whereas a severe stressor may decrease EI°’. Factors

largely responsible for variation in appetite responses also include duration of stress and baseline



hunger and satiety levels®®. Stress is associated with emotional eating, which is the tendency to
overeat during periods of emotional stress in an effort to alleviate negative mood states®®.

Similarly, depressive disorders are accompanied by changes in appetite with some
exhibiting increased appetite while others experiencing appetite suppression as a result of
increased depression®®. Conversely, increased trait anxiety is related to increased EI. Food
cravings, another major psychological factor, is defined as the irresistible desire to consume a
particular food®. Cravings are suggested to be a strong expression of hunger®? that can override
signals of satiety until consumption of the craved food and therefore places tremendous stress on
the neural circuity involved in appetite regulation.

The study of restrained eating may provide insight to the psychological control of appetite.
Restrained eating refers to the intentional restriction of El and is associated with factors such as
body dissatisfaction, cognitive appraisal, and social media pressure®®. The ability to refrain from
eating despite physiological fluctuations in hunger and satiety suggest that restrained eating is
under psychological control rather than physiological control®%%. On the contrary, uncontrolled
eating is demonstrated by the loss of control over food intake during eating periods®. Studies
report that individuals with uncontrolled eating behaviors have greater EI and blunted appetite
responses compared to controls®. The aforementioned psychological and environmental factors

collectively plays a role in appetite control but represents only one aspect of appetite regulation.

1.3 Physiological Regulation of Appetite

Physiological regulation of appetite, also known as satiety®’, is dependent on several
peripheral mechanisms that communicate with the brain. The gut-brain connection, also referred
to as the gut-brain axis, is critical in the regulation of energy balance. The gut-brain axis is

composed of both the central nervous system (CNS) and the gastrointestinal (GI) tract and together



both the neuroendocrine and the enteroendocrine systems work dependently to regulate energy

balance (Figure 1.1.)%8 1,

Figure 1.1
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Figure Legend:

-Neuroendocrine and Endocrine Pathways of Obesity. Once a cell thought to be a simple, passive storehouse for lipids, the
adipocyte is now known to be marvelously complex. It senses the body’s energy state and sends signals to many organs,
coordinating their function. The solution for the obesity epidemic might lie in better understanding adipocyte biology.

In the brain, energy balance is maintained through the actions of the neuroendocrine system
which function to regulate EI%°. The neuroendocrine system is composed of several hypothalamic
regions and their corresponding neurons which produce either orexigenic or anorexigenic
neuropeptides. Specifically, the arcuate nucleus (ARC) houses the hypothalamic-melanocortin

system which is responsible for regulating EI through the stimulation or suppression of orexigenic

1 Reproduced with permission from JAMA. 2012. 308(11): doi:10.1001/jama.2012.32009.
Copyright©(2012) American Medical Association. All rights reserved.



or anorexigenic neurons. In the ARC (Figure 1.2.792), the anorexigenic neuron pro-
opiomelanocortin (POMC) releases the neuropeptides cocaine- and amphetamine-regulated
transcript (CART) and a-melanocyte-stimulating hormone (a-MSH) to suppress food intake.
Conversely, the orexigenic neuropeptide Y (NPY) and agouti-related peptide (AgRP) neurons

stimulate food intake®®

Figure 2

hindbrain =

Feeding
Leptin Insulin CCK etc.

POMC neurons in the melanocortin sysnem In the fed state, the signal to stop eating and to i energy is d by leptin and insulin released in the bloodstream
by adipocytes and by the B-cells of the p, fy. These h cross the blood-bfaln barrier to reach 1he areuale “nucleus (ARC) of the hypothalamus and promote
firing (indicated by glow around the cell peri of dzsmct lations of POMC g the LepR and nsulin ptor. Cther populations of FOMC in the
arcuate nucleus and n the nucleus of the solitary ttact (NTE) express the serotonin receptor 5-HT2CR. POMC neurons project to the paravemncular nucleus (F'VN) to merease activity
of MC4R neurons to decrease food intake and to increase energy expenditure. In the fasted state, POMC neurons in the arcuate nuckeus are inhibited by di g leptin
and insulin and by i d actvation of AgRP/NFPY . which send inhibitory signals to reduce firing of POMC neurons and of MC4R neurons. References are in the main text.

In the paraventricular nucleus, melanocortin 4 receptor (MC4R) neurons are activated by
a-MSH which provokes an anorexigenic effect that reduces food intake and increases EE*.

Collectively, these hypothalamic neurons regulate meal initiation and termination based on their

2 Republished with permission of [Bioscientifica Limited], from The melanocortin pathway and
control of appetite-progress and therapeutic implications, Baldini, G., & Phelan, K., 241(1),
2019; permission conveyed through Copyright Clearance Center, Inc. "



respective actions (orexigenic or anorexigenic)’2. Furthermore, the neural circuitry involved in
appetite regulation relies on the integration of several peripheral modulators.

The GI tract is primarily responsible for the peripheral modulation of appetite control
through its endocrine activity’®. The GI tract produces over 30 gut-hormones’ that function to
digest and absorb nutrients’ but also secretes orexigenic and anorexigenic hormones that mediate
hunger and satiety. In fact, these hormones are a crucial component of the gut-brain connection
through their ability to signal hunger and satiety through circulation and by vagal afferent nerve
stimulation and’®.

Circulating gut hormones secreted from the GI tract mediate hunger and satiety by
signaling the stimulation or suppression of anorexigenic or orexigenic neuropeptides in the brain”’.
The gut hormones primarily responsible for this process include ghrelin, GLP-1, PYY, CCK"2.
Ghrelin, the only known peripheral orexigenic hormone, is secreted by the endocrine glands of the
stomach during the pre-prandial period’®. Ghrelin is found in three forms which include total,
acylated, unacylated forms™. Overall, the primary action of ghrelin is to increase hunger and
stimulate EI when food is unavailable and during fasting through stimulation of NPY and AgRP
and suppression of POMC and MC4R®. There is growing interest in the actions of acylated ghrelin
specifically due to its demonstrated susceptibility to dietary manipulations®23 Ghrelin
concentrations are typically suppressed after refeeding (consumption of food after prolonged
fasting) and the delivery of nutrients to the GI tract®.

The anorexigenic gut-hormones GLP-1 and PYY suppress food intake following meal
ingestion by signaling to the POMC neurons to secrete and direct CART and a-MSH to bind to
MCA4R. GLP-1, an incretin hormone, is released from intestinal L cells following meal ingestion
and functions to regulate insulin®85, However, GLP-1 has shown satiation effects that are also

mediated by vagal afferent nerve stimulation®®’, Although increases in GLP-1 typically occur
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when nutrients reach the L cells of the intestine, rodent models show food anticipatory secretion
occurs to regulate the consumption of a large meal®®°. Additional studies report peaks in GLP-1
10-15 minutes after a meal is initiated®. Conversely, inhibition of GLP-1 results in appetite
increases and subsequent increases in food intake®?.

PYY, a member of the pancreatic polypeptide-fold family, occurs in the PYY 1.3 and PY'Y.
a6 form. PYY3.36 is generally associated with appetite control®. PYY is released from the L cells
of the small intestine in response to food consumption and increases postprandial satiety.
Circulating PYYY rises within 15 minutes of food consumption, peaks at approximately 1-2 hours,
and remains elevated for up to 6 hours relative to the both the caloric content and composition of
a meal 929, Like GLP-1, the time course of the increase in PY'Y suggest that initial postprandial
releases are controlled neuronally since increases begin well before nutrients have reached the Gl
tract®. Further, a positive correlation has been shown between PYY concentrations and rate of
gastric emptying which may also be a mechanism in which PYY increases satiety®. Additionally,
inhibition of PYY leads to increased appetite and food intake®:%,

Lastly, CCK is secreted throughout the small intestine and is the most established satiety
hormone to date®®-%. CCK is rapidly released into circulation following meal ingestion and serves
as a postprandial satiety signal®. Unlike other gut hormones, CCK cannot cross the blood-brain
barrier and therefore is suggested to work exclusively in peripheral tissues rather than centrally to
inhibit food intake!®. Instead, CCK modifies digestion to increase satiety by inhibiting gastric
emptying and increasing intestinal motility’®. Moreover, the rapid release of CCK simultaneous
with gastric distention following meal ingestion helps reduce eating duration and the amount
consumed within a given meal*0t192,

Together, the combination of the hypothalamic-melanocortin system and their associated

gut hormones make up our mechanistic control of human appetite and energy balance. However,
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physiological regulation of these systems depends on the nutritional state of the body which serves
as a major moderator of appetite control. Specifically, variations in dietary composition may

contribute to the regulation of appetite.

1.4 The Effect of Diet Composition on Appetite

Diet is an umbrella term simply defined as the energy and nutrients consumed from foods
and beverages'®®. There are countless types of diets (e.g. high-protein diets, low-carbohydrate
diets, low-energy diets, etc.), and each possess different subtypes. Many of these diets involve
restricting one or more macronutrients. Restricting specific macronutrients has become
increasingly popular due to the reported benefits of one composition relative to another. The diet
industry itself plays a large role the surge of diet composition specifications?® and often, suggests
that selecting the appropriate diet composition can simply achieve the desirable outcomes such as
weight loss, increased satiety, improved blood lipids, etc. Although the superiority of one dietary
composition over another is rarely supported'%, there may be a reason to believe that this could be
true from a physiological perspective. Manipulation of diet composition has the potential to alter
an individual’s internal environment, leading to changes in hormonal and metabolic states?®.
Specifically, abandonment or emphasis of a macronutrient in an individual’s diet may shift energy
balance by altering appetite.

The hierarchy of satiety responses for each macronutrient appears to be, in order from
greatest to least: 1) protein, 2) dietary fat, and 3) carbohydrates. Dietary protein appears to be
superior® based on the ability of this nutrient to both suppress hunger hormones and stimulate
satiety hormones to a greater degree than its macronutrient counterparts’%1%7. Specifically,
protein consumption results in a greater release of GLP-1, PYY, and CCK!® alongside

proportional increase in ratings of fullness and decrease in hunger'®. Additionally, greater
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suppression of ghrelin occurs following protein consumption®?; although some experts claim that
protein does not suppress appetite but rather, inhibits appetite stimulation®®1L,

The superiority of dietary protein on hunger and satiety is well established'®’, but there
remains contention as to whether fat or carbohydrates have a greater effect on appetite. Reports
suggest that fats are more satiating than carbohydrates due to their ability to stimulate satiety
hormone production to a greater degree rather than their ability to suppress hunger hormone
production; although, this remains up for debate!'?'3, Appetite responses to both fat and
carbohydrate may also be mediated by weight status. Lean individuals may be more sensitive to
the appetite suppressive effects of carbohydrates when compared to individuals of higher weight
status'®, Further individuals with obesity appear to be more resistant to satiating effects of fat,
noted by the smaller increases in GLP-1 relative to lean individuals following a high-fat meal*411°,
However, the greatest increases in PYY and CCK are demonstrated after a meal high in fat, and
more so when fat is less saturated®.

Degree of saturation appears to have an important role in the satiation capacity of fat. The
GI tract possesses a “fat sensing” ability that results in several endocrinal and mechanical changes
in GI function'*®. Once the GI tract senses the presence of dietary fat, stimulation of GPL-1, PYY,
and CCK occurs in conjunction with suppression of ghrelin'” and slowed gastric emptying*:8.
However, reports suggest that the capacity to satiate is dependent upon the physiochemical
properties of the digested fat''®. These properties include both fatty acid (FA) chain length and
degree of saturation'?®!2', Specifically, monounsaturated and polyunsaturated FAs (MUFA,
PUFA) appear to stimulate GLP-1 and PYY to a greater degree than saturated FAs (SFA)!?2,
Despite the effect of decreased FA saturation on gut hormone stimulation, it remains unclear

whether or not this results in decreased perceptions of appetite and food intake?3124,
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Certain dietary composition manipulations may also increase satiety through increased
circulation of ketone bodies. Ketone bodies, produced in the liver, are used as a primary energy
substrate during periods where glucose is unavailable!®®. The main ketone bodies include f-
hydroxybutyrate (BHB) and acetoacetate which increase during long duration caloric deficits,
metabolic distress (diabetic ketoacidosis), prolonged exercise, and planned restriction of

126 An individual is considered to be in ketosis when the BHB concentration is >

carbohydrates
0.5 mmol/L*?". Aside from the pathological state of diabetic ketoacidosis and completely fasting,
nutritional ketosis is often the result of employing a very low-carbohydrate strategy*?, otherwise
known as the ketogenic diet (KD).

The KD, defined as restricting carbohydrates to <10% of total daily energy or to 20-50
g/d*?°, is a form of very low-carbohydrate diet used to induce nutritional ketosis. The KD has
gained significant popularity in regard to appetite based on reports claiming appetite suppression
despite a state of negative energy balance!®. This is counterintuitive to the principles of energy
balance but is thought to occur from the increased circulation of ketone bodies®!. Specifically,
increased ketone bodies during a KD are associated with decreased ghrelin*®>!33 and increased
satiety hormones®®* during negative energy balance states that would normally result in the
opposite reactions. This is corroborated by studies finding that those in a ketogenic state experience
alterations in circulating hunger and satiety hormones with proportional changes in perceptions of
appetite’®213% However, many experts believe that the unintentional increase in proportions of
protein and fat (by limiting carbohydrates) are responsible for the suppression of appetite during a
KD. Moreover, most studies have examined this overweight an obese individuals. The question

remains as to whether the appetite suppressive effects of varying dietary compositions possess the

same effects across individuals with more optimal body compositions.
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1.5 The Effect of Body Composition on Appetite

Human body composition is a multi-compartment system consisting of several molecular
levels and embodies the lifetime accumulation of nutrients obtained from the environment¥’.
Although there are several components that collectively make up human body composition,
discussions of body composition typically reference two individual components: fat mass (FM)
and FFM. FM refers to the collection of fat molecules that equates to the amount of stored fat in
the body. FFM includes all non-fat molecules in the body (skeletal muscle, brain, liver, etc.)
irrespective of where they occur. Although these two entities are distinct, each contributes to an
individual’s metabolic state. Specifically, FM and FFM possess considerable regulatory capacity
over EE and therefore, have a role in appetite regulation based on principles of energy balance.

Both FM and FFM serve as secretory organs®3® and release hundreds of peptides that
communicate with the brain and other organs. Leptin specifically, is an adipokine released from
adipocytes and is regarded as having a primary role in appetite regulation'*. Moreover,
investigations of leptin are responsible for revealing the relationship between FM and appetite’®.
Acutely, leptin level increases in response to meal consumption and this signals to the POMC
neurons to release a-MSH and CART which bind to MC4R and subsequently suppresses food
intake'*. During fasting, leptin decreases which stimulates NPY and AgRP, suppresses o-MSH
and CART, and increases food intake4%!41, |eptin works in similar fashion upon detection of
sufficient FM and suppresses food intake as a result. However, the energy balance principles
have called into question the role of FM in appetite regulation given that individuals with
considerable FM (i.e. individuals with overweight and obesity) continue eating despite sufficient
body energy.

This may, in part, be due to leptin resistance. Under normal internal environments,

increased leptin should result in meal termination due to its anorexigenic response to the
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accumulation of FM*2. During excessive weight gain, leptin resistance occurs, rendering it
unable to cross the blood-brain barrier and suppress the actions of NPY and AgRP resulting in

hyperphagia®*®

. Insulin, a satiety hormone secreted from pancreatic beta cells, is similarly
subjected to insulin resistance during substantial weight gain. Increased FM may also result in
dysfunctional ghrelin and PYY responses?>4145Specifically, individuals with excessive FM
may have an impaired ghrelin response, where postprandial ghrelin remains elevated despite
meal consumption®24, Fasting PY'Y levels are also lower in individuals with obesity compared
to individuals of normal weight®. Similarly, obesity may result in deficient GLP-146,

Contrary to the skepticism regarding the role of FM in satiety, there is considerable
optimism regarding the role of FFM and its relationship with appetite regulation; although, this
relationship is not yet fully understood®*’. The interaction between FFM and appetite control was
manifested from original reports that suggested the positive relationship between EE and E[148:149,
The energy demands of FFM contribute to an individual’s EE to a greater degree than FM, and
therefore, may better explain EI. Support for this theory comes from the relationship between RMR
and FFM, where FFM is shown to be a primary determinant of RMR*. Because FFM drives RMR
and RMR makes up the largest proportion of EE®, it is possible that the relationship between EE
and EI is mediated by the amount of FFM an individual possesses.

While there is limited evidence to suggest that FFM is directly related to peripheral satiety
hormone production, there is sufficient theoretical support to suggest that this may occur indirectly.
Skeletal muscle mass (SMM), which shares considerable overlap with FFM, secretes peptides
known as myokines that communicate with organs such as the liver, brain, and pancreass®*°!,
Research suggest specific myokines secreted from SMM triggers the release of satiety hormones

from various organs such as the small intestines and pancreas'®®*>? and that circulation of these

myokines are associated with suppression of appetite!®154, Several reports also demonstrate the
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occurrence of muscle-specific satiety hormone production®

and that the production is greater in
individuals with a greater predisposition for SMM gain®®. However, the exact mechanisms
responsible for this potential interaction remain unclear and there are limited studies that have

investigated this in a cause effect manner. This dissertation will present an in-depth review

discussing the role of FFM in hunger and satiety hormone production.

1.6 Summary of the Aims

The aim of this dissertation was to examine and understand the effect of diet composition
and body composition on appetite. In this dissertation, we examined the effects of varying amounts
of dietary carbohydrate and fat and the different types of fatty acids on appetite. We also examined
the role of FFM in appetite regulation.

In our first study, we examined the effects of three high-fat meals rich in either
monounsaturated, polyunsaturated, or saturated fatty acids on subjective ratings of appetite and
subsequent ad libitum lunch consumption in healthy premenopausal normal-weight women in a
randomized cross-over single blind study.

In our second study, we examined the effects of a KD on fasting measures of appetite in
highly-trained cyclists and triathletes. To conduct this study, participants consumed both a KD and
a high-carbohydrate diet (HCD), for two weeks each, in a random order, after their habitual diet
(HD). We also assessed postprandial appetite measures in response to a ketogenic meal after the
KD, a high-carbohydrate meal after the HCD, and a standard American/Western meal after the
HD.

In our third manuscript, we discussed in detail the potential relationship between FFM and
hunger and satiety hormone production. Moreover, we addressed gaps in the current knowledge

base and made recommendations for future research and practice.
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This dissertation will conclude with a discussion of the findings from all three sections. In
the conclusion, we discuss the contribution of this dissertation to the current knowledge and the
implications for future research. Furthermore, we discuss the implications for endurance athletes

and individuals with obesity.
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Abstract

A behavioral concept that generates a path to obesity is eating in the absence of hunger
(EAH). One strategy that may be effective in preventing EAH is the manipulation of dietary fatty
acid (FA) composition. However, it remains unclear which FA has the greatest impact on both
appetite and EAH. Therefore, the purpose of this study was to examine the effect of different
dietary FA compositions (monounsaturated, MUFA; polyunsaturated, PUFA,; saturated, SFA) on
subjective ratings of appetite and subsequent ad libitum eating after a 3h postprandial period. 16
apparently healthy normal weight females between ages 18-40 completed this randomized,
single-blind, crossover study. Participants consumed a HF meal (65% energy from fat) rich in
SFA, MUFA, and PUFA with an energy content corresponding to 35% of their measured resting
metabolic rate on three separate occasions. Visual analog scales were collected while fasted and
every 30min for 3h during a postprandial period to measure feelings of hunger, fullness, and
desire to eat (DTE). Participants were provided an ad libitum buffet meal 3h after the HF meal.
There were no statistically significant differences for ratings of hunger, fullness, or DTE across
conditions. Further, there was no significant difference in energy intake during the ad libitum
lunch. We conclude that the manipulation of FA composition in a HF meal does not
differentially affect appetite sensations or subsequent energy intake.

Keywords: dietary fatty acids, appetite, hunger, satiety, fatty acid composition, high-fat

Abbreviations: EAH= eating in the absence of hunger; FA= fatty acids; SFA= saturated fatty
acids; MUFA= monounsaturated fatty acids; PUFA= polyunsaturated fatty acids; PCF=
prospective consumption of food; HF= high-fat; PYY= peptide-YY; GLP-1= glucagon-like
peptide-1; VAS= visual analog scale; BG= blood glucose; BP= blood pressure; El= energy

intake; DTE= desire to eat
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1. Introduction

Body weight gain occurs through multiple mechanisms; however, it is most notably
manifested through prolonged sedentary lifestyle and excessive energy intake (EI) above
daily allowance!®’. Previous evidence suggests that degree of body weight gain may be positively
correlated with the amount of dietary fat consumed in an individual’s diet, and some experts
propose that of all potential factors influencing obesity, high fat (HF) diets may elicit the strongest
effect’™®, HF diets are defined as consuming >30% of daily energy requirements from dietary
fat and it is estimated that most US adults have adopted this practice, theoretically contributing to
the global obesity crisis. However, other studies suggest that eating more calories than necessary
is more detrimental to weight gain than the macronutrient composition of one’s diet'*°. Given that
HF diets and excessive energy consumption are commonplace, but both contribute to the onset of
obesity, it is of interest to determine how manipulation of these concepts can combat the obesity
epidemic; specifically, in regard to eating behaviors.

Eating is a complex notion that is dependent on a variety of constructs including social
influence, emotional regulation, economic motives, nutritional literacy, and appetite’®®161, These
constructs, among others, collectively guide eating and may determine the composition of one's
food choices. One behavioral concept that generates a path to obesity is eating in the absence of
hunger (EAH) 62, EAH is a paradigm defined by hedonically eating more than needed when there
is no physiological hunger present'®3164, The EAH paradigm, originally conceptualized by Fisher
and Birch'®, also captures several behavioral responses including increased appetite perceptions
and increased El in absence of physiological hunger or following a meal*®®. Food cues, which are
bodily reactions that occur in preparation for the consumption of food, influence each of these
facets within the EAH paradigm. Food cues themselves are conditioned responses that include

both physiological (i.e. increased saliva production, gastric emptying, etc.) and psychological (i.e.
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increased desire to eat) reactions®’. In human studies, it has been suggested that just the sight and
smell of food is enough to elicit increased reactivity to food cues such as desire to eat (DTE)68:16°,
When perceptions of appetite, such as DTE, increase in response to potential feeding periods, there
becomes a greater risk for EAH. This increased risk is due the inability to resist highly palatable
foods, such as HF foods, leading to a state of overeating, which has been previously described as
a significant contributor to the obesity crisis. Therefore, strategies that can reduce perceptions of
appetite, such as hunger and DTE, may also reduce the risk of EAH through decreased reactivity
to food cues.

Dietary manipulations aimed at reducing both the DTE and hunger, while increasing
satiety, are commonly used to promote weight loss and reduce overeating'’®. However, because
the traditional American diet is both fat-rich and highly palatable there are few nutritional
strategies that are effective for decreasing food cue reactivity and subsequent overeating®’X. One
promising strategy that may be effective in reducing EAH through reduction of appetite
perceptions is the manipulation of dietary fat composition, which emphasizes particular types of
fat to increase satiety and reduce hunger, rather than eliminating them outright. Different types of
fatty acids (FA) include monounsaturated fatty acids (MUFAS), polyunsaturated fatty acids
(PUFAS), saturated fatty acids (SFASs) and trans fats. Only a few studies have examined acute
appetite responses to meals enriched in different types of FA2L122172-178 ‘However, the available
evidence shows that individual FAs have differential effects on peripheral markers of hunger and
satiety'*® leading to varying states of physiological satiety. These markers include ghrelin, a hunger
stimulating hormone, and the hunger suppressing hormones peptide-YY (PYY) and glucagon-like
peptide-1 (GLP-1)%. Previous studies have shown physiological increases in markers of satiety in
men following acute SFA consumption while similar increases were seen in women, with the

addition of an increase in markers of satiety following acute PUFA consumptiont?217:179,
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While studies have reported promise to the utility of FA manipulation as a strategy to
reduce physiological hunger, its utility in reducing both appetite perceptions and eating when
physiological hunger is not present is unknown. Studies examining ad libitum eating following a
meal have typically measured consumption after a 5 h period. The 5 h period in which participants
abstain from food is much longer than most US adults abstain from eating either another meal or
a snack and therefore, this timeframe may not be a valid method for evaluating EAH*°. Further,
the studies that observe ad libitum eating standardize the energy content of the test meals rather
than individualizing them across each participant'??. This approach may lead to meals that are too
restricted in energy content, resulting in meals that do not meet either psychological or
physiological thresholds for satiety. In order to appropriately investigate the effect of FA
manipulation on EAH, the amount of time following test meal consumption needs to be reduced
to ensure a physiological absence of hunger while also administering a test meal with enough
energy content to induce both psychological and physiological satiety.

Therefore, the purpose of this study was to examine the effect of different dietary FA
compositions (MUFA, PUFA, SFA) across three different HF meals on subjective ratings of
hunger and satiety and subsequent ad libitum eating after a 180 min abstention from food to
determine the effect of FA manipulation on perceptions of appetite and EIl. So while we are not
collecting EAH specifically, understanding how manipulation of FA composition in a HF meal
affects constructs within the EAH paradigm may provide strategies that ultimately reduce the
practice of eating despite physiological satiety. We hypothesize that PUFA will elicit the greatest
decline in ratings of hunger and DTE and the greatest increase in perceived fullness when

compared to SFA and MUFA.

2. Methods and Materials
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2.1 Participants

Sixteen healthy women completed this randomized, single-blind crossover study. The
present study is part of a larger line of research conducted by this lab. The methods of this study
are described elsewhere!??; however, these methods were adapted to answer our specific research
question and are described below. The main dependent variables present in this study share no
relationship with any other works that stem from the larger line of research. The Texas Christian
University institutional review board approved the study, and procedures followed were in
accordance with the Helsinki Declaration of 1975 as revised in 1983. Written informed consent
was obtained prior to participation in the study. Inclusion criteria consisted of those ages 18-40 yr
with a body mass index (BMI) between 18.5-24.9 kg/m?. Exclusion criteria included having lost
or gained more than 5% of total body weight in the three months prior to screening, those currently
on a weight loss diet or exercise program, having any chronic disease such as diabetes,
hypothyroidism, hyperthyroidism, cancer, or any cardiovascular disease, having undergone any
surgeries that would affect swallowing or digestion, on a medically prescribed diet, possessing any

food allergies, or taking any medications that may interfere with the results of the study.

2.2 Screening and lead-in diet procedures

Participants reported to the Obesity Prevention Laboratory (OPL) on four occasions which
included a screening visit and three separate testing visits with a minimum of four days between
each testing visit. Before each visit, including the screening visit, participants were instructed to
abstain from food, supplements, medication, and exercise for > 12 h. For the screening visit,
participants reported to the OPL after an overnight fast of > 12 h. Prior to metabolic measurements,
measurements of height were collected using a stadiometer, weight using a calibrated scale, and

waist and hip circumferences using a tape measure. Following anthropometric measures, resting
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metabolic rate (RMR) was obtained. RMR was measured for 30 min during the fasted state using
indirect calorimetry (TrueOne 2400 Canopy System, ParvoMedics, Sandy, UT, USA) under the
recommended guidelines!®. Measured RMR was used to develop each participant’s HF meal
recipe. At the screening visit, participants were also asked to record their personal rating of
spaghetti which was the meal served during the ad libitum buffet at the end of each testing visit.
On the day prior to testing visits, participants were instructed to consume a breakfast meal
before 1200 h. Breakfast the day prior to testing was self-selected, but participants were instructed
to consume a meal corresponding to their habitual diet and required to eat that same meal before
each subsequent visit. The breakfast meal was self-selected to allow participants to practice more
habitual eating patterns so that prolonged abstention from “normal” foods or foods that they enjoy
did not significantly impact perceptions of appetite the following day. The day preceding each
visit, participants were provided all foods for lunch, dinner, and snacks from a set menu where all
items were 55% carbohydrate, 15% protein, and 30% fat. Participants were required to consume
the same meals, snacks, and drinks before each subsequent visit. All visits took place during the
participants’ follicular phase of the menstrual cycle (days 3-9). Because of this, the duration of the
study for each participant was a minimum of two-to-three months since the washout period (four
days) allowed for only two testing visits within the same follicular phase of the same menstrual
cycle®, Participants were allowed to be on oral contraceptives so long as they had regular monthly
menstrual cycles. Participants were instructed to continue normal dietary and physical activity

practices for the entirety of the study.

2.3 High-fat meals and measurement of appetite ratings
For each study visit (visits 1-3), participants reported to the OPL at ~0700 h after an

overnight fast of > 12 h. Height, weight, body fat percentage (BF%), waist/hip circumference, and
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RMR were measured at baseline. BF% was measured using air displacement plethysmography
(BodPod, Cosmed, Chicago, IL). Following anthropometric and baseline metabolic measurements,
participants completed a validated 100-mm visual analog scale (VAS) to assess subjective ratings
of hunger, fullness, and DTE (Kral, Roe, & Rolls, 2004). The scale used displays a 100-mm line
below each question with anchor words at each end of the line. Questions with anchor words in
parentheses included: “How hungry are you right now” (Not at all hungry-Extremely hungry);
“How full are you right now” (Not at all full-Extremely full); and “How much do you think you
could eat right now” (Nothing at all-A large amount). Participants were instructed to make a mark
on the 100-mm line that corresponds with their answer.

Participants were then provided their randomly assigned liquid HF meal (enriched in either
MUFA, PUFA or SFA) and instructed to consume it in its entirety within 5 min. Each participant
was provided a different HF enriched with a different FA than previously consumed at each
subsequent visit. Each HF meal recipe was developed using a nutrient analysis software program
to calculate specific amounts of nutrients (The Food Processor, ESHA Research, Salem, OR) and
designed to provide the participants with 35% of their total daily energy needs. The only difference
between each HF meal was the FA composition used during each of the three visits (Table 2.1).
Each HF meal consisted of the same “base” ingredients and otherwise differed only in FA source.
The “base” ingredients included a premade nutritional shake (Ensure®, Abbott Laboratories,
Chicago, IL), a chocolate flavoring powder (Nesquik®, Nestlé, Vevey, Switzerland) and soy
lecithin granules. The main ingredients added to the “base” for each HF meal were butter and palm
oil for SFA,; extra-virgin olive oil for MUFA; and sunflower and flaxseed oil for PUFA. All meals
contained the same fluid volume (347.9+3.9 mL). Following the baseline VAS (t = 0) and complete
consumption of the randomized HF meal, the participants were instructed to lay supine, and ratings

of hunger, fullness, and DTE were collected at minutes 30, 60, 90, 120, 150, and 180. Participants
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consumed 120mL of water at each hour mark to prevent dehydration (t = 60, 120, 180 min).

Participants were also allowed to watch television during the postprandial period but were required

to remain motionless and awake throughout.

Table 2.1. Liquid Test Meal Composition

SFA MUFA PUFA
Mean SE Mean SE Mean SE

Kilocalories 805.2 31.6 808.1 30.7 808.1 30.7
Kilocalories from fat 534.7 21.0 528.8 20.1 525.6 20.0
Protein (%) 10% 10% 10%
Carbohydrates (%) 23.6% 24.5% 25%
Dietary Fat (%)

SFA 45.0% 6.9% 6.8%

MUFA 15.9% 42.4% 15.9%

PUFA 5.5% 16.2% 42.3%
% of energy from fat 66.4% 65.5% 65.0%
% energy from fat of interest ~ 45.0% 42.4% 42.3%

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid;

SE, standard error.

2.4 Ad libitum lunch

At 180min following the consumption of the HF meal, participants were escorted to a

feeding room and served an ad libitum lunch that included an excess (723.7+6.0 g) of spaghetti

(Marie Callendars, Conagra Brands, Chicago, IL), and participants were provided with 120mL of
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water, in addition to the 120mL provided at 180 min. The same amount of food and water were
provided at all three study visits. All food and water were weighed discretely on a gram scale, to
the nearest gram before the participant was served. Participants were instructed to eat until
comfortably full. The weight of the leftover food and water was subtracted from the initial weight
to determine intake (in grams). Energy consumed (kcal) was calculated using the nutritional

formation provided by the manufacturer (Marie Callendars, Conagra Brands, Chicago, IL).

2.5 Statistical Analyses

IBM SPSS Statistics version 25 was used, and all values are expressed as mean * standard
error of the mean. All hypotheses and analytic plans were specified prior to data collection.
Postprandial responses for VAS scores were calculated as the average of each time point except
baseline. Differences between conditions for VAS scores were assessed using an ANOVA with
repeated measures. Differences in El for the ad libitum lunch were assessed using repeated
measures. Bonferroni correction methods were used during simple main effects analyses following
any significant findings. Area under the curve (AUC) was used to calculate total change from
baseline between conditions for VAS scores. Differences in AUC between each HF meal was
determined using repeated measures analysis. Bonferroni correction methods were used during
simple effects analysis upon significant findings. Missing data was handled using multiple
imputation. Missing data occurred on two of the 48 total study visits for anthropometric, VAS, and

buffet data. All data was missing at random.

3. Results

3.1 Participant characteristics
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Sixteen women of normal weight (BMI < 24.9kg/m?) between the ages of 18 and 40
completed all study visits. Participant characteristics at screening are shown in Table 2.2. There

were no significant differences in participant characteristics across all three study visits.

Table 2.2 Participant Characteristics at Screening

n=16 Mean + SE
Age (yr) 23.1+0.7
Height (cm) 165.8£0.0
Weight (kg) 60.7£1.9
BMI (kg/m?) 22.0+0.5
BF% 22.3%+0.9
RMR (kcals/d) 1443.1 £ 54.8

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid;
SE, standard error; yr, years; cm, centimeters; kg, kilograms; BMI, body mass index; kg/m?,

kilograms per meter squared; RMR, resting metabolic rate; kcals/d, kilocalories per day.

3.2 Hunger

Importantly, baseline ratings of hunger (SFA=50.9+5.7 mm; MUFA=51.246.6 mm;
PUFA=45.5+5.9 mm) were not different between conditions (p=0.626). For postprandial hunger
ratings, there were significant main effects of time (p<0.001; n?=0.667) but no significant main
effects of condition (p=0.873; n?=0.009) or condition x time (p=.578; n>=0.04). The time course
for hunger responses are presented in Figure 2.1a, and average postprandial appetite ratings are
reported in Table 2.3. Although lower, hunger was no longer significantly different from baseline

at 150 min (SFA=32.9+5.1 mm; MUFA=32.9£5.2 mm; PUFA=32.8+4.2 mm; p=0.100) and 180
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min (SFA=39.916.1 mm; MUFA=43.69+5.8 mm; PUFA=42.7£4.8 mm; p=1.000) following
ingestion of the HF meal. Change in hunger ratings are presented in Table 2.3. AUC for the total
hunger response was also not significantly different between conditions (p=0.458; 1?=0.50; Table

2.3; Figure 2.2a).
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Figure 2.1a-c: Ratings of Hunger, Fullness, and Desire to Eat during a 3 h Postprandial Period
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(a) Average hunger at baseline and average hunger of all time points from 30 to 180 min after test
meal consumption. Results of a repeated measures ANOVA revealed significant effects of time
(p=<0.001), but no significant differences were observed between FAs. (b) Average fullness at
baseline and average fullness of all time points from 30 to 180 min after test meal consumption.
Results of a repeated measures ANOVA revealed significant effects of time (p=<0.001), but no
significant differences were observed between FAs. (c) Average DTE at baseline and average DTE
of all time points from 30 to 180 min after test meal consumption. Results of a repeated measures
ANOVA revealed significant effects of time (p=<0.001), but no significant differences were
observed between FAs. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; VAS, visual analog scale; mm, millimeters; min, minutes;

expenditure; AUC, area under the curve; h, hours; HF, high fat, DTE, desire to eat.



Table 2.3. VAS Postprandial Appetite Ratings (mm)
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SFA MUFA PUFA
n=16 Mean + SE Mean + SE Mean + SE
Hunger 24.59 + 3.90 26.63 £ 4.47 26.41 + 3.18
Hunger — Change -26.31 +6.11 -25.51 +6.17 -18.87 +5.14
Fullness 54.50 +£5.08 54.09 + 4.69 48.64 £5.73
Fullness — Change 37.13+6.74 39.55+5.49 34.58 £ 5.63
DTE 30.78 £15.41 35.71 £ 3.59 32.15+20901
DTE — Change -19.63 +4.51 -12.74 + 4.86 -18.24 + 3.25
Hunger AUC -157.85+36.68 -147.51+37.41 -113.75+31.94
Fullness AUC 222.718+40.42  225.08 £35.11 210.32 + 34.69
Desire AUC -117.75+£27.07 -71.04+£29.65 -112.45+19.80

VAS, visual analog scale; mm, millimeters; SFA, saturated fatty acid; MUFA, monounsaturated

fatty acid; PUFA, polyunsaturated fatty acid; SE, standard error; DTE, desire to eat; AUC, area

under the curve.
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Figure 2.2a-c: Area Under the Curve for Ratings of Hunger, Fullness, and Desire to Eat

(a) Hunger AUC for each FA composition. Results of a repeated measures ANOVA revealed no
significant differences between FA compositions (p=0.458). (b) Fullness AUC for each FA
composition. Results of a repeated measures ANOVA revealed no significant differences between
FA compositions (p=0.862). (¢) DTE AUC for each FA composition. Results of a repeated
measures ANOVA revealed no significant differences between FA compositions (p=0.293). DTE,
desire to eat; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; VAS, visual analog scale; mm, millimeters; min, minutes;

expenditure; AUC, area under the curve; h, hours; HF, high fat.

3.3 Fullness
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Baseline ratings of fullness (SFA=17.4£5.2 mm; MUFA=16.6+5.2 mm; PUFA=14.8+4.5
mm) were not different between conditions (p=0.859). For postprandial fullness, there were
significant main effects of time (p<.001; n?=.730), but no significant effect of condition (p=0.270;
1?=0.084; Table 2.3) or condition x time (p=0.328; 112=0.071). The time course for fullness
responses are presented in Figure 2.1b. Fullness remained significantly higher from baseline up
to and at 180 min (SFA=38.9+5.5 mm; MUFA=45.5+5.9 mm; PUFA=40.8+5.6 mm; p=0.007)
following ingestion of the HF meal. Change in ratings of fullness are presented in Table 2.3. AUC
for total fullness was also not significantly different between conditions (p=0.862; 1?=0.010;

Table 2.3; Figure 2.2b).

3.4 Desire to eat

Baseline ratings for DTE (SFA=50.4+3.9 mm; MUFA=47.6+4.6 mm; PUFA=50.7+3.7
mm; p=0.007) were not different between conditions (p=.964). For postprandial DTE, there were
significant main effects of time (p<.001; n?=.632) but no significant main effects of condition
(p=0.179; n?=0.109; Table 2.3) or condition x time (p=.253; n?=0.080). The time course for DTE
is presented in Figure 2.1c. Although it remained lower, DTE was no longer significantly different
from baseline at 150 min (SFA=37.314.1 mm; MUFA=43.9+4.3 mm; PUFA=38.4+3.8 mm;
p=0.093) and 180 min (SFA=43.7+5.4 mm; MUFA=45.8+4.9 mm; PUFA=39.2+4.6 mm;
p=1.000) following ingestion of the HF meal. Change in DTE is presented in Table 2.3. AUC for
total postprandial DTE was also not significantly different between conditions (p=0.293; 12=0.078;

Table 2.3; Figure 2.2¢).

3.5 Energy Intake
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The macronutrient breakdown of the ad libitum lunch is presented in Figure 2.3. There
was no difference in the composition of the meals across conditions. There were no significant
differences in postprandial EI during the ad libitum lunch between conditions (SFA=291.4+43.1

g; MUFA=320.8+44.9 g; PUFA=317.3+49.8 g; p =0.531; n2=0.034).

Ad Libitum Lunch Meal

350 r

300

53.62 53.03

250

200

Kcals

Fats
150 m Proteins

m Carbohydrates
100

50

SFA MUFA PUFA

HF Meal

Figure 2.3: Consumption and Composition of an Ad Libitum Lunch

Average calories consumed at an ad libitum lunch 3 h after consuming a high fat test meal rich in
different fatty acids. There were no differences in fat, carbohydrates, or protein for each ad libitum
lunch meal. Results of a repeated measures ANOVA revealed no significant difference in amount
consumed following consumption of a high fat test meal rich in varying FA compositions
(p=0.531). Kcals, kilocalories; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;

PUFA, polyunsaturated fatty acids; HF, high fat.
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4. Discussion

The objective of the present study was to investigate the effect of subjective appetite
measures and postprandial EI following consumption of a HF meal rich in either SFAs, MUFAs,
or PUFAs. To address methodological concerns from previous studies, we intentionally designed
our test meals to be 35% of each participants total daily energy requirements*??. The large energy
content of each test meal allowed us to ensure a physiological satiety response and measure
perceptions of appetite during a physiologically satiated state. It is also not uncommon to consume
a third of total daily energy in a single meal (eating three meals a day). We also provided
participants with higher amounts of both FA of interest and total energy from fat than prior
investigations?217217317% This allowed us to elicit a sufficient physiological response to each
individual FA. Additionally, it is not uncommon for Americans to consume an acute HF meal with
this proportion of total fat. Therefore, this allowed us to determine if manipulation of FA
composition in HF meal had favorable effects on perceptions of appetite. Further, we deliberately
made our postprandial period much shorter than previous studies to examine the effects of our HF
meals rich in varying FAs during a more typical interprandial period*®3-¢°, Our study found that
manipulation of FA composition in a HF meal had no differential effects on postprandial hunger,
fullness, or DTE. Moreover, we found that ratings for hunger and DTE were no longer significantly
different from baseline at 2.5 h following ingestion of the HF meal across conditions; although,
fullness remained elevated above baseline for the entire postprandial period. Our study also
showed that manipulation of FA composition in a HF meal did not differentially affect subsequent
El at the next meal. Together, our results show that manipulation of FA composition in a HF meal

does not differentially affect appetite sensations or El in premenopausal normal weight women.
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Our study found no difference in ratings of hunger, fullness, DTE, or El across conditions.
However, several acute studies have reported physiological differences in hunger and satiety
hormones between HF meals of varying FA compositions!1®122175179.186-189 egpite these reports,
however, results remain inconclusive. Nevertheless, it appears that consumption of a HF meal rich
in either MUFAs or PUFAs results in a favorable, suppressive effect on postprandial ghrelin
compared to a HF meal rich in SFAs'??, However, Cooper et al.,*”® reported in opposition. Similar
to ghrelin, some studies report that the appetite suppressive hormone GLP-1 is stimulated to a
greater degree by HF meals rich in MUFAs and PUFAs compared to SFAs!8 while others
report no differences!?>®, For the appetite suppressive hormone PYY, the effect of each
individual FA remains unclear!1®122.175.179.187

Although hunger and satiety hormones were not presented in the current study, we assume
that our test meals enacted sufficient physiological hunger and satiety hormone responses relative
to the FA of interest, given the elevated FA content of our test meals. Additionally, our study had
both higher energy content in our test meals and a shorter postprandial period than prior studies,
which theoretically, should induce suppressed hunger and increased satiety hormone concentration
for the duration of our postprandial period. However, despite the effect that each individual FA
composition may have had on our participants’ markers of hunger and satiety, this did not result
in different appetite ratings or different El at the next meal. These findings are in agreement with
numerous reports which also found no difference in EI or VAS scores for hunger, fullness, or DTE
between HF meals rich in MUFAs, PUFASs, or SFAs?1122172-178,187.1%0 The eating behaviors in
aforementioned studies are indicative of EAH, where despi