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Abstract

Post-exercise energy compensation (EC) through increased energy intake (El) leads to lower
than anticipated weight reduction. This study sought to determine the mechanisms, independent
of bodyweight (BW), that are involved in EC over an 8-week period of voluntary wheel running.
Twelve-week-old male Sprague Dawley rats (n=30) fed an AIN-93M diet were randomized into
3 groups: 1) sedentary control (SED); 2) voluntary wheel exercise (EX); and 3) sedentary,
weight-matched to aerobic exercise (SED-WM) for 8 weeks. Measures of BW, adiposity,
appetite-regulating hormones, gut microbiota, and NA/VTA volume were assessed. BW was
initially reduced in EX, but no differences were present between SED and EX at the end of the
study. El in EX steadily increased over the course of the study. Fat mass, leptin, and insulin were
reduced in EX. Exercise-induced improvements in body composition may contribute to

reductions in tonic hormones and satiety, potentially contributing to an increase in EI.
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CHAPTER 1: INTRODUCTION

1.1 Physical Activity and Exercise-Induced Health Benefits

Physical activity is any body movement that is generated by skeletal muscles that results in
elevated energy expenditure (1). Physical activity consists of daily activities such as chores,
playing, traveling, working, and recreational activities (2). This type of physical activity is
commonly referred to as non-exercise activity thermogenesis (NEAT) (3). On the other hand,
physical activity that is structured, repetitive, and undertaken for improvement of physical fitness
is referred to as exercise (1). There are many reasons why individuals participate in physical
activity. The top cited reasons adults participate in physical activity include weight loss, vanity,
enjoyment, fitness, social aspects, stress relief, improved sport performance, and competition

(4). Physical activity has a positive, long-term influence on physical and metabolic health, such
as improved lipid profiles, glucose homeostasis and insulin sensitivity, blood pressure, blood
flow, cardiac function, body composition, and weight control (5). Physical activity also improves
psychological well-being (5, 6), stabilizes mood, improves self-esteem and emotional regulation,
improves stress tolerance, reduces anxiety and depression, and enhances the individuals'
optimism and outlook on life (6).

Physical inactivity accounts for 6-10% of the major non-communicable diseases (NCD)
including cardiovascular disease, cancer, chronic respiratory disease, and diabetes (7). It is
estimated that 9% of premature mortality globally is related to physical inactivity (7). To combat
the negative health outcomes associated with physical inactivity, the World Health Organization
has developed physical activity guidelines for adults. Adults are encouraged to participate in 150
minutes of moderate-intensity aerobic physical activity or 75 minutes of vigorous aerobic

physical activity per week (8). According to the National Health and Nutrition Examination
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Survey, only 5% of individuals meet these guidelines (8). Although the reasons for physical
inactivity vary amongst individuals, the top cited reasons for physical inactivity can be attributed
to lack of time, lack of motivation, lack of support, and lack of energy which can lead to low
adherence rates (9). Additionally, approximately 50% of adults drop out within the first year of
starting an exercise program (8).

While exercise is commonly viewed as a strategy for weight loss, research to date suggests
that exercise is not effective for long-term reductions in body weight (10). Studies show that
weight reduction with supervised exercise programs is often less than anticipated (11). A lower
than anticipated reduction in body weight suggests that there is a certain degree of energy
compensation that is associated with energy expenditure, wherein the body elicits an opposing

physiological response to compensate for the energy expended with physical activity.

1.2 Energy Compensation

To maintain body weight, there must be a state of energy balance, where energy expenditure
equals energy intake (12). Energy expenditure consists of basal metabolic rate, the thermic effect
on food, and expenditure due to physical activity (exercise and NEAT) (12). Energy intake
consists of the chemical energy (carbohydrates, proteins, fats, and alcohol) from consumed food
and fluids (12). A negative energy balance is required for weight reduction. To achieve this,
individuals can increase energy expenditure or decrease energy intake, or use a combination of
both (13).

While physical activity increases energy expenditure, research suggests that increased energy
expenditure with physical activity elicits compensatory mechanisms affecting energy intake
and/or subsequent energy expenditure (14). Individuals may compensate for energy expenditure

by increasing their energy intake or reducing their NEAT(14). In a review of exercise
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intervention studies, Riou et al. observed that acute exercise interventions result in very little

compensation (10). On the other hand, long term exercise interventions demonstrated an 84%
energy compensation, meaning that 84% of increased energy expended through exercise was

neutralised through increased energy intake or reduction in physical activity (10).

The degree to which energy compensation is related to an increase in energy intake or an
unconscious reduction in NEAT is not completely understood (10). Myers et al. observed after a
twelve-week supervised exercise intervention that weight reduction was only ~22% of
anticipated weight loss (15). The lower-than-expected weight reduction was attributed to
increased energy intake following the exercise intervention (15). Similarly, two previous studies
identified a partial energy intake compensation with short term (~ 2 week) exercise interventions
(16, 17). This compensation potentially defends the body against severe energy deficits and
weight loss (15). Evidence also highlights a reduction in NEAT as a driver of energy
compensation. Following a 3-month exercise intervention (low intensity versus moderate
intensity) in women with overweight and obesity, energy compensation was ~49% and ~161% in
the low and moderate intensity exercise groups, respectively (18). In both groups it was observed
that NEAT decreased, whereas energy intake remained similar (18). Findings from Ridgers et al.
suggests that in children any additional time spent doing low or moderate to vigorous physical
activity resulted in less low intensity physical activity and moderate to vigorous intensity
physical activity the following day (19). Evidence from animal research also demonstrates that
energy compensation can result from both reduction in spontaneous physical activity and
increased energy intake (20).

Research to date demonstrates an increase in energy compensation with prolonged exercise

interventions, some of which can be attributed to increased energy intake. The drivers of
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increased energy intake following prolonged exercise intervention remains to be determined.
While exercise is known to elicit a short-term reduction in appetite (anorectic effects), the
prolonged effects of exercise on the appetite-regulatory system as it relates to energy

compensation has yet to fully be elucidated.

Thesis Overview

This thesis is comprised of five chapters. Chapter 1 provides an introduction to the thesis.
Chapter 2 provides an overview of the homeostatic appetite-regulating system, the hedonic
system, and the effects of acute and chronic exercise on appetite, appetite-regulating hormones,
the gut microbiota, and the brain structures in both animals and humans. The objectives,
rationale, and hypothesis are also presented here. Chapter 3 explains the methodology used for
the experimental study Chapter 4 covers the results from the data collected. Chapter 5 provides a
discussion on the findings from this research, and includes the study strengths, limitations, future
direction, conclusion, and significance. All references are listed at the end of the thesis

document.
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CHAPTER 2: LITERATURE REVIEW
2.1 Appetite-Regulating Hormones
The homeostatic and hedonic pathways are two complementary drives that influence food intake
(21). The homeostatic system is controlled by the hypothalamus and responds to signals of
hunger and satiety to ensure balance in energy intake, expenditure, and energy stores (22, 23).
The hedonic system is the brain's reward system that is influenced by dopamine and non-
dopaminergic signals that stimulate wanting or liking of food (23). Understanding the
physiological and neurological mechanisms involved in appetite-regulatory system is important
when examining the impact of acute and chronic aerobic exercise on appetite and energy
compensation. Energy intake and appetite control are regulated by satiety (24, 25), satiation (24,
25), and hunger (25). Satiety and satiation both contribute to the suppression of energy intake
(24). Satiation causes an individual to stop eating, and satiety is the feeling of fullness after
eating, preventing overconsumption (24). On the other hand, hunger is the feeling when satiety

gradually decreases (25).

2.1.1 Homeostatic Regulatory System

The homeostatic system balances the drive to eat and energy expenditure to maintain energy
stores (26). The homeostatic system is regulated by the gut-brain axis (27). The state of satiety
influences eating behaviours (28). A low level of satiety will increase the drive to eat by
increasing food intake, whereas a high level of satiety will decrease the need to eat and lead to
eating cessation. This process is mediated through the arcuate nucleus (ARC) in the
hypothalamus by coordinating the neural, nutrient, and short-term and long-term hormonal
signals (27). These signals influence the sympathetic and parasympathetic nervous system,

gastric function, and episodic and tonic appetite-regulatory hormone secretion (27). The gut-
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brain axis depends on the constant communication between the gastrointestinal system, adipose
tissue, and the brain to control energy homeostasis (27).

The release of gut hormones modulates hunger and satiety (29). The release of episodic or
short-term hormones occurs simultaneously or shortly after eating to signal satiation and satiety
(30). Ghrelin is the only known orexigenic, hunger, gut hormone (24, 29, 31). Ghrelin is released
from the stomach and circulates in both acylated and des-acylated forms (32). Acylated ghrelin
only accounts for a small amount of circulating ghrelin (~10-20%) but it is the primary driver in
appetite stimulation (33). Ghrelin increases with fasting and decreases with food consumption
(29, 31). Mani et al. observed that sedentary, ghrelin-null mice reduced food intake compared to
sedentary littermates (34), supporting the role of ghrelin as an orexigenic hormone. The gut-
derived, appetite-regulating hormones that work in opposition to ghrelin are called anorexigenic
satiety hormones (33). The primary hormones involved are peptide YY (PYY) and glucagon-like
peptide-1 (GLP-1) (33). PYY functions to inhibit food intake (22, 29) and is secreted from the
enteroendocrine cells, specifically the L cells (22, 24, 26). PYY circulates in two forms, PYY1.36
and PY'Y3.36 (31). PYY13sand PYY3.36 produce a dose-dependent inhibition of gastric emptying
in rats, however, PYY3.3s produces a more potent effect than PY'Y1.36 (35). Secretion usually
occurs fifteen minutes after ingestion, peaking after one to two hours, and plateauing for a couple
of hours (26, 31). Reinforcing the role of PYY in appetite control, Batterham et al. identified that
PYY-null mice had hyperphagia and marked obesity (36). GLP-1 is secreted from L-cells in the
gut (29) and is a potent incretin hormone (24, 29). Incretin hormones are gut peptides that trigger
insulin secretion and help to control hyperglycemia after food intake (35). GLP-1 acts rapidly to
reduce food intake (26, 29). GLP-1 is released in small concentrations within fifteen minutes of

macronutrient ingestion but breaks down quickly in circulation (26), due to the quick activation
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of dipeptidyl peptidase-4 to inhibit the effects of GLP-1 (36). Evidence in both human and rodent
studies show the potent effects of GLP-1. Intracerebroventricular and peripheral GLP-1
administration reduces food intake in rodents and inhibits appetite in rodents and humans (37).
GLP-1 and PYY, may contribute to an additive effect on appetite regulation through reduced
hunger and increased satiety (29). While macronutrients are understood to be the primary stimuli
for secretion of the appetite-regulating hormones, short chain fatty acids (SCFA) may also
stimulate the release of GLP-1 and PYY (38). SCFA are produced by the gut microbiota through
fermentation of indigestible carbohydrates and account for up to 5-10% of the body’s energy
requirements (26). The gut microbiota, composed of trillions of bacteria and other
microorganisms, is unique to every individual and develops after birth (27, 39). The gut
microbiota contains 6 prominent phyla: Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia (40). Approximately 90% is composed of the
phyla Firmicutes and Bacteroidetes (40). The most prominent genera in the phylum Firmicutes
includes: Clostridium which makes up around 95% of the phylum, Lactobacillus, Enterococcus,
Roseburia, Faecalibacterium, and Ruminicoccus (40). The main genera in the Bacteroidetes
phyla and Actinobacteria phyla are Bacteroides and Bifidobacterium, respectively (40). The most
abundant SCFAs produced in the lumen are acetate, propionate, and butyrate (26). According to
a review article conducted by Venegas et al. both Bacteroidetes and Firmicutes are the main
contributors to the production of the three main SCFAs (41). Firmicutes, specifically,
Faecalibacterium prausnitizii, Clostridium leptum, and Roseburia spp are the primary bacteria
involved in the production of butyrate (41). Bacteroides produces mainly acetate and
propionate, while Bifidobacterium produces acetate, and Akkermansia muciniphilia produces

propionate and acetate (41). SCFAs activate G-coupled protein receptors (GPR) 41 (GPR41) and
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43 (GPR43) (42) in the intestinal L cells to release gut peptides, specifically GLP-1 and PYY, to
control satiety (26). Many studies have identified the link between SCFA administration and an
increase in release of GLP-1. Tolhurst et al. sought to understand the link between SCFA and
GLP-1 secretion in colonic cultures of mice (in vitro) and in knockout mice (in vivo),
specifically looking at GPR 41(FFAR2) and GPR43 (FFAR3) (38). In vitro, both acetate and
propionate increased the release of GLP-1 (38). On the other hand, in FFAR 2 knockout mice, a
reduction in GLP-1 concentration and SCFA stimulation was observed (38). In vivo similar
findings were observed; GLP-1 concentration was significantly reduced in FFAR2 knockout
mice (38). These results potentially identify the link between FFAR2, SCFA stimulation, and
GLP-1 release.

Long-term appetite hormones, also known as tonic satiety hormones, communicate peripheral
adiposity levels to the brain (24). These tonic satiety signals include leptin and insulin (24).
These signals act over an extended period to maintain static body weight by adjusting energy
intake and energy expenditure (24). Adipose tissue is the primary producer of leptin (21, 24).
Leptin is transported through the blood-brain barrier to the receptors in the brain that are
associated with appetite control (24). Leptin circulation depends on nutritional status and adipose
tissue (24). Leptin concentration is reduced by starvation and weight loss and increased by
refeeding (24). An increase in leptin levels reduces food intake and energy storage by stimulating
metabolic processes (21), such as increasing oxidation of fatty acids (43) and glucose uptake by
muscle (44). Insulin, the second tonic satiety signal, is produced and secreted by the pancreas
(24). Insulin crosses the blood-brain barrier and acts on insulin receptors in the brain that control

energy intake (24). Postprandially, insulin concentration rises to control glucose levels (24).
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Insulin concentration is also influenced by adiposity (24), with an increase in adiposity leading to
an increase in insulin levels (24).

The homeostatic appetite regulation is controlled through the brainstem and hypothalamus.
Using both neuronal and hormonal signals, the gut-brain axis regulates appetite. The dorsal vagal
complex (DVC) relays peripheral signals from the gut to the hypothalamus (45). DVC is made
up of the dorsal motor nucleus of vagus (DVN), area postrema (AP), and the nucleus of the
tractus solitarius (NTS) (45). Through afferent vagal signalling, signals from peripheral
hormones from the gut are relayed to receptors in the brainstem (45). The ARC in the
hypothalamus integrates hormonal signals and neuronal signals to regulate appetite (45). The
median eminence of the hypothalamus is the site where hormonal signals, such as ghrelin and
PYY, may directly pass through the incomplete blood-brain barrier to produce a direct effect on
the brain (45). The ARC has two different groups of neurons specific to the anorexigenic and
orexigenic pathways (21). The anorexigenic pathway involves neurons that express neuropeptide
proopiomelanocortin (POMC) and cocaine-and-amphetamine-related transcript (CART) (24).
Orexigenic pathways involve neurons that express neuropeptide Y (NPY) and agouti-related
peptide (AgRP) (24). Leptin suppresses energy intake by activating POMC and CART neurons
(21, 24) while concurrently producing an inhibitory effect on NPY and AgRP neurons (21).
Ghrelin stimulates appetite by activating NPY and AgRP neurons (21, 24). Acting in opposition,
GLP-1, PYY3.36, and insulin inhibits NPY and AgRP to reduce appetite and feeding behaviours
(24). Furthermore, SCFAs may directly affect central appetite regulation. Studies have shown
that acetate can cross the blood-brain barrier and activate anorectic signalling in the ARC by

increasing neuronal POMC and reducing AgRP (46).
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2.1.2 Hedonic Regulatory System

The hedonic appetite regulatory system increases the wanting and liking of energy-dense,
high-fat, and high sugar foods and is largely believed to be responsible for the growing global
obesity rates within the context of our current food environment (23). In the presence of highly
palatable food, the hedonic reward system will prompt consumption beyond homeostatic
requirements (22, 47, 48). In the presence of highly palatable food such as salt, sugar, and fat, the
hedonic system influences food-seeking and eating behaviours (49), contributing to an increase
in meal frequency and meal size (48). The hedonic system is a reward pathway (24) and involves
the forebrain, hindbrain, and the mesolimbic dopamine system (28). The mesolimbic dopamine
system influences reward behaviour through the ventral tegmental area (VTA), nucleus
accumbens (NA), prefrontal cortex, amygdala, and hippocampus (50). Pre-prandially, dopamine
is released from the VTA into the NA (21) and influences decision-making for intake behaviours
(50). The ingestion of highly palatable food items containing fat, sugar, and salt also leads to a
release of dopamine into the NA, contributing to an increase in reward during and after eating
(21). Non-dopaminergic systems also influence reward pathways (22). These non-dopaminergic
systems include endogenous cannabinoids, opioids, and serotonin (22). Overall, dopaminergic
and non-dopaminergic systems contribute to the hedonic regulatory system to increase food
reward and increase food seeking behaviour.

Cross talk between the homeostatic and hedonic system exists. The two systems interact with
each other through the gut-brain axis to increase or suppress energy intake. The relationship
between these two systems and the effects on palatability may potentially be driven by whether
participants are in fasted or fed state. The impact of a 24-hour fast on liking and wanting has

been previously studied in rats. In the fasting condition, there is a substantial increase in wanting
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and liking of preferred foods, an increase in hunger and desire to eat, and a decrease in fullness
compared to the fed state (51). Therefore, an increase in homeostatic hunger may elicit an
increase in food reward behaviour (51). When the appetite-regulatory system is exposed to the
western diet, which involves energy-dense, high sugar, and high-fat foods, it can affect the
homeostatic system. Energy-dense foods are speculated to interfere with the homeostatic ability
to maintain balance (29) by overriding the release of appetite-regulating hormones, decreasing
vagal response, or increasing adiposity to weaken hormone signalling (52). A review published
by Mortan et al. describes an adiposity feedback system where increased adiposity inhibits
neuronal activity and increases leptin resistance, which increases feeding and weight (53). Leptin
resistance occurs when the brain stops responding to leptin signals (54). In a 4 week diet-induced
obesity intervention, mice were fed a high-fat diet to test leptin resistance in the central nervous
system (54). After the 4 weeks, leptin signalling decreased in the ARC, suggesting that a high-fat
diet contributes to leptin resistance (54). Furthermore, a review conducted by Vincent et al.
aimed to determine the influence of appetite hormones on obesity (55). Evidence suggests that
postprandially, in individuals with obesity, ghrelin concentrations remain elevated, whereas PYY
concentrations remain reduced (55). Taken together, an increase in adiposity may be associated
with an increase in central leptin resistance as well as impaired postprandial ghrelin and PYY
secretion leading to an increase in energy intake and bodyweight. Increased intake of energy
dense foods potentially contributes to a failure in the homeostatic system leading to increased

energy intake (52), which may contribute to weight gain and obesity (26, 29).
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2.2 Exercise-Induced Energy Compensation in Humans and Rodent Models

Energy balance and weight control are influenced by exercise and appetite regulation. Aerobic
exercise influences the secretion of appetite-regulating hormones, sensation of hunger, and
energy intake, which may potentially contribute to the energy compensation that is associated
with exercise. This compensation may be influenced by exercise duration and intensity or other
individual factors that inhibit weight loss efforts. An acute bout of exercise is defined as a single
session of low, moderate, or high intensity exercise, whereas chronic exercise is defined as
repeated bouts of exercise over a short or long-term period (56). Exercise can be split into three
main intensity categories: low (<55% VO2max 0 HRmax), moderate (55%-75% VO2zmax Or HRmax),

and vigorous (>75% VO2max or HRmax) (57).

2.2.1 Acute Aerobic Exercise

Acute exercise and appetite control have been thoroughly examined in humans. The majority
of research suggests that the acute effects of aerobic exercise on appetite may be intensity-
dependent (58). Consistent findings have demonstrated that an acute bout of moderate to
vigorous aerobic exercise induces anorectic effects on appetite (30, 59-62). These satiety-
inducing effects, however, are transient in nature as appetite recovers to resting values within
thirty to sixty minutes after exercise (59, 62). The following day after an acute bout of aerobic
exercise, King et al. observed that appetite was neither increased or decreased relative to the
control group (63). Although there have been consistent findings showing acute anorectic effects
with moderate to vigorous exercise, not all studies come to the same conclusion. One study
observed that female participants' hunger increased after a one-hour moderate aerobic session

(64). Other studies suggest that appetite is not affected by exercise. Pomerleau et al. identified no
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change in hunger after a high-intensity exercise session (65). Additionally, several studies have
demonstrated that hunger is not impacted after low-intensity aerobic exercise (62, 66).

While exercise elicits acute, satiety-inducing effects, the impact of exercise on energy intake
yields mixed findings. The majority of short-term, aerobic studies identify no change in absolute
energy intake following exercise (30, 33, 58, 62, 64, 66). A suppression of energy intake after a
single bout of moderate-intensity aerobic exercise has been observed in individuals with obesity
(67), normal weight (68), and sedentary lifestyles (69). In contrast, partial or full compensation
has been demonstrated after moderate to vigorous (70% VO2max) bouts of aerobic exercise (60,
65). However, according to Maraki et al. relative energy intake may be a better measure of
exercise-induced energy compensation (64). Relative energy intake compares energy intake to
exercise energy expenditure. It is measured by subtracting exercise-induced energy expenditure
from food intake for the remainder of the day (64). When individuals increase their absolute
energy intake above their normal resting intake but have a lower relative energy intake, only a
partial compensation occurs (60). In contrast, if absolute energy intake stays constant after
exercise, there is no energy compensation, leading to lower relative energy intake and a greater
energy deficit (62). Overall, previous research suggests that after an acute bout of aerobic
exercise, relative energy intake decreases (58, 61, 64, 66, 67, 70), leading to an increased energy
deficit and greater weight loss or weight maintenance. Based on the literature, energy intake
compensation is highly variable. While some individuals show no compensation, others show
partial or complete compensation (71).

The alteration in appetite and energy compensation with exercise is believed to be mediated
primarily through the secretion of appetite-regulating hormones (33). Appetite-regulating

hormones are released from the digestive tract to modulate the feeling of satiety and postprandial
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satiation (29). The gut hormones include orexigenic hormone, acylated ghrelin, which increases
appetite, and the anorexigenic hormones, PYY, and GLP-1 (29). While many early studies
concluded that total ghrelin concentration remained unaffected by aerobic exercise (72-77), some
studies observed an increase in total ghrelin (78). Other studies have observed a suppression of
total ghrelin after acute bouts of aerobic exercise (79). More recently, the identification of
acylated ghrelin and des-acylated ghrelin has become the primary focus of acute aerobic exercise
studies. Evidence consistently demonstrates a transient suppression of acylated ghrelin after an
acute bout of aerobic exercise (59, 80-83). After an acute bout of exercise an increase in the
anorexigenic hormones PYY (59, 61, 67, 68, 83, 84), and GLP-1(59, 61, 67, 68, 83, 84) have
been observed. A single bout of exercise has been shown to stimulate POMC neurons while also
inhibiting arcuate NPY neurons (85), thus potentiating appetite suppression. Confirming these
findings, a study observed that after high-intensity, acute exercise, activation of POMC was
elevated and remained high in rats (86). Overall, while there is some contrasting evidence, it is
largely believed that activation of POMC neurons within the hypothalamus mediates the acute,
exercise-induced reductions in hunger and appetite.

Acute exercise may also influence the secretion of tonic hormones. Olive & Miller aimed to
understand the effects of a single bout of endurance exercise training of either long duration
moderate-intensity or short-duration maximal-intensity in trained males on leptin secretion (87).
It was identified that leptin concentrations showed no change immediately after exercise but
instead had a delayed decrease, 24 to 48 hours post-exercise (87). However, these changes were
only observed after a long duration, moderate-intensity bout of exercise (87). Furthermore,
insulin was also shown to be reduced 24 hours post exercise, while glucose showed no change

(87). In contrast, Vatansever-Ozen et al. conducted two 4 hour trials, one control trial where
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individuals rested for 4 hours and an exercise trial, where individuals ran for 105 minutes at 50%
VO2max With the last 15 minutes at 70% VO2max followed by a rest period of 120 minutes (58).
Following each trial, a buffet meal was consumed by all participants (58). In response to acute
aerobic exercise, it was observed that glucose, insulin, and leptin concentrations remained
unchanged (58).

The impacts of aerobic exercise on energy compensation have been examined extensively in
humans. Several mechanisms are predicted to be involved in acute exercise-induced effects on
appetite-regulatory hormones. These factors include blood flow redistribution, lactate
production, high body temperature from exercise (88), and gastric emptying (89). Exercise
stimulates a redistribution of blood flow from the stomach to the skeletal muscles (88). Given
that ghrelin is released from the stomach, reduced blood flow may be a potential factor in the
suppression of ghrelin after exercise (88). During and after exercise, lactate production initiates
anorexigenic effects in the body, as lactate binds to receptors that prevents the release of ghrelin
reducing hunger (88). Gastric emptying increases with an acute bouts of low intensity exercise
such as walking and decreases with moderate to high intensity bouts of exercise (89). It has been
demonstrated that a decrease in gastric emptying is associated with an increase in GLP-1 release,
whereas an increase in gastric emptying is associated with an increase in acylated ghrelin (88).
Therefore, after an acute bout of high intensity aerobic exercise, gastric emptying and acylated
ghrelin are supressed leading to a transient suppression of appetite and a decrease in energy
intake.

The differences observed in appetite-regulating hormones and energy intake after acute bouts
of exercise may be impacted by sex, adiposity, and energy status. Hazell et al. conducted a study

to identify whether males and females demonstrated the same appetite-regulating response to
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acute exercise (84). It was observed that females had a higher increase in GLP-1, whereas males
had a higher increase in PYY (84). However, no difference in hunger between sexes was
observed (84). Alajmi et al. conducted a study with 10 males and 10 females who participated in
two 7-hour trials (control and exercise) with a test meal given 2 hours into the intervention (90).
The exercise trial consisted of sixty minutes of running at ~70% VO2max followed by participants
resting for the remainder of the day, whereas the control trial consisted of individuals resting for
the seven hours (90). It was observed that regardless of sex, no change to appetite, acylated
ghrelin, and energy intake occurred after exercise (90). Douglas et al. sought to understand the
effects of acute exercise on appetite control in individuals who were lean compared to
individuals who were obese and overweight (91). Each participant completed two 8 hour trials,
one control and one exercise (91). The exercise trial consisted of a 60 minute treadmill exercise
session at ~60% VO2max (91). Similarly, exercise reduced appetite and increased PY'Y and GLP-
1 concentrations in both groups (91), however, individuals with obesity had higher GLP-1
concentrations, whereas lean individuals had higher PYY concentrations (91). In contrast, Ueda
et al. identified that young adults with obesity increase their energy deficit after an acute bout of
aerobic exercise compared to age-matched, normal weight control subjects (67). This reduction
was independent of hormone changes as there was no difference between ghrelin, PYY, and
GLP-1 between groups (67). Bachman, Deitrick & Hillman aimed to identify exercise effects on
energy intake in the fasted vs. fed state (92). Twelve healthy males were assigned to a breakfast
group and a non-breakfast group, and were instructed to run for 60 minutes at 60% VOzmax (92).
Food was recorded for 24 hours after exercise (92). Hunger increased for the non-breakfast
group before exercise, after exercise, and before lunch (91). These findings, however, did not

correlate with energy intake, meaning that hunger did not predict energy intake (92). The fasted
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group consumed less food and had increased fat oxidation over the 24-hours relative to the fed
group (92). These results suggest that training in the fasted state may elicit greater weight
reduction (92). On the other hand, Deighton, Zahra & Stensel had twelve males perform three
trials: sedentary control, fasted exercise, and postprandial exercise (93). It was identified that
after a 60 minute run at ~ 70% VO2max, the postprandial trial had a greater appetite reduction
than the fasted-state trial (93). It was concluded that there was no difference in energy intake
when exercising before breakfast or after breakfast (93). Additional research needs to be
conducted to understand the true effects of these potential modulating factors as they relate to

changes after exercise in energy intake, perceptions of hunger, and appetite-regulating hormones.

2.2.2 Chronic Aerobic Exercise

To date, the effects of chronic exercise on appetite, energy intake, and energy compensation
are still relatively unclear. Previous research suggests that compensatory behaviours occur more
frequently after prolonged exercise. A systematic review conducted by Riou et al. identified that
one of the main predictors of energy compensation is the duration of the intervention (10). Riou
et al. suggest that energy deficits produced from exercise can only be maintained for a short
period (10). Longer duration exercise studies have demonstrated exercise-induced energy
compensation to be ~84% (10). This may be why exercise on its own is not the most effective
weight loss strategy (15). Compensation occurs through an increase in energy intake or a
reduction in NEAT. After a prolonged exercise intervention, the degree to which an individual
compensates varies immensely. To identify this variation in exercise-induced compensatory
response, some researchers retrospectively separate participants into two groups, responders (i.e.,
non-compensators) and non-responders (i.e., compensators), after the completion of an exercise

intervention (14, 94). Non-responders/compensators are individuals who do not achieve
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predicted weight loss after an intervention, while responders achieve their predicted weight loss
(94). This is calculated by estimating predicted weight loss from an exercise intervention and
comparing it to actual weight loss after the intervention (94). Therefore, understanding who the
non-responders are at the beginning of an intervention may allow programs to be adapted to
individual needs.

After continuous aerobic exercise training, it is observed that energy compensation differs
among studies. Prolonged aerobic exercise studies show either no compensation (95-98), partial
compensation (15-17, 99-101), or full compensation (18). When no compensation or partial
compensation occurs, an individual fails to increase their intake to match exercise energy
expenditure, creating an energy deficit that may lead to weight loss. However, when full
compensation occurs after an exercise bout, it negates the exercise-induced energy deficit
leading to an increase or maintenance of weight. Myers et al. conducted an exercise intervention
with thirty-two females who were obese or overweight (15). The intervention consisted of 5
aerobic exercise sessions per week for 12 weeks (15). After the 12 weeks, partial compensation
occurred as most participants lost weight (15). However, two-thirds of participants did not reach
predicted weight loss; therefore, these participants would be identified as non-responders (15).

Long-term energy compensation may be influenced by multiple factors, such as exercise
intensity, type of exercise (i.e., interval or continuous), anthropometrics, exercise history, and
sex. Chronic exercisers in an energy deficit have shown an ability to fine-tune appetite control to
achieve energy balance (69). This suggests that habitual exercisers have a greater ability to
control food intake, therefore preventing overconsumption past the energy deficit produced by
exercise. On the other hand, non-exercisers at baseline displayed a greater tendency to binge eat

and increase food intake, consequently exhibiting weaker appetite control and greater energy
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compensation (102). Martins et al. conducted a twenty-four week exercise intervention with 171
participants who were obese and overweight (99). Participants were separated into three groups:
1) a sedentary control group; 2) a supervised exercise group of 8kcal/kg/week (8KKW); or 3) a
20 kcal/kg/week (20 KKW) supervised exercise group (99). Compensation occurred in both
exercising groups, by ~76% and ~90%, in the 8KKW group and 20 KKW group, respectively
(99). Additionally, weight loss was variable between groups. Almost half (~42%) of the
participants in the 20 KKW group and a quarter (~24%) of participants in the 8 KKW group
showed no weight changes (99). Furthermore, the compensators had increased hunger,
prospective food consumption, and cravings for sweet foods, contributing to elevated energy
intake by ~90kcals/day (99). Overall, this suggests that full energy compensation is common
with exercise and occurs from an increase in energy intake (99).

Exercise intensity may be an influential factor on energy compensation, however, previous
research exhibits ambiguous findings. Alkahtani et al. observed that after a 4-week high-intensity
and a 4-week moderate-intensity training intervention, males who were overweight and obese
had a greater tendency to increase compensatory responses after moderate-intensity interval
training (103). Participants had increased desire to eat, fat intake, and liking of high-fat non-
sweet foods compared to high-intensity interval training (103). In females with obesity or
overweight, lower-intensity aerobic training for 3 months led to lower energy compensation
(49%) compared to the moderate-intensity group (161%) (18). In another study, Martins et al.
examined the effects of exercise intensity on energy compensation in forty-six sedentary males
and females with obesity over a 12-week exercise intervention (104). The high-intensity interval
training (HIIT) group completed 8 second sprints with 12 second recovery to expend 250

kcals/session, the moderate-intensity continuous training group performed continuous cycling at
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70% VO2max to expend 250kcal/session, and the ¥2 HIIT group performed the same protocol as
the HIIT group but only expended half the calories (125kcals/session) (104). This study
identified no change in appetite, energy intake, or food hedonics, suggesting that a difference in
exercise intensity has no major impact on energy intake or appetite (104). The full effects of
exercise intensity on energy compensation have yet to be fully elucidated.

Sex differences may also influence exercise-induced compensatory behaviours. Stubbs et al.
performed two identical studies, one with males (98) and the other with females (16). The studies
resulted in partial compensation of ~30% for females (16) and no compensation for males (98).
However, in response to a 12 week supervised exercise intervention, Caudwell et al. identified
that when energy expenditure is controlled (i.e., with both males and females expending 10.5
MJ/week at 70% HRmax), there were no differences in energy compensation or body fat change
between males or females (95). Differential changes in appetite-regulating hormones between
males and females with exercise training may potentially influence the degree of energy
compensation. Hagobian et al. conducted an exercise trial with 9 females and 9 males who were
previously sedentary and overweight or obese (105). Satiety, hunger perceptions, and appetite-
regulating hormones were assessed after three different conditions: 1) in energy balance, 2) after
four days of exercise with consumption of food after exercise to achieve energy balance, and 3)
after four days of exercise without consuming food to produce an energy deficit (105). After both
exercise trials, females had increased acylated ghrelin and reduced insulin, contributing to an
elevation in hunger (105). In males, acylated ghrelin concentrations were not altered (105). This
variation of appetite-regulating hormone concentrations in males and females may contribute to

energy compensation differences after chronic exercise.

32



The effects of prolonged exercise on compensatory behaviours remains unclear in humans. It
is important to understand the limitations with assessment of energy intake with prolonged
exercise interventions in human studies. Unlike short-term interventions where researchers can
use buffets and fixed meals to record and control energy intake, in long-term exercise
interventions, studies utilize food journals and 24-hour recall or a combination of both (106).
Underestimating food intake frequently occurs in self-reported dietary intake, as individuals are
likely to underreport their food intake by 20 to 30% and up to 50% (106). Additionally, there can
also be error with data entry and food analysis software. This includes errors with food
composition, such as incorrect identification of food items, the use of analytical methodologies
(estimates made by the software when data is not available), and incorrect data entry (107). The
errors and biases that occur with food intake records make it very difficult to accurately measure

energy intake and predict compensatory behaviours over an extended period.

2.2.3 Energy Compensation in Rodent Models

Another strategy to examine exercise-induced compensatory behaviours is to employ a rodent
model. With rodents, researchers can control food intake, track body weight changes, and assess
the total amount of physical activity (exercise and NEAT), which allows for a more
comprehensive understanding of exercise effects on appetite. Foright et al. aimed to examine the
energy compensatory mechanisms in male and female rats (108). Over a four-week trial, rats
engaged in five days of forced running, with running duration and speed increasing each week
(108). On exercise days, male rats reduced their energy intake, whereas females increased their
energy intake (108). On rest days, independent of sex, energy intake was similar between
exercise and sedentary rats (108). Other studies have demonstrated that rodents will increase

their food intake when provided with access to a running wheel (20, 109-112). Evidence suggests
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that body weight may decrease (20, 109, 112) or stay constant (110) in response to long-term
voluntary exercise, despite an increase in energy intake. After 10 weeks of voluntary running, de
Carvalho et al. observed that mice with access to a running wheel increased energy intake but
had no change in body mass (110). In another study conducted by McMullan et al. aimed to
understand the long-term exercise effects on metabolic changes such as body mass, body
composition, and food and water intake, using 30 female and 30 male mice (113). The mice were
split into two groups, a control group, and a running group with access to a voluntary running
wheel (113). Relative to sedentary, control mice, the mice with access to the running wheel had
increased food intake, reduced body weight by ~16%, lowered body fat by ~50%, and increased
lean mass by ~15% (113). Overall, rodent models, like human studies, provide mixed evidence
on compensatory behaviours following exercise training, with some studies demonstrating a high

degree of compensation while others show a low degree of compensation.

2.3 Mechanisms of Energy Compensation in Humans and Rodents

The mechanisms involved in prolonged exercise-induced energy compensation are not fully
elucidated. Potential mechanisms include a change in body composition (fat mass and fat free
mass), fasting and postprandial hunger, episodic satiety hormones, increased sensitivity to tonic
hormones (114), the hedonic system (83), the gut microbiota (109, 111, 115), and SCFA
production (116). In response to an energy deficit, these mechanisms may interact to influence
overall energy compensation, contributing to a lower than anticipated weight reduction with
exercise.

Exercise-induced energy compensation may be influenced by episodic satiety hormones (14).
In a study conducted by Gibbons et al. individuals who were responders had a greater reduction

in acylated ghrelin and increase in GLP-1 and PY'Y than non-responders (14). Supporting these
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findings, previous research has identified an increase in PY'Y after chronic aerobic exercise (97,
117) and an increase in late postprandial release of GLP-1 (118, 119), leading to a greater satiety
effect. On the other hand, Flack et al. identified a positive correlation between ghrelin and fat
loss, where after 12 weeks of aerobic exercise, exercise reduced ghrelin area under the curve
(AUC) and reduced body fat (100). Habitual exercisers and responders may secrete different
concentrations of appetite-regulating hormones after prolonged exercise, therefore increasing
their ability to control appetite. Overall, the effects of prolonged exercise on the secretion of
short-term, appetite-regulating hormones are still relatively unknown.

After prolonged exercise training, tonic hormones have a more pronounced effect on appetite
control than episodic hormones. Long-term body changes, such as fat loss, are more prevalent in
chronic exercisers; therefore, both leptin and insulin may be affected. Fasting and postprandial
leptin concentrations have been observed to decrease after chronic exercise, potentially due to fat
loss (117, 120, 121). In a systematic review, Fedewa et al. identified that regardless of a change
in body fat, chronic exercise reduces leptin concentration (121). However, evidence from Koshki
et al. demonstrates that a 12-week, high-intensity exercise intervention in 25 females with
obesity or overweight elicits no change in leptin concentration, despite reduced body weight and
adiposity (96). In a recent randomized control study conducted by Flack et al. fifty-two adults
with overweight or obesity, were split into three groups: 1) exercise 6 days/week, 2) exercise 2
days/week, or 3) sedentary for a 12-week intervention. Both exercise groups were given heart
rate monitors to assess exercise intensity (100). Participants in the 6d/wk group exercised
between 40-60 minutes/session whereas the participants in the 2d/wk group exercise for 90-120
minutes/session, both groups exercised at a self-selected intensity (100). All groups were told to

make no dietary adjustments. Energy compensation was assessed based on body composition
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changes. Hormones were assessed after an overnight fast and a standardized breakfast with serial
blood draws for 2 hours (100). After 12 weeks, body weight and fat were reduced in the 6d/week
group but not in the 2d/week group or control. As well, both exercise groups compensated ~50%
(100). Energy compensation was positively associated with leptin AUC, meaning that a
reduction in leptin was also associated with a reduction in energy compensation (100).
Additionally, body fat loss was positively related with leptin (100). This study suggests that
energy compensation may be influenced by changes in leptin AUC such that, an increase in
leptin sensitivity, results in less energy intake and therefore, less energy compensation (100). In
rodent models, this ambiguity has also been shown. It has been observed that exercised mice
have reduced leptin concentration compared to the sedentary control group (112, 122).
Furthermore, it has also been observed that plasma leptin concentrations were unaffected when
minimal weight loss occurred (123). Bi et al. studied the effects of a twelve-week wheel running
intervention on leptin concentration in hyperphagic, obese Long Evan Tokushima (OLETF) rats
and lean Long Evan Tokushima (LETO) rats (122). Both strains of rats were separated into a
running group and a sedentary control group (122). After 6 weeks, the OLETF running rats were
further split into two groups: 1) continued running and 2) sedentary (running wheels were
locked) for further 6 weeks (122). As running wheel activity increased over the 12 weeks, leptin
concentration decreased in both the LETO and OLETF rats compared to the sedentary controls
(122). When running wheels were locked after 6 weeks, OLETF rats increased leptin
concentration, however this increase was still below the sedentary control OLETF rats (122). In
conclusion this study suggests that exercise produces satiety reducing effects by lowering leptin

which continues after exercise was stopped.
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Insulin is the other tonic hormone that impacts appetite control and glucose homeostasis.
Bradley et al. designed a 10 week study to identify the effects of exercise on insulin
concentration and sensitivity (124). Mice were divided into two groups: 1) a regular chow diet,
or 2) a high-fat diet (124). After 4 weeks, the mice were further divided into non-wheel running
or wheel running groups (124). After 6 weeks of access to voluntary wheels, mice in the high-fat
diet group showed reduced glucose and insulin concentrations, reduced adiposity, and increased
insulin sensitivity (124). It has been established in rodents and humans that regular exercise
increases sensitivity to insulin (125), and reduces fasting and postprandial insulin secretion (97,
119, 126).

One factor that may mediate exercise-induced energy changes in appetite and energy
compensation is the gut microbiota. The gut microbiota changes substantially due to nutrition
status and exercise. Gut microbiota composition can influence body weight regulation by
controlling energy extraction from food, mediating the inflammatory response, and influencing
energy intake through the activation of the gut-brain axis (115). The gut microbiota, therefore,
plays an important role in body weight regulation and obesity (115). Through fermentation, the
gut microbiota may also increase energy extraction through the production of SCFA (116).
While the impact of exercise on SCFA production is relatively new and unknown, emerging
evidence shows that exercise may increase the production and utilization of SCFA (116).
Independent of diet, exercise influences a change in the gut microbiota (109). Exercise impacts
the balance of major bacterial phyla (Bacteroidetes and Firmicutes), alters SCFA production and
utilization (111), and alters the diversity of bacterial species (111, 127). Evidence has shown that
body weight and body composition are highly correlated with certain bacteria species in the gut.

Bacteroidetes has been positively associated with lean body mass and weight loss (128). As well,
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body fat and BMI have been found to be negatively correlated with Bifidobacterium (129),
Lactobacillus (129), and Faecalibacterium (116, 130). Aerobic exercise has also shown to
impact bacteria species in the gut, Mahdieh et al. observed after 10 weeks of aerobic training an
increase in the abundance of Bifidobacterium, however the abundance of lactobacillus was not
affected (129). Evans et al. observed that an increase in aerobic exercise was associated with an
increase in percentage of Bacteroidetes, Lachnospiraceae, Ruminococcaceae, and trends towards
increase in Clostridiaceae and a reduction in Lactobacillaceae and Bifidobacteriaceae (111).
Additionally, exercise was negatively associated with the Bacteroides:Firmicutes ratio (111). An
increase in both Bacteroidetes (Bacteroidales) and Firmicutes (Lachnospiraceae,
Ruminococcaceae, and Clostridiaceae) increased butyrate-producing bacteria (111). Allen et al.
conducted a 14 week longitudinal study with thirty-two sedentary females and males (116). The
participants were split into lean and obese groups (116). Each group performed supervised
aerobic exercise three days per week for 30-60 minutes at moderate to vigorous intensity (116).
Post-exercise, in lean individuals, there was an increase in SCFA concentration, however, this
change was not observed to the same degree in individuals with obesity (116) After aerobic
exercise, an increase in butyrate producing bacteria (Clostridiales spp, Lachnospira spp,
Roseburia spp., and Faecalibacterium spp.) was observed (116). Additionally, Barton et al.
conducted a study in profession rugby players and sedentary individuals to examine potential
differences in the gut microbiota, microbial diversity, and SCFA profiles between groups (131).
It was observed that the athletes had increased microbial diversity and enhanced profiles of
SCFAs compared to the sedentary controls, a finding that the authors speculated could contribute
to improved overall health in the athletic group (131). Queipo-Ortuna et al. conducted a 6-day

study, looking at nutritional status, exercise and its effects on the gut microbiota composition and

38



serum leptin and insulin. Forty male Sprague Dawley rats were split into four groups: 1) activity
based anorexia (ABA), where rats were restricted to eating for only 1 hour/day and the other 23
hours had free access to running wheels, 2) control to ABA, where rats followed the same eating
restriction as ABA but had no access to a running wheel, 3) exercise group, where rats ate ad
libitum and had free access to running wheel, or 4) ad libitum group, where rats had free access
to food but no access to wheel (132). Using a Real-Time PCR, an increase in Actinobacteria and
Bacteroidetes and decrease in Firmicutes was seen in EX relative to ad libitum group (132).
Clostridium, Enteroccocus, and Bacteroides were also reduced, whereas Bifidobacterium and
Lactobacillus were increased in exercise compared to ad libitum (132). Additionally, Queipo-
Ortuna et al. identified a positive correlation between Bifidobacterium and Lactobacillus and
serum leptin, and a negative correlation with Clostridium, Bacteroides and serum leptin (132).
Furthermore, ghrelin levels were positively correlated with Bacteroides and negatively correlated
with Bifidobacterium and Lactobacillus (132). To date, no studies have examined the
relationship between long-term aerobic exercise (>7 days) and the effect on exercise-induced
changes in the gut microbiota, satiety-regulating hormones, and appetite control.

Exercise may influence appetite by stimulating the hedonic response to food. Exercise
potentiates wanting and liking for highly palatable foods and increases pleasure from food
consumption (133). Non-responders/compensators showed an increase in wanting and liking of
palatable foods (133), craving for sweets (99), preference for high-fat sweet foods (133), and
high-fat non-sweet foods (103) immediately post-exercise. In contrast, Martin et al. identified
that after high-intensity interval training and moderate-intensity continuous training, food
hedonics did not change (104). Additionally, Moody et al. conducted a study to identify food

preference after aerobic exercise in Sprague Dawley rats (134). The rats were randomized into
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one of four groups: 1) sedentary, high-fat diet, 2) sedentary, high sugar diet, 3) wheel running,
high-fat diet, or 4) wheel running, high sugar diet (134). The researchers identified that running
wheel access decreased preference for both high-fat and high sugar diets in male and female rats
(134). Additionally, Liang et al. observed the effects of wheel running and preference for a high-
fat diet (135). Before rats were given access to a running wheel, preference was given to the
high-fat diet compared to the high carbohydrate, chow diet (135). Over the 16 day running
intervention, the rats reduced their intake of the high-fat diet suggesting that exercise reduces
intake of highly palatable foods (135). Taken together, this evidence suggests that preference for
highly palatable food may be influenced by physical activity (134). However, the mechanisms
behind how physical activity may influence food choice are still relatively unknown. It is
speculated that the NA and VTA may play a large role. Studies using fMRI have shown an
increase in NA activity in response to food cues that predict weight gain and are positively
associated with overeating behaviours (136). Additionally, a study conducted by Rapuano et al.
identified that children who are genetically prone to obesity have a larger reward response, along
with a larger NA volume (137). On the other hand, Samara et al. identified that people with
obesity had larger NA volumes than individuals of normal weight, however it was not associated
with eating behaviours (138). The microstructure in the NA, specifically, the axonal density, has
been demonstrated to mediate emotional eating and is correlated with adiposity measures (138).
Based on this, it could be speculated that the larger the NA, or potentially the higher axonal
density within the NA, the stronger the food reward signalling and likelihood of increased food
intake (138). This association between NA volume and eating behaviours has also been observed
in individuals with eating disorders, where individuals with binge eating disorder had a larger

left volume NA compared to non-binge eaters (139). This would suggest that the NA may play a
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prominent role in controlling energy intake and eating behaviours. While there is evidence to
suggest an association between the volume of the NA and body composition or body weight,
evidence is still inconclusive. NA volume has been associated positively with BMI (140, 141)
and negatively with body fat % (142). Additionally, some studies show no relationship between
BMI and NA volume (143). A review conducted by Garcia-Garcia et al. aimed to elucidate the
association between volume measures of the NA and obesity measures (144). It was concluded
that age was a large predictor of the association between volume and obesity (144). Younger
individuals had a positive association between NA volume and BMI, whereas, older adults had a
negative association between NA volume and BMI (144). Taken together, evidence suggests that
the volume of the NA may be an important indicator in food reward, and therefore, research is
still needed to understand whether exercise may impact the volume of the NA and potentially
contribute to energy compensation.

Exercise-induced reduction in NEAT has also been studied in humans and rodents. In rodents,
access to voluntary running wheels have been shown to increase energy compensation by
reducing the energy expended through other means (i.e., climbing, and other locomotor
activities) (20, 110, 145). Furthermore, Levin & Dunn-Meynell observed that when rats were
calorically restricted, rats lowered the amount of running they did to achieve energy balance
(146). In another study, Lark et al. sought to determine how voluntary wheel running (VWR) and
off wheel activity (OWR), also referred to as NEAT, influences energy balance in mice. It was
observed after unlocking running wheels an increase in voluntary wheel running occurred
followed by a subsequent decrease in off wheel running (147). This compensatory behaviour
negated ~ 45% of the energy deficit produced by VWR (147). These results suggest that an

increase in voluntary aerobic exercise can lead to a reduction in NEAT which potentially may
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limit weight loss. Human studies have demonstrated that an increase in energy expenditure may
contribute to energy compensation by reducing NEAT (18, 19, 148). In a recent 2019 study,
Riou et al. aimed to understand the effects of a 3-month low and moderate intensity exercise
intervention (1500 kcal/week in both groups) on energy compensation in twenty-two females
who were obese or overweight (18). An overall energy compensation of ~49% and ~161% in
LOW and MOD groups, respectively was identified (18). Two notable effects occurred
throughout the three months: 1) food intake did not change, and 2) regardless of intensity, NEAT
decreased early and remained low throughout the duration of the study (18). Additionally, a
substantial increase in sedentary time was observed in the MOD group compared to the LOW
group (18), suggesting that energy compensation was largely due to a decrease in NEAT and not
due to a change in energy intake. The variation in compensatory energy expenditure response is
still relatively unknown, but individual differences, sex differences, exercise intensity, and

duration may mediate this response.

Table 2.1 Summary of acute and chronic effect of exercise on appetite-regulating hormones

Hormones Secreted Target Function  Acute Chronic Exercise
Exercise
Compensators Non-
Compensators
Agg:gltﬁ? Stomach  NPY/AgRP  Hunger l l « > T l
GLP-1 L Cells in
small POMC/CART  Satiety T > T
intestine/colon
PYY L Cells in
small POMC/CART  Satiety T l T
intestine/colon
L Pancreas POMC/CART  Satiety T l
Leptin Adipose  po\cICART  Satiety T l
Tissues

ARC, arcuate nucleus of the hypothalamus; GLP-1, glucagon like peptide-1; PYY, peptide YY
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Table 2.2 Summary of neurotransmitters involved in the hedonic appetite-regulatory

system
Secreted Target Function
Dopamine VTA NA T Wanting
N-arachidonoyl phosphatidyl

Endogenous ethanol (NAPE) T .

Cannabinoids 2-AG from 2-arachidonoyl- CBi receptors Reward behaviours
containing phospholipids
Opioids Brain, Pituitary Mu-opioid T Reward behaviours
receptors

Serotonin Neurons in the raphe nuclei 5-HT Receptors l Reward behaviours

NA, nucleus accumbens; VTA, ventral tegmental area

2.4 Rationale for Study

It has been established that body weight is regulated by energy balance, which is a function of
energy intake and energy expenditure. While exercise influences energy expenditure, evidence
shows that exercise also influences energy intake. Short-term, aerobic exercise, elicits a transient
suppression of appetite by influencing gut-derived, appetite-regulatory hormones, contributing to
a short-term energy deficit. However, after long-term exercise, the majority of studies show a
partial or complete energy compensation, leading to lower than predicted weight loss. The
mechanisms mediating this energy compensation are not completely understood. To date,
research has not thoroughly examined the relationship between long term aerobic exercise and
the gut microbiota, appetite-regulating hormones, the hedonic system, and energy compensation.
Most long-term exercise interventions that seek to examine energy compensation and appetite
control have been completed in humans. The results from human studies may be confounded by
short-term weight loss and poor control of energy intake measures. By using a rat model, we can
strictly measure and control food intake, weight changes, and assess appetite regulation in

response to chronic exercise to gain a more complete understanding of how chronic exercise
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affects the homeostatic appetite-regulatory hormones and influences energy compensation,

independent of weight loss.

2.5 Objective and Hypothesis

This study aimed to determine the weight-independent effects of prolonged aerobic exercise
on appetite control and energy compensation in male Sprague Dawley rats. Our primary outcome
was to assess the impact of 8 weeks of prolonged aerobic exercise training on appetite control
signals including anorexigenic (GLP-1), orexigenic (acylated ghrelin), and tonic (leptin, insulin)
hormones. The secondary outcome was to examine the effects of exercise on the gut microbiota
to look at the potential mechanisms mediating the change in appetite-regulating hormones
through the collection of fecal and cecal matter. The third outcome was to assess how prolonged
aerobic exercise impacts the hedonic reward pathway by identifying differences in the volume of
the NA and area of the VTA. Based on previous literature, we hypothesized that prolonged
aerobic exercise would improve appetite control by increasing the concentration of short-term
satiety hormones, however these effects on appetite may be negated by reductions in long term
homeostatic hormones leptin and insulin. Additionally, prolonged aerobic exercise would
improve the gut bacteria composition as well as, increase the volume and area of the NA and

VTA, respectively.
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CHAPTER 3: METHODS AND MATERIALS

3.1 Animals & Experiment

This study was approved by the Animal Welfare Committee at the University of Lethbridge
(Protocol #2104) and was completed in accordance with the ethical standards outlined in the
Canadian Council on Animal Care. Thirty, 12-week-old male Sprague Dawley rats were
obtained from the Charles Rivers Laboratories (Charles River, St. Constant, PQ). The Sprague
Dawley rats were individually housed in techniplast cages with solid floors, shredded paper
towels, crinkle paper bedding, and PVC tubes. The rats were housed in temperature-controlled
(20-22°C) and humidity-controlled rooms with controlled 12-hour light-dark cycles (7:00 am -
7:00 pm). Cages were cleaned weekly.

A seven-day acclimatization period took place where rats were given ad libitum access to
water and introduced to AIN-93M purified diet (Dyets Inc., Bethlehem, PA). The AIN-93M diet
has uniform energy density and conforms to the recommendations set forth by the American
Institute of Nutrition (149).The rats were weighed daily throughout this period, and food intake
was monitored. The nutrient breakdown from the AIN-93M diet is provided in Table 3.1.

The Sprague Dawley rats (n=30) were randomized based on initial body weight into one of
three groups: 1) sedentary control (SED); 2) voluntary aerobic exercise (EX); or 3) sedentary and
weight-matched to aerobic exercise (SED-WM) for 8 weeks (n=10 rats/group). The SED-WM
group was included as a means to isolate the weight-independent effects of exercise-induced
energy expenditure on appetite-regulating hormones. Randomization was completed to control
starting group body weight (400 * 6g). Initial fecal samples were taken prior to randomization

and were placed on ice and stored at -80°C.
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Table 3.1 Composition of AIN-93M Diet

(9/kg)
Casein 140
L-Cystine 1.8
Sucrose 100
Dyetrose 155
Corn-starch 465.7
Soybean Oil 40
t-butylhydroquinone 0.008
Cellulose 50
Mineral Mix 35
Vitamin Mix 10
Choline Bitartrate 2.3
Energy (Kcals/g) 3.61
Protein (% energy) 141
Carbohydrate (% energy) 76
Fat (% energy) 9.9

AIN-93M diet based on Reeves et al. (1993a)

3.2 Measurement of Exercise Distance

Rats in the EX-group had voluntary access to running wheels (Techniplast, Philadelphia,
USA). Activity tracking (running distance) was monitored daily with Cateye Velo 9 cycling
computers (Cateye Co. LTD, Osaka, Japan). In the first two weeks, six revolution counters were
used to test the reliability of the cycling computers. Distance (km) was calculated and compared
to the Cateye Velo 9 cycle computers. The circumference of the wheel was 96 cm. The Cateye

Velo 9 cycle computers recorded 1.05km-1.14km for every 1 km on the revolution counter.
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1 Week 8 Weeks

Outcomes:
Sedentary, ad * Anthropometrics:
Ebitum > * Body Weight
SED (n=10) * Adipose Tissue: Inguinal,
retroperitoneal, peritoneal,
brown fat, epididymal fat
pad weight
Male — * EI (grams of food)
Sprague Acclimatized Exercise. ad * Exercise distance (wheel)
Dawley Rats to AIN-93M I .
_ —> . Ilibitum — OGTT
n=29 Diet and EX (n=9) * (Glucose, Insulin, Leptin,
@ Cage Acylated Ghrelin, GLP-1)
* Portal Blood at euthanasia

* (Glucose, Insulin, Leptin,

Acylated Ghrelin, GLP-1)
Fecal and cecal samples
— (Microbiota profiling-qPCR)
* Brain measures

¢ NA volume & VTA area

Figure 3.1 Study Schematic.
El, energy intake; EX, exercise; GLP-1, glucagon like peptide-1; OGTT, oral glucose tolerance
test; SED, sedentary; SED-WM, sedentary weight matched.
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3.3 Measurement of Energy Intake and Diet Manipulation

Energy intake and body weight were monitored daily. Daily energy intake was measured by
subtracting the remaining food from the total food given from the day prior. SED and EX groups
received food ad libitum. Daily food intake from SED was weighed, and body weight was
compared between EX and SED-WM. Food provisions for SED-WM were adjusted accordingly
to ensure equal weight between EX and SED-WM. Based on previous research with exercise
training, it was estimated that rats in SED-WM would require ~80% of the energy intake of SED

(150).

3.4 Oral Glucose Tolerance Test

Fasting conditions were in accordance with previous studies (151). One week prior to
euthanasia, an Oral Glucose Tolerance Test (OGTT) was completed after an overnight fast and
12 hours of locked running wheels. Research has clearly demonstrated an anorectic effect on
appetite after an acute bout of aerobic exercise, through a suppression of acylated ghrelin and an
increase in GLP-1 and PYY. To examine the impact of chronic exercise on appetite-regulating
hormones and to mitigate the effects of acute exercise on the satiety hormones, the wheels were
locked for 12 hours before the OGTT. Blood collection was completed according to the methods
described by Lee & Goosens (152). Briefly, rats were placed on a heating pad to increase tail
vein dilation. Blood was sampled by placing an indwelling butterfly catheter in the lateral tail
vein. The rats were restrained in plastic tubing, making sure the rat was comfortable but
immobile. Next, the lateral tail vein was identified, and sampling area was wiped with
chlorhexidine antiseptic solution. Holding the tail firmly on the table, the butterfly catheter was
inserted into the tail vein at a shallow angle and secured to the rat’s tail using tape. A 300 ul

baseline blood sample was collected. After the baseline blood draw, rats received an oral glucose
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load (2 mg/kg) via gavage with 50% dextrose solution for a total gavage volume of 4 mg/kg.
Additional serial 300ul blood collections were completed at the time points of 15, 30, 60, 90, and
120 minutes. Patency of the catheter was maintained through injection of 0.1 mL of heparin after
all blood draws. Collected blood was immediately transferred into cooled
Ethylenediaminetetraacetic acid spray-coated microcentrifuge tubes (BD, Mississauga, ON,
Canada) containing diprotinin-A (10 uL/mL of blood; MilliporeSigma Corp., ON, Canada),
Sigma protease inhibitor (1 mg/mL of blood; SigmaFast, MilliporeSigma Corp), and Roche
Pefabloc (Img/mL of blood; MilliporeSigma Corp) to prevent degradation of the hormones of
interest. After each blood draw, blood glucose was also measured using a OneTouch Glucose
Meter (OneTouch Glucose Meter, Lifescan Inc.). Blood samples were centrifuged at 2000 rpm
for 10 minutes at 4°C, and aliquoted plasma was stored at -80°C until analysis. The composite
insulin sensitivity index (CISI) was calculated using the AUC of OGTT fasting and average
glucose and insulin concentration, with a higher score meaning improved insulin sensitivity

(153). The following formula was used:

1000

\/(AUCGlucosebase x AUCInsulinbase)x(AUCGlucosemean x AUCInsulinmean)

CISI =

3.5 Tissue and Plasma Collection

The day prior to euthanasia fecal samples were collected from clean rat cages. Fecal samples
were placed on ice and stored at -80°C. Following a 12 hour overnight fast and a period of 12
hours of locked wheels, rats were over-anesthetized in an induction chamber with 5% isoflurane.
Once rats were in a state of deep anaesthesia, the rats were switched to a nose cone with 2%
isoflurane. To assess the state of anesthesia the paw pinch reflex and eyelid reflex were used. For

the pinch reflex, if a withdrawal response was observed, it was assumed the rat was still capable
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of feeling pain and the rat was placed back into the isoflurane induction chamber until no reflex
response was observed.

Once in a state of deep anaesthesia, an incision into the abdomen was made. The portal vein
was then located, and a 3 ml blood sample was collected. Portal vein blood was used to assess
the concentration of fasting appetite-regulating hormones. Protease inhibitors were added to
portal blood immediately after collection and mixed to prevent degradation of samples. Once the
blood draw was completed, an incision into the thoracic cavity (pneumothorax) was made, and
the heart was removed to complete the euthanasia. The retroperitoneal, peritoneal, epidydimal,
inguinal, and brown fat pads were precisely excised and weighed. Relative fat mass was
calculated by summing the five fat pads and diving by end body weight.

Follow a similar protocol as Soueid et al. the brain was removed through decapitation (154).
A razor blade was then used to make a midline incision in the skin to free the skull (154). Using
forceps, the interparietal bone was removed along the sagittal suture (154). The parietal bone was
then removed using forceps to break off the bone. Once the parietal bones were removed, a cut
was made through the most anterior part of the skull between the eyes (154). The frontal bone
plate was removed using forceps (154). Throughout the entire procedure, meninges that
surrounded the brain were cut, as they could rupture the brain when removing the brain from the
skull (154). When the brain was clear of meninges, forceps were inserted under the anterior of
the brain (olfactory bulb) and used to separate any additional underlying tissues, optic nerve, and
other cranial nerves from the brain (154). Once free from all nerves and other tissues, the brain
was removed from the skull and placed in a solution of 10% formalin and sucrose and stored at

2-8°C until analysis.
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Cecal matter was collected, placed into liquid nitrogen, and stored at -80°C until analysis. The
liver, cecum, colon, and ileum were excised, placed in liquid nitrogen, and then stored at -80°C

for future analysis.

3.6 Analysis of Gut Microbiota

Microbial profiling was performed according to previous research (155, 156). Fecal samples
were collected from clean rat cages on the day prior to randomization and before euthanasia. A
cecal sample was collected post-euthanasia. Fecal and cecal samples were placed on ice and
stored at -80°C. DNA was extracted from fecal and cecal samples using the FastDNA spin kit for
Feces (MP Biomedical, LLC, Solon, OH, USA). Once extracted, the DNA was purified
following the Ethanol Precipitation Protocol. DNA was purified by adding 10 uL of 5 M NaCl
samples and inverted 3-5 times to mix. Next, 250 uL of 100% cold ethanol was added to DNA
samples and inverted. The samples were left to incubate at -20°C overnight. The next day, the
samples were centrifuged at 10,0009 for 15 minutes at 4°C, and the liquid was decanted. Next,
100 pL of 75% cold ethanol was added to the DNA pellet, and the samples were centrifuged at
10,000g for 15 minutes at room temperature and decanted again. The samples were left to air dry
for 30-60 minutes. The DNA pellet was dissolved in 100 uL TES and vortexed. Using the
Nanodrop 1000 (Thermo Fisher Scientific Inc., Waltham, MA, USA), the DNA concentration of
the samples was analyzed and recorded. Fecal and cecal samples were normalized to 4 ng/uL for
a total volume of 200 uL and placed in -20°C freezer. The gut microbiota bacteria detection was
determined using a gPCR. The bacteria being examined were Bacteroides, Bifidobacterium,
Akkermansia muciniphila, Enterobacteriaceae, Methanobrevibacter, Lactobacillus, Clostridium
coccoides, Clostridium leptum, Clostridium cluster XI, Clostridium cluster I, Faecalibacterium

prausnitzii, and Roseburia. Additionally, Firmicutes (C. Cluster XI & I, Roseburia,
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Lactobacillus, C. coccoides, C. Leptum) was analyzed. Purified DNA from reference strains for
bacteria of interest (ATCC, Manassas, VA, USA & DSMZ Gmbh, Germany) was serially diluted
to create standard curve. Group specific standards were obtained from Cedarlane (Burlington,
ON, Canada) (Bifidobacterium adolescentis ATCC 15703D-5; Bacteroides thetaiotaomicron
ATCC 29148D-5, Akkermansia muciniphila ATCC BAA-835D-5, Escherichia coli ATCC
8739D-5, Methanobrevibacter smithii DSM861D, Lactobacillus DSM20557D, Blautia producta
ATCC 27340D-5, Clostridium leptum DSM753D, Clostridium difficile ATCC9689D-5,
Clostridium perfringens ATCC 13124D-5, Faecalibacterium prausnitzii DSM17677D, and
Roseburia hominis DSM16839). Using the reference strain, 16S rRNA copy number and genome
size were obtained from the following database https://rrndb.umms.med.umich.edu/. Primers
were prepared to 100uM solution by adding appropriate amount of purified water to primer, then
diluted by 10 to yield 10uM solution. Table 3.2 provides the gut microbial group specific primers
and genomic DNA standards for gPCR according to previous work (155, 156). Using a 96-well
plate (Bio-Rad, Hercules, CA, USA), 20ng (5uL) of DNA from standards and samples were
added in duplicate. Each well had 20 pL of master mix, including 1 ul/well of both forward and
reverse bacteria primers, 12.5 puL/well of supermix (SYBR Green), 5.5 puL/well of molecular
water, and 5uL/well of standard or samples for a total volume of 25 uL/well. Using a CFX96
Touch Real-Time PCR Detection System (Bio-Rad laboratories, Hercules, CA, USA) a
longitudinal gut microbiota analysis was completed using the fecal and cecal samples. The gPCR
was heated for 2 minutes at 95°C, followed by 35 cycles of 95°C for 20 seconds, 55°C for 30
seconds, and 72°C for 30 seconds, and a final cycle for 2 minutes at 72°C. Additionally, a melt

curve analysis was run at 60°C and increased by 1°C every 8 seconds.
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Table 3.2 Gut microbial group specific primers and genomic DNA standards for gPCR

Microbial Group

Primer Sequence, 5°-3’
(Forward, F and Reverse, R)

Genomic DNA Standard

Reference

Firmicutes
Clostridium coccoides
(cluster XIV)

Clostridium leptum
(cluster 1V)

Clostridium group
(cluster I)

Clostridium group
(cluster XI)

Faecalibacterium
prausnitzii

Lactobacillus

Roseburia

F: ACTCCTACGGGAGGCAGC
R: GCTTCTTAGTCARGTACCG

F: GCACAAGCAGTGGAGT
R: CTTCCTCCGTTTGTCAA

F: ATGCAAGTCGAGCGAKG
R: TATGCGGTATTAATCTYCCTTT

F: ACGCTACTTGAGGAGGA
R: GAGCCGTAGCCTTTCACT

F: AACCTTACCAAGTCTTGACATC
R: TTGCGTAGTAACTGACCATAAG

F: GAGGCAGCAGTAGGGAATCTTC
R:GGCCAGTTACTACCTCTATCCTTCTTC

F: TACTGCATTGGAAACTGTCG
R: CGGCACCGAAGAGCAAT

Blautia Producta

Clostridium leptum

Clostridium perfringens

Clostridium difficile
Faecalibacterium
prausnitzii

Lactobacillus jensonii

Roseburia hominis

Amann, Krumholz, &
Stahl, 1990;
Franks et al., 1998

Matsuki, Watanabe,
Fujimoto, Takada, &
Tanaka, 2004
Rinttila, Kassinen,

Malinen, Krogius, &
Palva, 2004

Song, Liu, &
Finegold, 2004

Beacon Designer 3.0

Delroisse et al., 2008

Larsen et al., 2010

Bacteroidetes
Bacteroides/Prevotella

F: TCCTACGGGAGGCAGCAGT
R: CAATCGGAGTTCTTCGTG

Bacteroides
thetaiotaomicron

Bernhard & Field,
2000; Nadkarni,
Martin, Jacques, &
Hunter, 2002

Actinobacteria
Bifidobacterium

F: CGCGTCYGGTGTGAAAG
R: CCCCACATCCAGCATCCA

Bifidobacterium
adolescentis

Delroisse et al., 2008

Archaea
Methanobrevibacter

F: CTCACCGTCAGAATCGTTCCAGTC
R: ACTTGAGATCGGGAGAGGTTAGAGG

Methanobrevibacter
smithii

Bomhof et al., 2014

Proteobacteria
Enterobacteriaceae

F: CATTGACGTTACCCGCAGAAGC
R: CTCTACGAGACTCAAGCTTGC

Escherichia coli

Bartosch, Fite,
Macfarlane, &
McMurdo, 2004

Verrucomicrobia
Akkermansia
muciniphila

F: TCTTCGGAGGCGTTACACAG R:
AGTTGATCTGGGCAGTCTCG

Akkermansia
muciniphila

Beacon Designer 3.0
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3.7 Measures of the Nucleus Accumbens and Ventral Tegmental Area

Brains were coronally sliced using a Reichert-Jung, Frigocut 2800E Cryostat Microtome
(Leica microscopes, Apeldoorn, Netherlands) in series of 8 at 50 um sections and were placed on
super-frost plus microslides (VWR, Radnor, PA, USA). The charged slides were subbed with 2 ¢
of gelatin (G8-500 Fisher) (Thermo Fisher Scientific Inc., Waltham, MA, USA), 0.4 g of chrome
alum (0.2%), and 200 ml of deionized water to ensure proper tissue adherence to the slides. The
brain slices were stained using a Crystal violet stain (Nissl Stain) protocol. A series of initial
ascending alcohol baths and HemoDe baths were used to remove fats and chemicals and
dehydrate the tissues. Descending alcohol baths of 100% alcohol, 95% alcohol, and 70% alcohol
were used to rehydrate the tissues before staining. After rehydration, tissues were placed in the
dH.0 bath for the stain to hold. The tissues were placed in the Cresyl Violet stain solution (1%
Cresyl Violet Acetate in dH20). To destain the tissues so differentiation could be seen, tissues
were placed in acetic acid-alcohol (2 ml glacial acetic acid in 200ml of 70% ETOH). Finally, the
tissues were placed in a HemoDe bath until coverslips were mounted. Excess HemoDe was
wiped off, and coverslips were mounted on slides using Permount. After the brain samples were
stained and mounted, the Northern Light Imaging Precision Illuminator Model B90 (Imaging
Research, St. Catharines, Ontario, Canada), Dino-Lite Camera (Dunwell Tech, Inc, Torrance,
CA, USA), and DinoCapture 2.0, version 1.5.37 software (Dunwell Tech, Inc, Torrance, CA,
USA), were used to photograph each section of the NA and VTA. The rat brain atlas was used
for reference (157) as follows: 1) NA: bregma, 0.48mm to 2.70mm; and 2) VTA: bregma -
4.80mm. Images were analyzed using imageJ software (U. S. National Institutes of Health,

Bethesda, Maryland, USA) (158). The final volume measure was the sum of all the areas
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measured multiplied by the number of sections (8) then multiplied by the thickness of each slice

(0.05mm).

3.8 Biochemical Analysis of Appetite-Regulating Hormones

All appetite-regulating hormones, acylated ghrelin (active), glucagon like peptide-1 (total),
insulin, and leptin were analyzed using commercially available enzyme-linked immunosorbent
assay (ELISA) kits (MilliporeSigma Corp, Billerica, MA) according to the manufacturer’s
directions. Corticosterone concentration was determined using Corticosterone ELISA Kit (Arbor
Assays, Ann Arbor, M1, USA). All blood samples from the OGTT were assayed in singles, as
according to the National Centre for the Replacement, Refinement, & Reduction of Animals in
Research, less than 2 mL of blood could be safely collected over 24 hours (159). Portal blood
samples were assayed in duplicates. Blood glucose was assessed using a OneTouch blood

glucose meter (OneTouch Glucose Meter, Lifescan Inc.) immediately after each blood draw.

3.9 Statistical Analysis

IBM SPSS 27.0 software was used to analyze all data. Using G power, a power calculation
was used to determine sample size (power level 0.8; alpha level of 0.05) to detect a difference in
satiety hormones concentration of 20% based on the standard deviation of ~16% from
experiments previously conduced in our lab. To assess normality of data, the Shapiro-Wilk
(S.W) test was used with P <0.05 and S.W. <0.8 statistics defined as significantly skewed. The
appropriate transformation was used for data that were not normally distributed. Missing values
for appetite-regulating hormones were filled using the highest concentration. To determine the
difference for all data involving serial measures, mixed-design ANOVA was used to assess time

as the within-condition variable and group as the between-condition variable. If a significant
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main effect of time was observed, the least significant difference (LSD) test was used to
determine the differences for the within condition. A one-way ANOVA was used to determine
differences between the treatment groups and time if a significant interaction was identified.

A post hoc LSD test was used to determine differences between treatment groups if a significant
group effect was observed. AUC measure was used to assess the total changes in appetite-
regulating hormones after the OGTT. AUC measures were calculated by trapezoidal sums.
Additionally, Pearson correlation or Spearman correlation was used to assess the correlation
between outcome variables. For all statistical tests, P<0.05 was considered statistically

significant. All data is represented as the mean + standard error mean (SEM).
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CHAPTER 4: RESULTS

4.1 Body Weight & Body Composition
4.1.1 Body Weight

Baseline body weights were the same between groups (SED: 402.4g + 11.2; EX: 394.1g + 6.85;
and SED-WM: 400.3g £ 9.11, P=0.819). A main effect of time (P<0.001) and interaction effect
of time x group (P=0.043) were observed. No main effect of group was observed (P=0.059)
(Figure 4.1A & Table 4.1). A follow up one-way ANOVA showed that body weight was
different in week 3 (P=0.043), week 4 (P=0.026), and week 5 (P=0.038). EX had lower body
weight than SED in week 3 (P=0.014), week 4 (P=0.012), and week 5 (P=0.016). Body weight
in SED-WM was lower than SED in weeks 4 (P=0.033) and 5 (P=0.035). No differences in body
weight were observed in week 1 (P=0.316), week 2 (P=0.127), week 6 (P=0.052), week 7
(P=0.073), and week 8 (P=0.106). Overall, it was initially observed that body weight reduced in

EX, but no differences were present between SED and EX at the end of the study.

4.1.2 Fat Pads and Relative and Total Fat Mass

A group difference was observed between epididymal (P=0.007), retroperitoneal (P=0.013),
peritoneal (P=0.002) and inguinal (P=0.039) fat pad mass (Table 4.2). A post hoc test identified
that EX had reduced epidydimal (P=0.002), retroperitoneal (P=0.004), peritoneal (P<0.001), and
inguinal (P=0.015) fat pad mass relative to SED. EX had reduced epididymal (P=0.038),
retroperitoneal (P=0.042), and peritoneal (P=0.013) relative to SED-WM.

A difference was observed for total fat mass (P=0.007) and relative fat mass (P=0.003)
between groups (Table 4.2). A post hoc test identified that EX had lower total fat mass relative to
SED (P=0.002) and SED-WM (P=0.027). Additionally, EX had lower relative fat mass

compared to both SED (P=0.002) and SED-WM (P=0.005).
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4.2 Food and Energy Intake

To weight match SED-WM to EX group, food intake was restricted within the range of
83.8%-97.8% of SED or an average of 89.6% of SED energy intake throughout the duration of
the study. A main effect of time (P<0.001) and time x group interaction (P<0.001) were
observed (Table 4.1 & Figure 4.1B). A follow up one way ANOVA demonstrated a difference in
food intake at week 1 (P=0.003), week 3 (P=0.001), week 4 (P<0.001), week 5 (P<0.001), week
6 (P=0.032), and week 7 (P=0.002). A post hoc test showed an early reduction in El in EX
relative to SED, in week 1 (P=0.001) and week 3 (P=0.016), followed by a steady increase in El
in EX where El was the same between EX and SED. SED-WM had lower El than SED in week
1 (P=0.009), week 3 (P<0.001), week 4 (P<0.001), week 5 (P<0.001), week 6 (P=0.042), and
week 7 (P=0.050). Additionally, SED-WM had lower EI than EX in week 3 (P=0.044), week 4
(P<0.001), week 5 (P<0.001), week 6 (P=0.011), and week 7 (P<0.001). A main effect of group
(P=0.010) was observed. A post hoc test identified a difference between SED-WM and both
SED (P=0.003) and EX (P=0.034), with SED-WM having lower El relative to SED and EX.
There was no overall difference observed for EI between SED and EX. There was a positive
Pearson’s Correlation between total energy intake and final body weight (r =0.892, P<0.001),

total fat (r = 0.774, P=0.001), and relative fat mass (r =0.619, P=0.005) (Figure 4.2).
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Table 4.1 Weekly body weight, food intake, energy intake, and exercise distance for SED, EX, and SED-WM over an 8-week period

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8
Body SED 423.6+11.9 464.7+13.8 501.5+16.02 534.4 +£18.12 561.8 +20.22 587.7+21.8 610.5+23.6 625.5+23.8
Weight EX 403.1+7.19 432.9+9.93 454.3+12.62>  478.6 + 15.90b 501.5 + 18.76 525.8 +21.02 550.2 + 22.46 565.1 + 24.27
(2 SED-WM 409.6 + 8.34 4442 +7.25 4719+ 7.692b 488.9 +7.70b 511.0 + 7.87" 534.7 +£8.09 555.5 + 8.68 576.5+8.75
Food SED 274+ 1.022 26.2+0.88 27.5+1.08? 27.3+0.83? 27.8+0.932 27.2+1.052 27.0+£0.992 25.8+0.74
Intake EX 23.1+0.89P 24.0+0.79 249+ 0.47° 26.9 + 0.592 27.4+£0.792 28.0 +£0.89 29.2 +£0.702 26.3+0.58
(2) SED-WM 24.4 +£0.13P 25.7+0.46 22.7+0.23¢ 23.0+£0.18P 23.3+£0.28P 24.8 +0.37° 24.8 £ 0.51P 24.9+0.23
Energy SED 99.0 + 3.672 04.7+3.21 09.1+ 3.892 08.5 + 2.982 100.4 + 3.36? 08.2 +£3.792 97.3+3.572 93.2 + 2.66
Intake EX 83.3+£3.22b 86.7 + 2.83 89.7 £1.69P 97.1+£2.12b 08.7 + 2.86? 100.9 + 3.222 105.3 + 2.534 949+ 2.08
(kcal) SED-WM 88.0£0.47P 02.6+1.64 82.0+0.83¢ 82.8 £ 0.66P 84.1+1.00P 89.4 +1.34 89.5+1.82P 89.9+0.85
Exercise
Distance EX 1.01+0.13 3.47+0.72 4.80+0.87 4.61+0.78 411+0.81 3.78+0.81 2.83+0.63 2.82+0.71
(km)

Values are means £ SEM, n = 9-10/gp. Mixed design repeated measures ANOVA performed to determine main effect of time, group, and their
interaction. When an interaction effect was observed between time x group, superscripts indicate significant differences between groups. Labeled
means at a time without a common letter differ, P<0.05. EX, exercise; SED, sedentary; SED-WM, sedentary weight-matched.
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Values are means + SEM, n = 9-10/gp. When an interaction effect was observed between time x
group, superscripts indicate significant differences between groups. Labeled means at a time
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Table 4.2 Anthropometrics of SED, EX, and SED-WM rats after 8 weeks

SED EX SED-WM
Final body weight (g) 628.1 + 23.7 567.3 +25.3 582.0 + 8.6
Total fat (9) 47.3+4.82 28.3 +3.4° 41.4 +3.22
Relative fat mass (fat mass (g)/body weight(g)) 7.4+0.52 4.9 +0.4° 7.1+0.52
Epididymal fat (g) 12.0+1.02 7.2+1.1° 10.2+0.78
Brown fat (g) 0.3+0.02 0.3+0.03 0.3+0.03
Retroperitoneal fat (g) 14.0 +1.52 83+1.2° 12.1+1.02
Peritoneal fat (g) 4.6 +0.4? 2.5+0.4° 3.9+0.3?
Inguinal fat (g) 16.4+2.28 10.1+1.1° 14.8+1.5%

Values are means + SEM, n = 9-10/gp. Superscripts indicate significant differences between
groups. Labeled means without a common letter differ, P<0.05. EX, exercise; SED, sedentary;
SED-WM, sedentary weight-matched.

4.3 Weekly Exercise Distance

One rat (Rat #45) from the EX-group was excluded from the study due to lack of exercise. A
main effect of time was observed (P<0.001) (Table 4.1 & Figure 4.3). Exercise distance was
higher in all weeks relative to week 1. Exercise distances increased from week 1 to week 2
(P=0.005) and week 2 to week 3 (P=0.005). Exercise peeked at week 3 (M=4.77 km) and stayed
constant until week 6 when exercise decreased between week 6 to week 7 (P=0.012). Total
exercise distance in EX was negatively correlated with final body weight (r =-0.691, P=0.039),

total fat (r =-0.792, P=0.011), and relative fat (r =-0.804, P=0.009) (Figure 4.4).
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4.4 Glycemic and Appetite-Regulating Hormone Response
4.4.1 Glucose

There was a main effect of time (P<0.001) and a trend towards a time x group interaction
effect for glycemic response to an OGTT(P=0.055). No differences were observed between
groups (P=0.407) (Figure 4.5A(i)), AUC glucose (P=0.336) (Figure 4.5A(ii)) or portal glucose

concentration (P=0.326) (Table 4.3).

4.4.2 Insulin

A main effect of time (P<0.001) and group (P=0.028) were observed. There was no
interaction effect between time x group (P=0.346) (Figure 4.5 B(i)). A post hoc test identified a
group difference between EX and SED (P=0.008), with EX having lower insulin relative to SED.
A group difference in AUC insulin was observed (P=0.038), with SED having higher AUC
insulin than EX (P=0.010) (Figure 4.5B(ii)). No difference between groups was observed for
portal insulin concentration (P=0.138) (Table 4.3). Total exercise distance was negatively
correlated with fasting insulin (r =-0.798, P=0.010). There was a positive Spearman’s
Correlation with fasting insulin and final body weight (p=0.486, P=0.007), total fat (p=0.662,
P<0.001), and relative fat (p=0.652, P<0.001) and a positive Pearson’s Correlation for total AUC
insulin and final body weight (r =0.481, P=0.008), total fat (r =0.695, P<0.001), and relative fat

(r =0.673, P<0.001).

4.4.3 Composite Insulin Sensitivity Index (CISI)
A main group effect was observed (SED: 2.89 + 0.37; EX: 4.36 £ 0.40; and SED-WM: 2.69 *
0.21, P=0.004). A post hoc test detected that EX had higher CISI than both SED (P=0.004) and

SED-WM (P=0.003).
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4.4.4 Leptin

A main group effect was observed (P=0.023). No main effect of time (P=0.961) or interaction
effect of time x group (P=0.368) were observed (Figure 4.5C(i)). A post hoc test identified a
group difference between EX and SED-WM (P=0.006), EX had lower leptin relative to SED-
WM. Group differences in AUC leptin trended towards significance (P=0.064) (Figure 4.5C(ii)).
A main effect of group on portal leptin concentration was observed (P=0.009) (Table 4.3). A
post hoc test showed a difference between EX and SED (P=0.022) and SED-WM (P=0.003),
with SED-WM and SED having higher portal leptin concentrations relative to EX. There was a
positive Pearson’s Correlation between fasting OGTT and portal leptin and final body weight (r
=0.571, P=0.001; r =0.440, P=0.017, respectively), total fat (r =0.696, P<0.001; r =0.736,
P=<0.001, respectively) and relative fat (r =0.666, P<0.001; r =0.736, P<0.001, respectively). In
EX, total exercise distance was negatively correlated with fasting leptin (r =-0.747, P=0.021) and

portal leptin (r =-0.762, P=0.017).

4.4.5 Acylated Ghrelin

A main effect for time (P<0.001) and an interaction effect between time x group (P=0.048)
were observed. No group effect was observed (P=0.377) (Figure 4.5D(i)). A follow up one-way
ANOVA detected differences at time 30 (P=0.037), where SED-WM had reduced acylated
ghrelin concentration relative to SED (P=0.025) and EX (P=0.027). No difference in AUC
acylated ghrelin concentration (P=0.435) (Figure 4.5D(ii)) or portal acylated ghrelin
concentration (P=0.247) (Table 4.3) were observed between groups. Total exercise distance

positively correlated with fasting acylated ghrelin (r =0.862, P=0.003).
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4.4.6 Glucagon-Like-Peptide-1 (GLP-1)

A main effect of time was observed (P=0.026). No time x group interaction (P=0.495) or
group effect (P=0.889) were observed (Figure 4.5E(i)). No differences in AUC GLP-1(P=0.623)
(Figure 4.45(ii)) or portal GLP-1 concentration (P=0.295) (Table 4.3) were observed between
groups. Total exercise distance was negatively correlated with fasting GLP-1 (r =-0.671,

P=0.048).
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Figure 4.5 Measure of appetite-regulating hormones for SED, EX, and SED-WM during an
OGTT. (i) Concentrations and (ii) total AUC measures of (A) glucose, (B) insulin, (C)

leptin, (D) AG, and (E) GLP-1.

Values are means + SEM, n = 9-10/gp. When a time x group effect was observed @

superscripts indicate significant group differences, labeled means at a time without a common
letter differ, P<0.05. AG, acylated ghrelin, AUC, area under the curve; EX, exercise; GLP-1,
glucagon like peptide-1; OGTT, oral glucose tolerance test; SED, sedentary; SED-WM,

sedentary weight-matched.
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Table 4.3 Fasting portal blood concentrations of glucose and appetite-regulating hormones
in SED, EX, SED-WM rats after 8 weeks

SED EX SED-WM
Glucose (mmol/L) 6.45 +0.23 6.12 £ 0.16 6.05+0.19
Insulin (ng/mL) 8.46 + 1.89 13.04 £ 1.63 9.19+2.24
Leptin (ng/mL) 9.81 + 0.90? 5.28 +1.22° 11.32 + 1.652
Acylated Ghrelin (ng/mL) 1.05+0.14 1.22+0.12 0.854 + 0.082
GLP-1 (pM) 16.20 +£ 1.96 17.30 £ 2.26 12,97+ 1.77

Values are means + SEM, n = 9-10/gp. Superscripts indicate significant differences between
groups. Labeled means without a common letter differ, P<0.05.AG, acylated ghrelin; EX,
exercise; GLP-1, glucagon like peptide-1; SED, sedentary; SED-WM, sedentary weight-
matched.
4.4.7 Corticosterone

A main effect of time (P<0.001), time x group interaction (P=0.004), and group effect
(P<0.001) were observed (Figure 4.6A). A post hoc comparison revealed that corticosterone
decreased continuously over time during the OGTT. At baseline, corticosterone concentration
was higher than at times 60min (P=0.009) and time 120 min (P<0.001). At time 60 min,
corticosterone concentration was higher than at time 120 min (P<0.001). A follow up one way
ANOVA was used to determine the interaction effect on time x group. Group differences were
observed at time 0 min (P=0.041), time 60 min (P=0.004), and time 120 min (P<0.001). SED
had higher corticosterone than EX (P=0.019) and SED-WM (P=0.049) at time 0 min. EX had
lower corticosterone than SED (P=0.001) and SED-WM (P=0.021) at time 60 min. At time 120
minutes, EX had lower corticosterone than SED (P<0.001) and SED-WM (P<0.001). A post hoc
test identified that SED had higher overall corticosterone than EX (P<0.001) and SED-WM
(P=0.043), and SED-WM had higher corticosterone than EX (P=0.002). Additionally, a group
difference in AUC corticosterone concentration was observed (P=0.009) (Figure 4.6B), with
SED having higher AUC corticosterone relative to EX (P=0.001). No difference between groups

was observed for portal corticosterone (P=0.064) (Figure 4.6C).
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Figure 4.6 Measure of corticosterone for SED, EX, and SED-WM (A) Concentration at
time 0-, 60-, and 120-minutes during OGTT; (B) total AUC; and (C) portal concentration.
Values are means + SEM, n = 9-10/gp. Superscripts or * indicate significant group differences.
Labeled means at a time without a common letter differ, P<0.05. AUC, area under the curve;
EX, exercise; OGTT, oral glucose tolerance test; SED, sedentary; SED-WM, sedentary weight-

matched.
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4.5 Fecal Gut Microbiota
45.1 Pre-Intervention

There were no group differences in Bacteroides (P=0.421), Bifidobacterium (P=0.193),
Akkermansia (P=0.703), Enterobacteriaceae (P=0.161), Methanobrevibacter (P=0.064),
Lactobacillus (P=0.365), C. coccoides (P=0.256), C. leptum (P=0.990), C. cluster I (P=0.099),
C. cluster X1 (P=0.397), F. prausnitzii (P=0.473), Roseburia (P=0.666), or Firmicutes (P=0.538)

(Figure 4.7).

4.5.2 Time Effect

A main effect of time was observed for Bacteroides (P=0.010), Lactobacillus (P=0.008), C.
leptum (P=0.015), and C. cluster I (P=0.021), with a higher concentration of each bacteria
detected post intervention relative to pre-intervention. Additionally, a main effect of time was
observed for Bifidobacterium (P=0.008), Akkermansia (P<0.001), Methanobrevibacter
(P=0.001), and C. cluster XI (P<0.001), with lower concentrations of each bacteria detected post
intervention relative to pre-intervention. No main effect of time was observed for
Enterobacteriaceae (P=0.323), C. coccoides (P=0.767), F. prausnitzii (P=0.332), Roseburia

(P=0.157), and Firmicutes (P=0.149) (Figure 4.7).

4.5.3 Interaction Effect

No time x group interactions were observed for Bacteroides (P=0.231), Bifidobacterium
(P=0.712), Akkermansia (P=0.726), Enterobacteriaceae (P=0.580), Methanobrevibacter
(P=0.210), Lactobacillus (P=0.815), C. coccoides (P=0.220), C. leptum (P=0.890), C. cluster I
(P=0.292), C. cluster XI (P=0.707), F. prausnitzii (P=0.427), Roseburia (P= 0.063), or

Firmicutes (P=0.420) (Figure 4.7).
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45.4 Group Effect

A main group effect was observed for Enterobacteriaceae (P=0.038), Methanobrevibacter
(P=0.036), C. coccoides (P=0.013), C. cluster XI (P=0.013), F. prausnitzii (P=0.040). A post
hoc test determined SED had lower overall Methanobrevibacter than SED-WM (P=0.013). SED-
WM had higher overall Enterobacteriaceae, C. coccoides, C. cluster XI, and F. prausnitzii than
SED (P=0.027, P=0.012, P=0.040, P=0.022, respectively) and EX (P=0.026, P=0.009, P=0.004,
P=0.036, respectively). No group effect was observed for Bacteroides (P=0.307),
Bifidobacterium (P=0.118), Akkermansia (P=0.239), Lactobacillus (P=0.137), C. leptum

(P=0.852), C. cluster I (P=0.260), Roseburia (P=0.277), or Firmicutes (P= 0.071) (Figure 4.7).
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rats over 8-weeks for A) Bifidobacterium; B) Bacteroides/Prevotella; C) Akkermansia
muciniphila; D) Lactobacillus; E) Faecalibacterium prausnitzii; F) Methanobrevibacter; G)
Enterobacteriaceae; H) Roseburia; 1) Clostridium cluster I; J) Clostridium coccoides (cluster
X1V); K) Clostridium leptum (cluster 1V); L) Clostridium cluster XI; M) Firmicutes.

Values are means = SEM, n = 9-10/gp. When an interaction effect was observed between time x
group, superscripts indicate significant differences between groups. Labeled means at a time
without a common letter differ, P<0.05. DNA, deoxyribonucleic acid; EX, exercise; rRNA,
ribosomal ribonucleic acid; SED, sedentary; SED-WM, sedentary weight-matched.
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4.6 Cecal Gut Bacteria

A group difference was observed in Bifidobacterium (P=0.013), EX had more
Bifidobacterium than SED (P=0.036) and SED-WM (P=0.004). Additionally, a difference in C.
cluster I was observed between groups (P<0.001). A post hoc test demonstrated that SED had
more C. cluster | than EX (P=0.003) and SED-WM (P<0.001). The intervention did not affect
Bacteroides (P=0.479), Akkermansia (P=0.097), Enterobacteriaceae (P=0.669),
Methanobrevibacter (P=0.476), Lactobacillus (P=0.265), C. coccoides (P=0.171), C. leptum
(P=0.106), C. cluster X1 (P=0.926), F. prausnitzii (P=0.704), Roseburia (P=0.252), Firmicutes

(P=0.136) (Figure 4.8).
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Figure 4.8 Cecal 16S rRNA gene copy/20ng of genomic DNA in SED, EX, and SED-WM
rats over an 8-week period for A) Bifidobacterium; B) Bacteroides/Prevotella; C)
Akkermansia muciniphila; D) Lactobacillus; E) Faecalibacterium prausnitzii; F)
Methanobrevibacter; G) Enterobacteriaceae; H) Roseburia: 1) Clostridium cluster I; J)
Clostridium coccoides (cluster X1V); K) Clostridium leptum (cluster 1V); L) Clostridium
cluster XI; M) Firmicutes.

Values are means + SEM, n = 9-10/gp. When a group effect was observed, * indicates significant
group differences, P<0.05. DNA, deoxyribonucleic acid, EX, exercise; rRNA, ribosomal
ribonucleic acid; SED, sedentary; SED-WM, sedentary weight-matched.
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4.7 Hedonic System
4.7.1 Nucleus Accumbens Volume

No differences between groups and left NA volume (P=0.567) or right NA volume (P=0.225)
were observed (Figure 4.9) There was a positive correlation between total EI and left NA volume

(r =0.462, P=0.046). No correlation was observed between total EI and right NA (r =0.118,

P=0.630) (Figure 4.10).
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Figure 4.9 (A) left NA volume and (B) right NA volume for SED, EX, and SED-WM after 8

weeks.
Values are means + SEM, n = 9-10/gp. When a group effect was observed * indicates significant
group differences. EX, exercise; NA, nucleus accumbens; SED, sedentary; SED-WM, sedentary

weight-matched,
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Figure 4.10 Correlation between total energy intake and left and right NA volume.
Values are means, n=9-10/group. Open circles display the right NA. Filled circles display left
NA. * Indicates significant correlation, P<0.05. NA, nucleus accumbens.

77



4.7.2 Ventral Tegmental Area
Left VTA or right VTA at Bregma -4.80 were not different between groups (P=0.623;
P=0.424, respectively) (Figure 4.11). There was no correlation between total EI and left VTA (r

=-0.318, P=0.199) or right VTA (r =0.333, P=0.177) (Figure 4.12).
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Figure 4.11 (A) left ventral tegmental area and (B) right ventral tegmental area for SED,

EX, and SED-WM after 8 weeks.
Values are means + SEM, n = 9-10/gp. EX, exercise; SED, sedentary; SED-WM, sedentary

weight matched; VTA, ventral tegmental area.
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Figure 4.12 Correlation between total energy intake and left and right ventral tegmental

area at Bregma -4.80mm.
Open circles display the area of the right VTA. Filled circles display the area of the left VTA.

Values are means, n =8-10/gp. VTA, ventral tegmental area.
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CHAPTER 5: DISCUSSION
To date, exercise has predominantly been used as a weight loss strategy; however, research has
not yet demonstrated the long-term effectiveness of exercise on weight reduction. The
mechanisms involved in exercise-induced energy compensation have yet to be elucidated. Using
a rodent model, this study sought to understand the mechanisms driving the increase in energy
intake after 8 weeks of voluntary wheel running, specifically looking at mechanisms involving
appetite-regulating hormones, the gut microbiota, and the volume of the NA and an area of the
VTA in male Sprague Dawley rats.

Results from our study indicated that body weight in each group varied over time. Body
weight was initially reduced in EX, but no differences were present between SED and EX at the
end of the study. A reduction was observed in relative fat mass in EX compared to both SED and
SED-WM and in epididymal, retroperitoneal, peritoneal, and inguinal fat pads in EX compared
to SED, which suggests that exercise may not have a weight reducing effect, but it may improve
body composition. Energy intake was differentially affected by time, showing an early reduction
in energy intake in EX relative to SED, followed by a steady increase. Using an OGTT to
examine short-term appetite response, no differences in short-term appetite-regulating hormones,
acylated ghrelin, or GLP-1 were observed. EX reduced portal leptin concentration compared to
SED and SED-WM and reduced total insulin relative to SED. Although there was no difference
in right or left NA volumes or area at Bregma -4.80mm for the VTA between groups, there was a
positive correlation between left NA volume and energy intake as well as a trend toward an
association between left NA and fasting leptin. Exercise had a mild impact on the gut microbiota,
as the abundance of Bifidobacterium increased more in EX than in SED-WM and SED.

Additionally, cecal C. cluster | was reduced in EX and SED-WM compared to SED.
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5.1 Body Weight

Research has yet to fully establish the relationship between aerobic exercise on body weight
and change in body weight. All groups in our study progressively increased body weight. EX
body weight was initially reduced in week 3, 4, and 5 compared to SED; however, after 8 weeks,
no difference in body weight between groups was observed, suggesting that exercise does not
provide a protective effect on weight gain. This finding is consistent with previous research (109,
110, 160-164). A study conducted by de Carvalho et al. sought to understand the effects of 10
weeks of voluntary wheel running on body weight in mice (110). Mice were split into a control
or high-fat diet group, with half of the mice from each group given access to a running wheel
(110). Mice increased body weight regardless of exercise, and there were no differences in body
weight between the exercise or sedentary groups (110). Similarly, a study conducted by Jung et
al. aimed to understand the effects of 12 weeks of wheel running on body composition and body
mass in male mice consuming either a high-fat or high carbohydrate diet (163). After two weeks
of acclimatization, mice were randomly assigned to 1 of 5 groups: 1) high-fat sedentary (HF-S),
2) high-fat exercise (HF-E), 3) high carbohydrate sedentary (HCHO-S), 4) high carbohydrate
exercise (HCHO-E), or 5) standard chow sedentary (CHOW-S) (163). After 12 weeks, body
mass increased in all groups, however, there was no difference in body weight between HF-S
and HF-E, or HCHO-S and HCHO-E (163). Additionally, previous research supports these
findings, after 4 weeks (160, 161, 165), 8 weeks (164), and 12 weeks (109). Altogether, based on
these studies, exercise does not prevent weight gain between exercise and sedentary animals.

On the other hand, research by other groups has shown exercise to have a protective effect on
weight gain. Previous research has found a reduction in body weight of exercising animals

consuming a high-fat diet compared to the sedentary controls after 4 weeks (161), 6 weeks (124,
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146), 8 weeks (166), 10 weeks (167), and 12 weeks (111). This effect has also been observed
after 12 weeks in obese mice (109) and after 24 weeks of exercising in female mice (112).
Similarly, in a long-term study (i.e., 12 months) body weight was reduced in both exercising
male and female mice (113). Additionally, in a 4 week study employing a forced treadmill
running and ad libitum feeding, rats completing exercise had a final body weight lower than the
sedentary group (108).

The discrepancy between our study and previous literature on body weight after prolonged
aerobic exercise may be due to methodological differences. Our study used healthy male Sprague
Dawley rats and the AIN-93M purified diet that is lower in protein and fat and recommended for
adult rodent weight maintenance. A diet effect has been observed in previous literature where
there is an exercise-induced reduction in body weight when consuming a high-fat diet. A study
conducted by Cordeira & Monahan sought to understand the effects of 5 weeks of 30 minutes of
wheel running for 5 days/week on body weight in C57BL/6 male mice. The mice were split into
4 groups: 1) high-fat (HF) and standard chow (SC)-sedentary, 2) HF+SC-exercise, 3) SC-
exercise, or 4) SC- sedentary. Body weight and fat mass were reduced in groups with access to
HF+SC exercise compared to sedentary HF+SC group (168). However, body weight, weight
change, and fat mass were not different between exercise-SC and sedentary-SC (168). While the
mechanisms involved in body regulation in the presence of exercise and a high-fat diet have not
been elucidated, it is speculated that the hedonic system may play a role in this protective effect
of weight gain with exercise and the consumption of a high-fat diet. Both exercise and highly
palatable diets stimulate the reward centers in the brain (168). It is purported that exercise may
change the preference for highly palatable diets (168). Exercise may elicit similar reward effects

as consuming a highly palatable diet, and therefore, instead of enhancing food reward, it replaces
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food reward (135). This does not affect regular food intake, where exercising mice did not
reduce standard chow intake (17). The two speculated mechanisms driving this reward
replacement behaviour include increased leptin functioning in the VTA (169) and/or a change in
the dopaminergic system (135). A study conducted by Scarpace et al. aimed to understand the
effect of wheel running on leptin signalling after wheel running in rats (169). Rats were given
access to both high-fat and chow food as well as a running wheel (169). After 2 days of wheel
running, rats were administered leptin and euthanized 1 hour later (169). It was observed that
wheel running increased leptin signalling in the VTA, which was associated with a reduction in
preference for high-fat food compared to the sedentary rats (169). Additionally, it was observed
that the dopaminergic areas in the brain were similar between rats with access to a running wheel
and sedentary rats with access to a high-fat diet (135). Despite these findings, this diet effect on
exercise is not always observed. Regardless of diet, no difference in body weight was observed
after exercising for 6 weeks (170), 10 weeks (110), and 12 weeks (163) in animals. The
difference between our study and previous studies remains unknown. Additional research is
needed to understand and elucidate these mechanisms.

Similar to animal models, humans experience a considerable variation in response to exercise
on weight loss. In a systematic review conducted by Riou et al., long-term exercise interventions
in humans produce an ~ 84% exercise-induced energy compensation (10), suggesting that weight
loss does not occur as predicted based on energy expenditure. Additionally, a study conducted by
Myers et al. observed that after 12-weeks of supervised exercise in women with overweight or
obesity, two-thirds of participants were considered non-responders, meaning that less than
anticipated weight loss was observed. Non-responders had a weight reduction of ~22% of what

was anticipated (15). Similar findings have been shown in previous literature after 24 weeks of
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different doses of supervised exercise. Almost a quarter of the moderate dose (8kcals/kg/week)
exercisers and half of the large dose (20 kcal/kg/week) exercisers did not lose any weight (99).
Overall, we observed that exercise does not protect against weight gain, however, previous
evidence in human and animal studies shows a significant variation in response to exercise on
weight loss. Furthermore, previous animal studies have shown that body weight may be
influenced by the type of diet, potentially more than access to exercise. Based on this evidence, it
may be necessary for future studies to investigate other strategies for weight loss, such as dietary

interventions or a combination of exercise and diet rather than the independent use of exercise.

5.2 Body Composition

While there is still some ambiguity on the effects of exercise on body weight, the effect on
body composition has been examined thoroughly. Previous research has shown that exercise
effectively reduces body fat % and fat pad mass (20, 112, 113, 124, 146). In a study conducted
by Levin et al., after 6 weeks of wheel running, exercising mice had an ~36% reduction of
visceral fat pads compared to the sedentary controls (146). In agreement with the other studies,
we found that total fat pad mass and relative fat mass were reduced in EX compared to SED by
~40% and ~33%, respectively. These effects have been seen in longer-term studies conducted by
McMullan et al., where after 12 months of exercise, mice had reduced body fat by ~50% (113).
However, one shorter-term study was unable to elicit the same effects. After 4 weeks of forced
exercise training, Foright et al. observed only a trend toward improvement of body fat % in
exercising male rats (108). This may be due to the length of the study, as it may not have been
long enough to invoke these positive body composition benefits from exercise. However, in a
study conducted by Gollisch et al., fat pad weight was reduced after 4 weeks of voluntary wheel

exercising in mice (161). Therefore, it may be due to the total volume of exercise rather than
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study duration. In the study conducted by Foright et al., the exercising distance, 900m/day (i.e.,
15m/minute for 1 hour), may not have been sufficient to produce the same effects compared to
Gollisch et al., where the female Sprague Dawley rats ran on average 8.8-9.3 km/day.

In our study, while epididymal, inguinal, retroperitoneal, and peritoneal fat pads were reduced
in EX compared to SED, no differences in brown adipose mass were observed. Brown adipose
tissue (BAT) functions to produce heat for the body through non-shivering thermogenesis (171).
Heat production is mediated through uncoupling protein 1 (UCP-1) (172). BAT and browning of
WAT are sensitive to exercise, and this is due to both sympathetic nervous system stimulation
and non-SNS stimulation (172). After acute and chronic exercise, norepinephrine is released
from the SNS and increases BAT activity by activating UCP-1 stimulation, gene transcriptions,
mitochondrial biogenesis, and recruitment of WAT to BAT (172). Independent of the SNS
activation, other mechanisms have been observed to directly affect BAT activity or influence
browning of WAT, such as cardiac natriuretic peptides, irisin, interleukin 6, and fibroblast
growth factor (172). Inconsistent results have been shown on the effects of exercise on BAT
mass. Similar to our study, exercise has been observed to have no effect on BAT, after 12 (173)
and 6 weeks (174) of wheel running in mice and rats, respectively. Exercise, however has shown
to increase BAT mass after 11 weeks of swimming in 32°F water in rats (175) and after 6 weeks
of treadmill exercise in female rats (176). Furthermore, BAT has also been observed to be
reduced after 6 weeks (177) and 9 weeks (178) of treadmill running. In humans, evidence is still
relatively new, however, a study conducted by Singhai et al. sought to understand the effects of
cold exposure on BAT volume in young female athletes compared to non-athletes (179). BAT
volume was observed to trend lower in female athletes compared to sedentary females (179).

Additionally, the effect of aerobic exercise on browning of white adipose tissue (WAT) has
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recently been investigated. Browning of WAT increases the energy burning capacity of WAT,
thus, it is important to understand the effect of exercise on the browning of WAT (165). A recent
review conducted by Townsend & Wright examined effects of exercise on browning of WAT
(180). While there have been numerous studies in rodents that observe, after chronic exercise,
browning of WAT, this may not be the case in humans, where exercise has not yet been able to
elicit the same response (180). It was concluded that human interventions might need to be

longer to see any browning effects in the WAT (180).

5.3 Energy Intake

Energy compensation is thought to result from an increase in energy intake and/or a reduction
in NEAT. Our study observed a reduction in food intake in weeks 1 and 3 in the EX-group
compared to the SED group. This suggests that an anorectic effect of exercise was occurring
during the initial weeks of the study, which may explain the differences in body weight between
EX and SED in week 3. This has also been seen in shorter duration studies (4-6 weeks). After 5
weeks of wheel running, Cordeira & Monahan identified a reduction in energy intake by 11% in
HF+SC exercising mice compared to HF+SC sedentary mice (168). Foright et al. observed after
4 weeks of forced treadmill running, in male rats, exercise reduced food intake by ~5% (108).
Similarly, after 5 weeks of resistance training, rats that completed exercise had an 11% reduction
in food intake compared to their sedentary controls (123). The findings from these studies
corroborate with what we observed in our study, where in the first three weeks of exercise, an
~10.6% (EX intake/SED intake) reduction in food intake was observed.

Throughout the remaining weeks of our study, EX continuously increased energy intake with
a trend towards increased energy intake in week 7 in EX compared to SED. However, at the end

of 8 weeks, there were no significant differences in weekly energy intake or overall energy
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intake between SED and EX. Similar to our study, previous studies have demonstrated that
exercise does not attenuate or potentiate overall energy intake compared to sedentary groups.
This effect has been observed after 12 weeks regardless of diet (163), 12 weeks in lean mice
(109), 6 weeks in male mice (146), and 8 weeks with consumption of a high-fat diet (181).
Additionally, energy intake remained unchanged between 16-24 weeks in female mice (112). On
the other hand, research has also shown that prolonged aerobic exercise increases energy intake,
therefore, increasing energy compensation in humans (13) and in animals (110, 124, 164, 170).
Energy intake has been observed to increase in exercised animals compared to sedentary
counterparts by 22.6% after 8 weeks (164), between 10% and 23% after 8 weeks (170), 26% and
7% on a standard diet and 11% and 45% in a high-fat diet after 5 and 10 weeks, respectively
(110), and 12% in chow-exercise and HFD-exercise after 6 weeks of exercise (124).

Our study, to our knowledge, is one of the few studies that measured energy intake daily.
Most studies only report overall energy intake. As a result, understanding the time course effects
of exercise on energy intake is often challenging. There are a few studies, however, that report
weekly energy intake. Similar to our study, Chen et al. observed that after the first three weeks of
wheel access, obese mice in the exercise group significantly reduced daily energy intake
compared to the obese mice in the sedentary group. Interestingly, at the end of 8 weeks, energy
intake between the two groups was similar (181). In another study, Levin et al. identified a slight
reduction in food intake in the exercise ad libitum group after 1 week of wheel running and then
an increase in weeks 3 and 4; however, at the end of 6 weeks, no difference was identified (146).
In contrast to these findings, Cordeira & Monahan observed a reduction in weekly energy intake
over 5 weeks between exercise and sedentary HF+SC diet groups (168). Counter to this finding,

Takeshita et al. observed that between 0 and 16 weeks of exercise, exercising mice increased
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energy intake consumption compared to sedentary mice, however, between 16 and 24 weeks,
there was no difference in energy intake (112). Furthermore, Droste et al. observed no difference
in weekly food intake over a four week wheel running intervention in exercising mice compared
to sedentary mice (160). Overall, based on the available literature, there is contrasting data
regarding the time-course impact of exercise on energy intake. The noted discrepancies in energy
intake between studies may be due to the type of diet, the dose, intensity or frequency of
exercise, the sex of the animal, or the study length.

Taken together, our findings show that exercise produces a short-term anorectic effect on
energy intake in the first weeks of exercise, similar to what other short-term studies (4 to 6
weeks) have observed. Throughout the remainder of the study, energy intake increased in
exercising rats and trended towards a significant increase in week 7, however, no difference was
observed between groups overall or at the end of 8 weeks. While there are inconsistent findings
between studies, study duration may be a major predictor of energy intake (10). A systematic
review conducted by Riou et al. in humans suggests short-term studies can elicit an energy
deficit however, as the duration of studies increase, so does energy intake and energy
compensation (10). Therefore, the short-term studies showing an overall reduction in food intake
may not have been long enough to provoke this exercise-induced energy compensation through
an increase in energy intake that we saw at the end of our study. However, 8 weeks may have
been too short of a duration to induce full energy compensation. It can be speculated that, in
agreement with previous literature (10, 20, 109, 110, 124), the longer the duration of the
intervention, the more energy compensation occurs. Furthermore, future research should
consider reporting energy intake consistently by showing both overall and weekly energy intake.

Reporting weekly energy intake may allow for further evaluation of trends in energy intake in
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response to exercise as it could show when approximately energy compensation occurs.

Additionally, it will make it easier to compare energy intake data between studies.

5.4 Chronic Exercise and Appetite-Regulating Hormones

Research to date has been unable to fully elucidate the mechanisms involved in exercise-
induced energy compensation. Appetite-regulating hormones may be a predominant factor in the
increase in energy intake, contributing to the less than anticipated weight reduction observed
with exercise training. At the same time, there have been consistent findings after an acute bout
of exercise, where little to no energy compensation is occurring, which can be attributed to
transient suppression of appetite through a reduction in acylated ghrelin and an increase in satiety
hormones. There has not been clear evidence of the effect of prolonged aerobic exercise on both
episodic and tonic hormones and the extent to which these hormones contribute to energy
compensation. This study did not identify any group differences in the episodic hormones GLP-1
and acylated ghrelin. These findings oppose our original hypothesis, in which we speculated that
exercise would increase satiety hormones and reduce hunger hormones, contributing to a
reduction in energy intake. This hypothesis was based on previous research showing that in
humans, chronic exercise increased both PYY (97, 117) and late postprandial release of GLP-1
(118, 119) and suppressed postprandial secretion of acylated ghrelin (14, 119). After a 12 weeks
intervention, Gibbons et al. identified that only individuals who responded to exercise with
reduced body weight had increased GLP-1 and PY'Y and reduced acylated ghrelin, suggesting
that body weight changes were highly associated with the change in appetite-regulating
hormones (14).

The results from our study show that after 8 weeks of prolonged wheel running, there was no

difference in acylated ghrelin concentrations between groups. Similar to our study, Haghshenas
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et al. conducted an 8-week randomized control study to investigate the effects of endurance
training on appetite-regulating hormones in rats fed a high-fat diet (182). After 8 weeks of
running, no differences existed between groups and acylated ghrelin (182). This finding,
however, is not always reported in the literature. Previous evidence from both human and animal
studies has shown inconsistent findings. In contrast, acylated ghrelin has been observed to
increase after 6 days of wheel running (132). Acylated ghrelin has been observed to be reduced
after 12 weeks of voluntary wheel running (109) and 5 weeks of resistance training (123) in
rodents. A systematic review conducted by Ouerghi et al. assessed ten human studies, and
identified that after chronic exercise, acylated ghrelin was either increased, reduced, or
unchanged (183). Larson-Meyer et al. suggest that these inconsistencies in the literature could
result from using different intensities, doses, volumes, and modalities of exercise or could be
attributed to the sex of the participants (70). In many human studies that observed increased
acylated ghrelin after exercise, female participants were recruited (70, 96, 119, 184). Intensity
and dose may also contribute to these differences. An increase in acylated ghrelin concentrations
has been observed in habitual runners compared to walkers (70). Acylated ghrelin was observed
to be reduced after moderate dose exercise but remained unchanged after low dose aerobic
exercise (185). While many factors may influence acylated ghrelin concentration, the extent to
which prolonged aerobic exercise affects the secretion of acylated ghrelin remains relatively
unclear.

Similar to acylated ghrelin, research has found inconsistent findings on the effect of chronic
exercise on GLP-1 concentration. We found exercise to have no impact on OGTT GLP-1, total
GLP-1, or portal GLP-1 concentrations. Previous human research has shown no change in total

GLP-1 concentration after 12 weeks of exercise training in individuals with overweight or
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obesity, however, there was a trend towards a delayed increase in total GLP-1 in the last 90 (90-
180 minutes) and 60 minutes (120-180 minutes) posttest meal (119). Additionally, after 5 days of
exercise in males who were overweight and normal weight, total GLP-1 concentration did not
differ compared to pre-exercise (118). On the other hand, chronic exercise has been observed to
increase GLP-1 concentration, which was only observed in individuals who lost weight from
exercise (14). The lack of weight loss in our exercising rats may be one of the reasons why there
was no increase in GLP-1. In previous studies, fasting GLP-1 was highly correlated with a
reduction in body weight (184), and only exercise responders increased GLP-1 concentration
compared to non-responders who showed no change in GLP-1 concentration (14).

Another important finding in this study was the association between exercise distance and
GLP-1 and acylated ghrelin. While we did not observe a difference between groups and GLP-1
or acylated ghrelin concentrations, we identified a negative association between exercise distance
and GLP-1 and a positive association between exercise distance and acylated ghrelin. This
suggests that the more exercise volume, the lower the fasting GLP-1 concentration and the
higher fasting acylated ghrelin concentration. This finding contradicts both what has been
established after short bouts of aerobic exercise, where satiety increases and hunger decreases
(62, 186), as well as the increase in GLP-1 concentration in responders (i.e., individuals that lose
weight) observed after long-term exercise studies (14). This association demonstrates that the
body may be physiologically defending against an exercise-induced energy deficit by increasing
hunger hormones and reducing satiety hormones, potentially leading to increased energy intake.
It may be important to understand the physiological difference between responders and non-
responders as it potentially could drive this difference in GLP-1 observed. More research is

required to reconcile this difference observed after long-term exercise studies.
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The tonic satiety hormones insulin and leptin may play a more prominent role in the increased
energy intake. The relationship between exercise, fat mass, and leptin concentration have been
well established. Our results show that exercise reduced portal leptin compared to SED and
SED-WM. These results are consistent with the review conducted by Fedewa et al., where a
reduction in leptin was observed after chronic exercise, which was predominantly influenced by
the improvement of body composition, specifically, reducing body fat% (121). Additionally, our
study found a negative correlation between exercise distance and fat mass, relative fat mass, end
body weight, and leptin concentration and a positive correlation between relative fat mass, total
fat mass, body weight, and leptin concentration. An increase in exercise improves body
composition and reduces leptin concentration, which can be supported by previous animal
research that identified exercise reduces leptin concentration (112, 122, 124, 132, 146) and
reduces overall fat mass (112, 122, 124, 146).

In addition to the reduction in leptin observed after prolonged exercise, we also observed a
negative correlation between exercise distance and leptin concentration. This would suggest that
more exercise leads to a greater hunger drive and an increase energy intake, resulting in a less
than anticipated weight reduction from exercise. In agreement with our findings, previous studies
have shown a reduction in leptin increases energy intake, positive energy balance, and body
weight gain (187). Additionally, after 12 weeks of aerobic training in individuals with
overweight or obesity, a reduction of leptin after exercise has also been observed to increase the
hedonic drive of wanting and liking, potentially driving food reward after exercise (188). On the
other hand, as mentioned above, exercise has been observed to increase leptin signalling in the
VTA and reduce palatable food intake (169). Taken together, there is clear evidence suggesting

that with an increase in exercise, a reduction in fat pads, total fat, and leptin occurs. This

91



reduction in leptin may lead to a long-term reduction in satiety, contributing to an increase in
energy intake. More research, however, is needed to understand the effects of prolonged exercise
on leptin secretion, and how it may influence food reward behaviours.

The second tonic hormone investigated was insulin. Our study identified that chronic exercise
reduced total insulin concentration compared to SED rats. These results were consistent with
previous research (109, 123, 124). In a randomized control trial, Bradley et al. aimed to
understand the impacts of voluntary exercise on insulin sensitivity in diet-induced obesity mice
(124). C57NL/6 mice were randomly divided into two groups: 1) chow diet and 2) high-fat diet
for 4 weeks. After 4 weeks, the mice were further divided into a sedentary and voluntary exercise
group for 6 weeks (124). It was identified that exercise, regardless of diet, reduced fasting insulin
concentration compared to the sedentary control groups (124). The findings with insulin,
however, are not always as consistent as findings observed with leptin. Some research shows that
aerobic exercise has no impact on insulin concentration (108, 112, 182). This discrepancy in
research findings could have been due to the length of the study, with four weeks being too short
to produce a long-term reduction in fasting insulin (108). A systematic review conducted by
Marson et al. identified that aerobic exercise interventions lasting longer than 8 weeks were seen
to reduce fasting insulin concentration in humans (189).

Our study demonstrated a positive association between fasting insulin and total and relative
fat mass. Blundell et al. suggest that fat and fat-free mass may influence insulin secretion and
overall appetite control (186). Fat mass may inhibit energy intake in individuals of normal
weight, but not in individuals with overweight or obesity, which may be due to an increase in
insulin resistance (186). It was speculated that appetite is harder to control in individuals with

obesity or overweight due to increased insulin resistance, leading to overconsumption of food
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and increased fat mass (186). In our study we observed a negative association between exercise
distance and fasting insulin levels. This finding is similar to previous research where exercise
improves body composition and insulin sensitivity and reduces insulin secretion (186). Taken
together, this data suggests that individuals who exercise have improved appetite control, have a
stronger ability to match their energy expenditure and energy intake, leading to an overall
increase in energy intake and compensation (186). Exercise may prevent overconsumption of
food due to improved insulin sensitivity and improved body composition, however, exercise may
also increase appetite, which may potentiate feeding to the level of energy expenditure, therefore,
preventing weight loss from occurring.

Finally, while studies have looked at the effects of caloric restriction and exercise, this study
is one of the first to examine how chronic exercise impacts insulin and leptin independent of
weight. By restricting the SED-WM food intake to control for weight changes in the exercise
group, we were able to observe that, independent of weight, exercise reduced leptin to a greater
extent than caloric restriction alone in our SED-WM group. In the absence of any observable
changes in the short-term appetite-regulating hormones GLP-1 and acylated ghrelin in our study,
these findings suggest that this exercise-induced reduction in leptin and insulin potentially drive

this increased energy intake.

5.5 Volume of Nucleus Accumbens and Ventral Tegmental Area

The meso-corticolimbic dopamine system comprises the VTA, NA, prefrontal cortex,
amygdala, and hippocampus (50). The VTA functions in reward, motivation, cognition, and
aversion behaviours. 65% of the neurons in the VTA belong to dopaminergic neurons (190). The
NA is the area of the brain that regulates motivation and action, specifically regarding feeding,

sexual reward, stress, and addiction behaviours (191). The prefrontal cortex is involved in higher
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cognitive function such as processing, integrating, and adapting information (192). The
amygdala is involved in processing emotions, cognition, and memory (193). Finally, the
hippocampus plays a large role in learning, memory (194), and decision-making (195). While
these regions of the brain function separately, they are not independent from each other. They are
all activated in the presence of highly palatable foods and function to regulate eating behaviours,
specifically hedonic eating (195). Hedonic drive involves both wanting and liking. Wanting is
controlled by neural inputs from the VTA to the NA, hippocampus, amygdala, and prefrontal
cortex (50). Additionally, the VTA sends dopamine neuron signals to the NA. These signals
within the NA are involved in the appetite and food intake phase of eating and eventually the
decision-making process of eating (50). Previous research has observed that NA is one of the
primary mediators of unhealthy eating behaviours, food rewards, and addictions (196, 197).
Previous literature has identified a correlation between the volume of the NA and BMI (144),
energy intake (136), and leptin concentration (198). No study, to our knowledge, has looked at
the impact of chronic exercise on the volume of the NA and whether any potential changes are
associated with energy intake. In this study, it was determined that no differences existed
between the groups and the NA volume or area of the VTA. Additionally, no correlation was
established between body weight and the volume of the NA. Our research did identify a positive
association between left NA volume and energy intake. Interestingly, previous literature also
identified this association between increased volume of the NA and energy intake in children
prone to obesity (199) and individuals with binge eating disorders (139). Additionally, we
observed a trend towards a positive association between left NA and leptin concentration.
Previous research has identified a positive association between leptin and the grey matter volume

of the NA and a positive correlation between grey matter volume in the NA and BMI (198).
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Leptin acts centrally on the brain to control energy balance but has also been shown to influence
food reward as leptin receptors are present in the NA, VTA, and hippocampus (200). While the
mechanisms have not been completely elucidated, it has been shown that leptin may respond
appropriately when in a state of starvation, however, it is not able to prevent obesity (200). In the
presence of highly palatable food, the body may naturally become leptin resistant, allowing
individuals to overconsume beyond homeostatic regulation (200). As mentioned previously,
exercise may counteract this drive to consume highly palatable foods. While our research was
exploratory in nature and research in this area is still in its infancy, the effects of how exercise
influences brain structures and whether it impacts energy intake are still largely unknown. Future
studies should seek to understand the effects of exercise on the hedonic system and whether it

drives energy intake.

5.6 Gut Microbiota

The examination of aerobic exercise and its impact on the gut microbiota and effects on
energy intake is a relatively new area of research. Emerging evidence suggests that exercise may
have a mild to moderate influence on the gut microbiota, independent of diet (109), and increase
the production of bacteria-produced SCFAs acetate, propionate, and butyrate. In our study, after
8 weeks of aerobic exercise training, EX had a significantly higher concentration of cecal
Bifidobacterium than SED-WM and SED. Bifidobacterium is a prominent health-promoting
bacteria found in the gut. It is one of the first bacteria to inoculate the Gl tract after birth and
makes up the majority of bacteria in the gut of a newborn (201). Bifidobacterium is a main
acetate producing bacteria that aids in preventing infection from pathogenic bacteria (202) and
protects against some gastrointestinal diseases and cancers (203). Consistent with our findings,

previous research suggests that prolonged aerobic exercise increases the representation of
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Bifidobacterium within the gut microbiota (132, 204, 205). In contrast, Evan et al. conducted a
12-week wheel running intervention to assess how exercise affects the gut microbiota in mice
(111). Mice were fed either a low-fat diet or high-fat diet (111). It was observed that after 12
weeks, the low-fat exercising mice had reduced Bifidobacterium relative to sedentary low fat,
while exercising mice fed a high-fat diet had no change in Bifidobacterium (111). Unfortunately,
it is challenging to draw a definite conclusion from previous research regarding the precise
impact of exercise on representation of Bifidobacterium due to methodological differences in
DNA extraction protocols and primers being used. Taken together, with our results and other
research, exercise may elicit beneficial effects in gut microbiota by increasing Bifidobacterium
abundance.

In contrast to health-promoting bacteria within the gut microbiota, many organisms
represented within the gut microbiota are considered to be pathogenic. C. cluster | is one group
of bacteria within the microbiota that contains potential pathogens, including, Clostridium tetani,
Clostridium chauvoei, Clostridium botulinum and Clostridium perfringens (206). While many
pathogenic bacteria exist in this group, it is also important to note that this group also contains
non-pathogenic bacteria which can contribute to the diversity and health of the gut (206). C.
cluster I is the main contributor to food-borne illnesses (207). We observed a reduction in C.
cluster I in both EX and SED-WM relative to SED. Currently, there is limited research assessing
the impact of exercise on C. cluster I. One study conducted by Lambert et al. found that 6 weeks
of aerobic exercise increased C. cluster I levels in mice (204). In another study, C. cluster | was
found to be reduced in individuals with obesity (208). With very few studies looking at C. cluster
I, this may be due to only looking at specific classes, orders, or genera and not at the species

level. Unfortunately, while limited studies look specifically at the effects of exercise on C.
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cluster I, it is challenging to make a definite conclusion. Future studies may want to consider

using deep sequencing analysis to gain a more comprehensive understanding of the effects of

exercise on C. cluster I.
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5.7 Strengths & Limitations
5.7.1 Study design

In relation to human studies that have attempted to examine the long-term impacts of exercise
on appetite, one notable strength of this study was the incorporation of an animal model. Human
energy compensation studies are usually confounded by many factors such as measurement of
energy intake. Additionally, long-term adherence and the use of standardizing energy intake
makes participant recruitment and retainment more challenging leading to lower sample sizes
and less power. Animal models enhance the ability to control for factors such as energy intake
and body weight over an extended period. We used a standardized AIN-93M purified diet that
conforms to the American Institute of Nutrition recommendations. This diet has uniform energy
density, is a purified diet lower in protein and fat, and is recommended for adult rodent weight
maintenance. Using this diet increases the reproducibility of this study as it is a commonly
recommended experimental rat food that is easily accessible. Measuring energy intake daily
increases the accuracy of energy intake measures, which human studies struggle to do during
long-term studies.

For our study, we utilized a randomized control trial (RCT). RCT can develop a cause-effect
relationship between outcome variables and control for biases and confounding factors (209). To
ensure high internal validity, we were able to control for the starting weights. Having a SED-
WM group also allowed us to investigate the weight-independent impacts of aerobic exercise on
appetite-regulating hormones, which is not possible with a study conducted in humans

One limitation of our study was intervention duration. While our study was 8 weeks long, it
may not have been long enough to provoke a full exercise-induced energy compensation
response. At the end of our study, we did observe a trend towards an increase in energy intake.

Therefore, based on previous research (10, 20, 109, 110, 124), it may have been beneficial to
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have an additional 4 weeks, as many studies 12 weeks or longer have observed a rise in energy
intake compared to the sedentary group, suggesting a greater degree of energy compensation.

A notable limitation to all animal studies is external validity, as animal studies lack real-life
conditions and cannot, therefore, be generalizable between all populations. Animal experiments
are highly controlled, as ours was for diet and exercise, and thus cannot mimic appropriately
human conditions. However, rodent models have been used in research for a long time as they
are anatomical, physiological, and genetically similar to humans (210). Additionally, previous
evidence has shown that rats are an effective model to reflect the human response to exercise
through blood analysis (211).

Additionally, our study only used male rats; therefore, our results cannot be generalized to
females. Previous studies have observed exercise to impact energy intake differently in females
compared to males. In a short, 4-week forced treadmill intervention, Foright et al. observed a
reduction in overall energy intake in male exercise rats and an increase in female exercise rats
(108). This has also been observed in human studies where two studies with identical study
designs were completed in both males and females. It was observed that after 7 days of exercise,
females had a partial energy compensation (16), whereas males had no energy compensation
(98). This differential response to exercise may result from sex differences in appetite-regulating
hormones. Hagobian et al. identified that after 4 days of exercising, females increased acylated
ghrelin and reduced insulin concentration compared to males (105). As well, after an acute bout
of exercise, females increased GLP-1, whereas males increased PY'Y secretion (84). Another
factor to consider is the female menstrual cycle. A study conducted by Giles et al. observed a
change in energy balance due to fluctuating energy intake throughout the female rat’s cycle

(212). It was observed that female rats ate the most in the diestrus phase and the lowest in the
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estrous phase (212). This was also observed in another human study showing that energy intake
and energy expenditure increased during the luteal phase, where there were higher food cravings
compared to the follicular phase (213). Previous studies support that males and females respond
differently to exercise-induced energy intake. Therefore, because of the differences in
physiology, specifically sex-related hormone differences and the impact of the menstrual cycle

on energy intake, we cannot generalize our results to females.

5.7.2 Body Composition Measures

There are multiple non-invasive ways to measure body composition including magnetic
resonance spectroscopy and dual-energy X-Ray absorptiometry (DXA). Unfortunately, these
techniques are costly and not widely available. Like many studies in the past, our study used an
end-point body composition measure (110, 146, 168), where post-euthanasia, fat pads were
excised and weighed for an overall estimate of body composition. Dissecting and weighing fat
pads can be very accurate, however, a big limitation of this type of measurement is that it cannot
provide longitudinal changes in fat mass. On the other hand, DXA has become one of the most
valid and reliable ways to measure body composition in humans and in rodents (214). Using a
DXA or MRI to measure body composition would have provided longitudinal data (215),
allowing us to assess both pre-intervention fat mass and post-intervention fat mass, therefore,

providing a better understanding of the effect of exercise on body composition.

5.7.3 Appetite-Regulating Hormone Analysis
Blood collection during the oral glucose tolerance test assessed appetite-regulating hormones
and glycemic concentration. This analysis was used to identify the effects of prolonged exercise

on appetite-regulatory hormones. One limitation to our study design was that we did not analyze
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pre-intervention OGTT to assess differences in starting appetite-regulating hormone levels. This
would have been helpful to confirm that baseline appetite-regulating hormone concentrations
were similar. Furthermore, with the serial blood collections during the OGTT, we were not able
to collect a sufficient blood volume to run our samples in duplicate for appetite-regulating
ELISA hormone analysis. Running samples in single may have affected the validity of the
analysis. Furthermore, another major limitation was the stress induced during the tail-vein
catheterization. Given the challenges with this procedure, multiple catheter placement attempts
were often required. As our results confirm, this led to an increase in corticosterone release. The
elevated stress response likely modified the appetite-regulating hormones response. In particular,
the GLP-1 response, with GLP-1 levels failing to rise after the dextrose gavage, was likely
impacted by the stress response induced through the catheterization. Utilization of an animal
model with an implanted catheter prior to initiating the OGTT may have helped mitigate this

effect.

5.7.4 Gut Microbiota Analysis

In this study, we used a gPCR to understand the abundance of bacteria. While this method
accurately assesses the abundance, it does not provide a comprehensive analysis of what is
happening with all the gut microbiota as it uses specific primers that limit the number of taxa that
can be analyzed. In future studies, it would be beneficial to use 16Sr RNA sequencing or next-
generation sequencing methods. Sequencing allows for rapid analysis of the whole community,
as well as it can determine the abundance of known and unknown bacteria, and provides a more
detailed characterization of the various bacteria in the gut (216). In addition, sequencing provides
a comprehensive analysis of alpha and beta diversity of bacteria which is an indicator of the

health-promoting capacity of the gut microbiota (216). Sequencing can also provide valuable
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information regarding the functional and metabolic capacity of the gut microbiome, thus
providing a better understanding of the mechanisms by which different profiles of gut microbiota

influence host health.

5.7.5 Non-Exercise Activity Thermogenesis

Previous research has identified a reduction of NEAT after aerobic exercise (18, 20, 110, 145,
147). A significant limitation of this study was that we were unable to measure NEAT. In our
study it remains unknown how exercise may affect NEAT and its contribution to energy
compensation. It can be speculated that since body weight and energy intake were not
significantly different between EX and SED, a reduction in NEAT could be a contributing factor
to why EX rats did not have a reduction in body weight. Furthermore, in our study, exercise was
not associated with energy consumed, suggesting that exercise-induced energy compensation
may not be solely from an increase in energy intake. Future research should consider using a
metabolic cage or light beams for rodents to assess the effect of exercise on NEAT, as it could
potentially elucidate another mechanism underlying this increase in body weight observed in the
exercising group.
5.8 Conclusion and Future Consideration
5.8.1 Future Considerations

While exercise is a common strategy for weight loss, our results show a degree of energy
compensation occurring, potentially through an increase in energy intake, leading to no
difference in body weight between groups. We explored three mechanisms involved in the
exercise-induced increase in energy intake: 1) appetite-regulating hormones, 2) volume of the
NA and area of the VTA, and 3) gut microbiota. While we were unable to elucidate the

mechanisms behind this increase in energy intake, it may be imperative to consider a few factors
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in future research. Factors such as intensity and modality of exercise may impact appetite-
regulating hormones, the gut microbiota, and the hedonic system on energy intake. Previous
studies have observed that exercise intensity may influence energy compensation through an
increase in preference for highly palatable foods (103). Using a forced treadmill may provide
valuable information on the intensity and duration of exercise. This would allow researchers to
control how long and fast the animals are running, providing a better understanding of whether
these variables affect energy intake. Resistance training has become a popular choice of exercise
for many individuals, and evidence has shown a reduction in mean energy intake after resistance
training compared to aerobic exercise (60), a reduction in ghrelin (123), and a reduction in the
hedonic drive to eat highly palatable food (217). Therefore, with the popularity and initial
evidence on the effects of resistance training on appetite and appetite-regulating hormones, it
may be valuable for future studies to assess how resistance training affects appetite in animal
models using wire netting and progressively adding load to the tail. Taken together, an increase
in the duration of the study, measuring the intensity, frequency, and dose of the exercise, as well
as exploring different modalities of exercise, may provide helpful information on the
mechanisms involved in energy compensation and the effect of exercise on weight loss and
weight maintenance and therefore guide future exercise-induced weight loss strategies.

Previous research has identified the mild to moderate effects of exercise on the gut microbiota
and associated gut microbiota-released metabolites, including SCFASs. In this study, we did not
measure SCFA concentrations in stool. In future studies looking at the impact of exercise on
appetite, it would be valuable to measure SCFA concentrations using gas-chromatography mass
spectrometry (218). SCFA production has been causally implicated in the release of GLP-1 and

PYY (38, 219, 220). Understanding the effects of chronic aerobic exercise on the production of
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SCFA and whether there is an association between SCFA production and GLP-1 and PYY
secretion and energy intake may provide some understanding of how the gut microbiota
influences exercise-induced energy compensation.

While still exploratory, this study did not determine an exercise-induced effect on the volume
of the NA or area of the VTA. This was one of the first studies to assess the effects of exercises
on the NA volume and area of the VTA. We identified that the volume of the NA was associated
with total energy intake. This finding shows a potential link between the hedonic system and
energy intake. As such, a more intensive investigation is warranted. One such study could
involve looking at the microstructures in the NA. A study conducted by Samara et al. sought to
understand the effects of the basal ganglia regions of the brain and their role in reward
behaviours in adults with and without obesity (221). It was observed that individuals with
obesity had larger NA volumes (221). Additionally, increased reward eating behaviours were
associated with lower axonal density (221). This implicates the brain structures and reward
eating, therefore, it may be beneficial to see whether exercise impacts axonal density in the NA
rather than just assessing the impact of exercise on the volume. Another avenue to explore is
whether exercise influences gene expression of tyrosine, u-opioid receptors, dopamine active
transporter, and dopamine receptors. While the mechanism is still unknown, research has shown
that the dopamine system is affected by physical activity (222). The dopamine system may also
influence the amount of physical activity undertaken (222). The dopaminergic system influences
the reward behaviours of wanting highly palatable foods and appetite-regulating hormones,
which work together to increase or decrease energy intake and food reward behaviours (197). It
has been observed that acylated ghrelin increases the turnover of dopamine, causing an increase

in food reward, and on the other hand, leptin inhibits the dopamine system and reduces food
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intake (223). Therefore, future studies should seek to understand the link between physical
activity, the brain structure, gene expression of the hedonic system, and its role on energy intake
as it may provide greater insight into mechanisms involved in exercise-induced energy
compensation.

Since many exercise studies have identified the ineffectiveness of exercise on weight loss, it
may be more effective to look at other approaches to weight loss. GLP-1-based therapies such as
liraglutide, semaglutide, tripeptide, and endogenous GLP-1 have become of interest, as studies
have shown them to elicit satiation and increase weight loss (224). A previous study observed
that after 12 weeks of semaglutide treatment, energy intake, body weight, and food cravings
decreased (225). In another study, participants with type 2 diabetes were assigned to a GLP-1 or
saline group (226). Over a six-weeks of either saline or GLP-1 administration, it was identified
that fasting glucose, body weight, and appetite were reduced (226). Sustained weight loss from
GLP-1 agonist therapy has been observed over an extended period as long as the therapies are
continued (224). Unfortunately, once the therapies are stopped, weight regain has been observed
to occur (224). While GLP-1 agonist therapy remains a successful weight loss strategy alone
(224), a GLP-1 agonist in conjunction with exercises shows enhanced benefit. A study conducted
by Lundgren et al. sought to understand the effects of exercise, liraglutide, or a combination of
both on weight loss in individuals with obesity (227). Individuals with obesity were initially on a
low caloric diet. Individuals who successfully lost 5% of their body weight were then
randomized into a year-long intervention (227). The three groups included: 1)exercise + placebo,
2)liraglutide + normal activity, or 3) a combination of liraglutide and exercise (227). After 1

year, in all exercise groups, body weight and body fat percentage were reduced, however, in the
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combined treatment, body weight and fat were reduced nearly two times compared to a single
treatment alone (227).

Another way to induce a caloric deficit is through a nutritional intervention. Typical diets
include hypocaloric, low-fat, high-fat, low carbohydrate, high protein, the Mediterranean, and
intermittent diets (228). Most diets alone will show positive effects on body weight, such as
intermittent fasting which has been observed to be safe and has shown promise in the treatment
of obesity (229). Diets rich in proteins have also been identified to elicit moderate benefits on
body weight management (230). Research has also observed that strict hypocaloric diets may
induce weight loss however this is usually at the expense of muscle mass (231). Together,
exercise and nutritional interventions have been shown to improve weight loss and either
maintain or improve muscle mass. A study conducted by Kotarsky et al. looked at time restricted
eating in conjunction with supervised aerobic and resistance training on body composition and
weight loss (232). Individuals who were physically inactive and overweight or obese were
randomly split into a time restricted feeding group, eating between the hours from 12:00 pm to
8:00 pm, or a normal feeding group (232). Each group completed 3 similar resistance training
programs each week in combination with 50 to 60 minutes a day of moderate or 150 minutes of
vigorous physical activity per week for 8 weeks (232). Both conditions induced a significant
energy deficit, however, greater weight reductions were seen in the time restricted feeding
compared to normal eating, while exercise also increased lean mass compared to physically
inactive individuals (232). Similarly, Galbreath et al. aimed to understand the effects of
resistance training in combination with a high protein diet compared to a hypocaloric high
carbohydrate diet on body composition and body weight change in 54 older females who were

sedentary and overweight (233). The female participants completed 3 sessions/week of 30
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minutes supervised circuit style resistance training (233). Following a high protein diet and
resistance training, participants showed a significant reduction in body weight and body fat
percentage while maintaining lean mass compared to the high carbohydrate diet and exercise
group (233). Evidence shows that in conjunction with exercise, using a nutritional intervention
may help improve satiety, improve long-term adherence, sustain or improve lean mass, and
increase the energy deficit produced by exercise alone, leading to greater weight reduction.
Additionally, a new exercise-related, metabolic target for weight loss has recently been
identified that may help to potentiate the beneficial effects of exercise on body weight
management. A study conducted by Li et al. observed that exercise produces N-lactoyl-
phenylalanine (Lac-Phe), a metabolite that suppresses food intake and obesity (234). In the
human intervention, lac-Phe concentrations were measured after a bout of resistance, endurance,
and sprint training (234). An increase in Lac-Phe was observed after all training bouts, with the
sprint training showing the largest increase, with levels staying elevated over 3 hours post-
exercise (234). Lac-Phe was also highly correlated with lactate, another suspected mechanism
involved in energy compensation (234). The animal studies identified that chronic administration
of Lac-Phe reduced energy intake and adiposity and improved glucose tolerance in DIO mice
(234). Furthermore, it was also identified that chronic exercise and ablation of Lac-Phe led to
increased energy intake and body weight, however, these results were not observed in sedentary
knockout mice (234). While still relatively new, future research needs to continue investigating
this metabolite and its effect after prolonged exercise on energy intake in humans and overall

weight management.
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5.8.2 Conclusion and Significance

The mechanisms controlling energy compensation in response to exercise training are still
largely unknown and require investigation. While our study and many other studies have shown
exercise to be ineffective for reducing body weight, exercise has many beneficial effects on body
composition and metabolic health, such as improved insulin sensitivity and reduced risk of
diabetes, cardiovascular disease, non-alcohol fatty liver disease, and some cancers. Therefore, it
may be important to make a clear distinction between the difference in weight loss and fat loss.
While exercise may not produce weight loss, exercise reduces fat mass, and increases lean body
tissue. This increase in lean body mass may mediate some weight-independent, metabolic health
improvements associated with exercise. Exercise should still be encouraged as a strategy for
improving health rather than weight loss. While many human studies have assessed the effect of
chronic exercise on the homeostatic system, these studies are usually confounded by weight loss.
Our study is one of the first studies to assess how, independent of weight, 8 weeks of aerobic
training impacts energy intake in male Sprague Dawley rats. We sought to understand the
potential mechanisms mediating this exercise-induced increase in energy intake observed after
prolonged aerobic exercise, specifically looking at appetite-regulating hormones, the gut
microbiota, and the volume of the NA and an area of the VTA. There were three important
findings relating to the mechanisms involved in energy compensation. Firstly, exercise did not
protect against weight gain but improved body composition. Secondly, while exercise reduced
energy intake in the first few weeks of the study, exercise was associated with a continuous
increase in energy intake throughout the study. This may be partly due to a reduction in both
tonic hormones, insulin and leptin, leading to a reduction in satiety and increase in hunger.

Additionally, we observed that independent of weight loss, exercise improves body composition

108



and reduces leptin concentration to a greater degree than caloric restriction alone. Finally,
aerobic exercise-induced positive effects on gut microbiota, increasing cecal Bifidobacterium
and reducing C. cluster I. Taken together, our study suggests that these exercise-induced
improvements in body composition may counteract weight loss by reducing insulin and leptin,
leading to reduced satiety, and possibly leading to increased energy intake, and increased energy
compensation. Ultimately, evidence has pointed to the importance of exercise for health-related
outcomes, however, exercise in conjunction with other modalities (i.e., diet, GLP-1 therapies)
may enhance weight loss efforts. It may also be beneficial for governing bodies such as the
Canadian Society of Exercise Physiology or Health Canada to acknowledge the general findings
that exercise is not always effective for weight reduction and change their guidelines, to shift the
focus from using exercise as a tool for weight loss to using exercise as a means to improve
health. This shift in focus may improve long-term adherence and motivation, therefore leading to

overall improved health for Canadians.
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