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Abstract

Title: The effectiveness of different lifestyle interventions on body composition, insulin
sensitivity, and novel biomarkers of insulin resistance in obese individuals.

Author: Diane Cooper.

Obesity is a serious globadltie problemWHO, 2009andan independent risk
factor for a number of chronitsdase@Quilliot, Petit et al. 200D)besity is caused hy
mismatch between energy intake and energy expenditure leading to storage of surplu
energy and expansion of faraswhich causes metabolic disturba(®psakman, 2004).
Diet and exercise interventions remain the cornerstone of treatment for obésgly but
have been largely ineffectifeanz etl. 2007)The purpose of this thesis viasdentify
components oé lifestyle intervention that are most likely to imdvodg composition,
insulin sensitivity, and novel biomarkers of insulin resistastzese individual§his was
achieved binvestigating differentshort terminterventionsin study 1 socalog diet and
exercise interventisrwere compared, while in study 2 concurrent training (regular
resistance training combined with aerobic exercise) and concurrent training incorporating

an eccentric componemerecompared.

Briefly, the key findings of ih PhD thesis wer¢hat isocaloric diet and exercise
interventiondead to similaredutions inbody weight, but exercise training may lead to
greater improvements in body composition and metabolic health. Importantly, aerobic
fithness was the single begtredictor of improvements in metabolic health in this
population. Resistance training is importaninfprovinglean tissue madat oxidation

and resting metabolic rate. The novel biomarkers of insulin resistance are differentially
regulated by diet, exxise and different modes of exercise traimmgovements in body
composition and fitness driveprovements in insulisensitivityand the circulating
concentration of the biomarkers, ardrd is a cyclical relationship between the
biomakers and mabolic health. lis important tostudy the biomarker®r better
understanding of metabolic procebstdarger scale studies may be required to determine
their role A combination of calorie restriction, aerobic exercise and resistancentthining

optimise mprovements innsulin resistance and body composition in obese individuals.
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Chapter 1.Introduction



1. 1.Introduction

There has been an exponential rise in the prevalence of overweight and obesity in recer
years, which has reached epidemic proportions. In fact, the worldwide prevalence of
obesty has almost doubled in the last 20 years and it is currently the fifth leading risk for
global deatiWwHO 2010. Obesity is an independent risk factor for a number of chronic
diseases inclund) hypertension, cardiovascular disease, and diabetes. Obesity also increase
the risk of developing certain cancers such as breast and colon cancer, in addition tc
respiratory disorders such as sleep gQuéaot, Petit et al. 20D2An obese individual is

also more likely to be depsed, suffer from joint problems, and suffer from skin disorders
(Speakman 20P4The ost of treating obesity and its related complications puts
considerable stress on the global economy. The direct costs of obesity include hospita
admissions, medical consultations, and medicatioB808nthis amounted to $113.9

billion in the USAwhid accounted for almost 10% of health care spefithag 2011).

In the UK the direct costs were £95P5 million in 2004 and represente® 8% of the

National Health Service expenditif&MO 2004 In 2009, the direct cost of overweight

and obesity was estimatedi2®9 million in the Republic of Ireland @d@7 million in

Northern Ireland (Safefood, 2012). This represented 2.7% and 2.8% of total health care
costs in that year (Safefood, 20TIBg indirect costs are more difficult to quantify but
include absentemis disability and premature mortality and workers compensation
(Trogdon, Finkelstein et al. 2D0OBhese were estimated tolbb&/ 29 mi | | i on a
million in the Republic of Ireland and Northern Ireland respeciiv@09 (Safefood,

2012).

The primary cause of obesity is a mismatch between energy intake and energy expenditu
leading to storage of surplus enerpgg. industalisation of food production has resulted

in greater processing and preservation and a consequence of this is a dramatic increase
the availability of cheap foods that are energy dense, high in fat, suggFardesait al,

2010) A growing numberof individuals in Western society are increasing their
consumption ofthese foods anchis is occurring alongside an epidemic of physical
inactivity, which is now the fourth leading risk factor for global mduWat® 2009. In

addition to these behavioufattors, evidence is emerging to suggest that genetics also
plays an important role, and it is the interaction eetem individuals environment and

their genetic composition that determines the extent of their qi$g®gkman and
O'Rabhilly 2012
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Over the last number of years a considerable amount of resources have been devoted t
the development of therapies for the treatment of obesity. The masorcaonclude

lifestyle intervention, consisting of dietary restriction and/or physical activity, weight loss
promoting drugs such as Orlistat, and surgery in the case of the morbidly obese individual
Although these different treatment options are avaiaietermlifestyle intervention

has been largely ineffective, surgery is impractical to implement at a population level anc
many of the pharmacological treatments have additional side effects. There is a need tt
develop more innovative approaches ighwenanagement and, in particular, to develop

effective lifestyle intervention strategies.

1. 2.Statement of the problem

It is widely acknowledged that lifestyle interventions that promote healthy eakiily and
physical activitgffectively reduce fat nsais the obese populatiddowever, translating
research interventions into population based programmes has not been effective. One
major challenge has been to identify the most effective intervention given the high degree
of variability in study outcomesated to differences in study design. Interventions that
have focused on dietary restriction differ with regard to the calorie deficit, the nutrient
composition, and the quantification of nutrient in(&kenz, VanWormer et al. 2007
Similarly, exercise interventions vary in the number and intensity of sessions in addition to
the mode of exercigeranz, VanWormer et al. 2D0Both irterventions vary in total
duration and level of supervision and monitoring. The most effective interventions are
those that are tightly controlled, heavily supervised, and of short duration (~12 weeks)
(Tessier, Menard et al. 20@@h greater variation for studies lasti2g Gnonths(Franz,
VanWorme et al. 2007

A second challenge is the perception that dietary restriction is superior to exercise training
in treating obesity when weight loss is the primary outcome nieasweVanWorer

et al. 2007 However, it is difficult to accept this conclusion since the literature contains
very fewdiet and exercise interventions thatisoelaoriclenergy expended in exercise
intervention is equal to energy restricted in dietary interyenaking a direct
comparison impossiblEhe strategy most commonly prescribed in dietary interventions is

a caloric restriction of 500kcal per day, which accumulates to an energy deficit of 3,500kce

per weekFranz, VanWormer et al. 2D0Xssuming physical activity is controlled at pre
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intervention levels; this calorie deficit would yield a weight loss of 0.39kg per week since
there is approximately 9000 kcal in 1kg of body fat. On the otlderntemy of the
exercise interventions are based on the
minimum of 150 minutes per week of moderate intensity physical (Bdiviglly, Blair

et al. 2000 The energy expenditure derived from this amount of physical activity depends
on many factors inglling theperception of moderate ingty activitytheir current level

of fitness and body mass, but it generally yields an energy expenditure in the region of
1,0@kcal per week. This would resula iweight loss of approximately 0.11kg per week
when energy intake is maintained at pegvention caloric intake. Clearly there is a
mismatch between the current design of diet and exercise interventions making it difficult

to compare them.

A third challenge is to devise physical activity recommendations for obesity and not just for
healthenhancing benefits. The ACSM have recognised this and now state that a minimum
of 256300 minutes of moderate intensity physical activity per week is needed to produce
clinically significant long term weight I3snnelly, Blair et al. 2009The energy
expenditure derived from this prescription is more in line with the caloratiaestri
currently used in diet interventions. This is also complicated by the failure to clearly
differentiate between exercise and physical activity. One reason for suggesting the
recommendations are unattainable is the perception that the targets messtiroe m
structured exercise such as walking, running, cycling, etc. On the contrary, a shift is
required to focus on total daily energy expenditure irrespective of how this is achieved but
could include some structured exercise.

1. 3.Significance of the study

The literature reports that lifestyle interventions are successful in reducing fat mass in the
obese population. However, translating research findings into successful population baset
programmes has not been effective. A change is required in our cproahagnd 3

major challenges must be overcome to bring about this change. Firstly, the literature
reports wide variation in the effectiveness of lifestyle interventions and this is due to the
wide variation that exists in study design. There is a neteroine the study design that
maximises fat loss and improvements in health in the obese population. Secondly, few
isocaloric diet and exercise interventions exist making direct comparisons between thern

impossible. Isocaloric interventions must be debigmd administered so that the
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effectiveness of diet and exercise can be compared. Finally, the exercise prescription use
i n many training studies is based on the
not lead to any meaningful energy expendiureeight loss. These recommendations
must be revised to promote significant fat mass loss for obese individuals. This PhD thesis
addresses these 3 challeagdsuses the findings to develop a revised lifestyle intervention

that maximises improvementgahmass and metabolic health in this population.

1. 3. 1Body composition or body weight change?

A systematic review and matelysis of diet, exercise and combined lifestyle interventions
shows thathte success of most lifestyle interventions is based owdighly loss as the
primary outcome variablEranz et al, 20Q7yhis is a crude descriptor of success and is

not necessarily the best indicator of health enhancéeeouza et ak012) Body

weight can be compartmentalised into body fat mass atissieafut most interventions

do not differentiate between the changes in each compartment. Lean tissue has higr
metabolic activity and accounts for the majority of resting energy expé@vaktuli@an

1989. The metabolic activity of most tissues remains relatively stable to sustain life but
skeletal muscle mass, which accoumts6®75% of resting metabolic rate, can be
influenced by physical activity and physical ina@@eiiman 1989Caloric restriction,
especially very low calorie diets, report significant weight loss but this often includes
significant reductions in lean tissue. The loss of lean tissue consequently reduces metabol
rate and mahave longer term implications for further weight loss and metabolic health
(Martin, Heilbronn et al. 2007The loss of lean tissue may even contribute totweigh
regain that is also often seen with these types of intervention over a 6 to 24 month period
(Franz, VanWormer et al. 2D0lifestyle interventions should ideally aim to reduce fat
mass and maain or increase skeletal muscle mass in obese indi@dyaiso and
Capurso 20)2Exercise training is known to simultaneously reduce fat mass and maintain
or increase lean tissue mass edlyeiti previously sedentary individ(failewart, Bacher

et al. 2006 The improvements in body composition with exercise ¢graiambe quite
significant and carry a range of health benefits, but the net result is often only a minimal
change in body weight, thus leading to a poor perception of success when weight loss is th
primary outcomdCatenacci, 2007)nrealistic expectatis of the energy expenditure
derived from exercise training, combined with poor weight loss outcomes and a poor
understanding of the significance of favourable changes in body composition, can
negatively affect adherence to such interveniioster, Wadken et al. 1997)t is
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important that body composition is a primary outcome measure for diet and physical

activity interventions and not body weight.

1. 3. 2Combining biology and physiology for individualised
interventions.

Another difficulty encountered is ouncomplete understanding of the physiological
regulation of energy balance. Even within tightly controlled and supervised programmes
there is still a large variation in individual response to an inter(oticimard, Rankinen,

2001) This is true for @dnges in body composition and body weight, improvements in
fitness levels, rate of adaptation to training, and metabolic improvéBoemctsard,
Rankinen, 2001)t is clear that one size does not fit all when it comes to exercise
prescription for obese dividuals and efforts must be made to consider a more
individualised approach to intervention. The same is true for dietary interventions where
nutrient composition may be need to be considered in conjunction with total caloric
restriction due to the inBace of different food types and fat content on metabolism

(Astrup, Buemann et al. 2002

Our understanding of the biology of adipose tissue itself is kisoastiplete. It is now
recognised that adipose tissue is an important endocrine organ that produces and secretes
number of cytokines involved in glucose and lipid metal{Bhysy Gonzale2ampoy et

al. 2008 Adipose tissue dysfunction is a key characteristic of obesity which results in
increased production of disease promoting cytokines concomitant with a decreased
production of health promoting cytokingsner, Pettersson et al. 2p0Beptin and
Adiponectin were two of the first cytokines to be identified and have been studied
extensively, but little is known about the effects of diet and exercise on novel cytokines that
have receit been identifiedA greater focus on the effects of diet and exercise
interventions on the novel cytokines may assist in determining success of programmes

from a metabolic perspective.

In summarymore basic research is warranted to understand the impact of different
nutrient intakes, and different physical activity interventions on the mechanisms at play in
different types of body tissue, so that we may be better able to advise overweight and obes
individuals. It is also important to investigate novel modes of exantisg that increase

daily energy expenditure sirtas difficult for obese, previously sedentary, individuals to
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achieve and sustain the required amouypttysical activity-or example, a single bout of
eccentric exercisevhere the muscle is ldmgting under tensiohas been shown to
increase energy expenditure and fat oxidation in obese indidleats, Potteigest al.

2000 but little is known about the effects of chronic eccentric training. It is also important
that comparisons between dietary restriction and physical activity are based on isocalori
interventionsto assess the relative importance and aatndribof both approaches.
Finally, a revaluation of the criteria used to evaluate interventions is required and should
focus more on the interface between physiological changes in body composition and
biological regulation to maximise the chance ofssfigicéong term health outcomes.

Therefore, the aims and objectives of this thesis are:

1. 4.Aims

The primary aim of this thesis is to iderddynponentgcalorie restriction or increased
energy expenditure by exercifed lifestyle intervention that is shdikely to improve
weight loss, body composition, insulin sensitivity and biomarkers of insulin resistance in

obese individuals.

The second aim of this thesis is to identify the components of an exercise regime (aerobic
versus resistance) that are nikety to improve weight loss, body composition, insulin

sensitivity and biomarkers of insulin resistance in obese individuals.

1. 5.0bjectives
1. To compare the effects of an isocaloric diet and aerobic exercise intervention on
body composition, insulin sensiyi, and the circulating concentrations of novel

biomarkers of insulin resistance.

2. To measure the impact of eccentric exercise, as part of an aerobic and resistance
training intervention, on body composition and biomarkers of insulin resistance in

obeseandividuals.
3. To compute the most effective combination of dietary restriction and physical

activity based on improvements in body composition and changes in biomarker

profile in the obese population.
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1. 6.Hypothesis
1. Dietary restriction and exercise intetiees will result in distinctive physiological

and biological profiles following avt@ek intervention in obese individuals.

2. Exercise training will confer more favourable changes on body composition than

dietary restriction with concurrent training beiogt effective.

3. A combination of dietary restriction, aerobic exercise and resistance training will be
necessary to maximise the impact on physiological variables and biomarkers of

insulin resistance.

1. 7.Thesis Overview

In this thesis, two separate intatians were conducted to test our hypotheses. In both
studies obese individuals volunteered to participate inwaek2diet or exercise
intervention. All interventions were isocaloric and comprised 2500 kcal/week dietary

restriction or exercise.

1. 7. 1lintervention 1. Comparison of dietary restriction and aerobic

exercise

Subjects were randomised to a dietary restriction or exercise interventiemefis12
Dietary restriction was monitored by food diaries completed eveek® and evaluated

by a dieticiariThe exercise programme consisted of supervised exercise in DCU Sport of
6075 minutes of aerobic exercise 4 times per week working at an intensity of 70% of
V Ozmax Baseline measures of glucose tolerance, aerobic capacity and body camgbosition
biomarker profiles were repeated at the end of the intervention and all programmes were

updated at week 4 and week 8 to ensure continued adaptation and progression.

1. 7. 2Intervention 2: Eccentric exercise as a novel mode of increasing

energy expenditure ad fat oxidation
All subjects performed aerobic exercise faveks and were randomised to complete a
standard resistance training programme or an eccentric resistance training programme. Th

response to both inteventions was measured by changes imropdgiton, glucose
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tolerance, resting energy expenditure, fat oxidation, and skeletal muscle cross sectional ar

and biomarker profiles.

1. 7. 3Study 3: Impact of exercise training on body composition and
biomarker profile
Exercise data from the two interventstudies was combined for a comprehensive

statistical analysis to determine the effects of training on body composition and biomarker
profile.

1. 7. 4Study 4: Comparison of 4 isocaloric interventions
All data from the two intervention studies was combineal fomprehensive statistical

analysis to determine the intervention or combination of interventions that resulted in the

most favourable physiological and biological outcomes.

1. 8.Delimitations

x  The subjects in all of the experiments were recruited exgcltrenelstaff and
students in Dublin City University due to ease of access to testing and training
facilities. This group is only one sample of an obese population.

x In the first study, the subjects recruited were delimited to being young (<30 years)
or olde (>50 years) due to original study design.

1. 9.Limitations

x  With regard to intervention 1, the original study wasil&centrecrossover
experimenbut the complexity of thdesignanalysis and the interaction effects led
us to exclude the second phaséhefintervention. The complex nature of this
original design also resulted in a smaller sample size than originally aftepated.
data presented in this PhD thesisluded a lot ofhe datathat was actually
collected agpart of the original projedbut this allowed formore robust
comparisosand conclusions

x We were not able to measure body composition on all subjdots REXA
scannewas damaged a flood during the first year of data collection

x For intervention 2, the original study designaniésweek intervention. However,

due to the time required to conduct the extensive baseline testing, the intervention
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was reduced to 10 weeks to ensure that the post tests could be completed prior to
end of semester.

The time commitment required for th@ning studies, in addition to the extensive
pre and post tests that were carried out resulted in a smaller sample size than
originally recruitedhis limited the statistical power to detect change.
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Chapter 2.Literature Review
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This chapter wilbrovide a focused review of the obesity related scientific liteFature

overall body of knowledge is beyond the scope of a single review but the relevant literature
across three key main sections will be critically appiBmgefitst section will ldoat the

factors that contribute to obesity, the health consequences associated with obesity, and th
current modes of intervention used to treat and manage this condition. The second section
will focus specifically on the physiological and metaboliatamtegppthat occur in response

to exercise training and the role of these adaptations in treating obesity. The third and final
section will begin with an overview of adipose tissue biology, and will subsequently focus
on 6 novel biomarkers that are repotteplay a role in obesity and insulin resistance. The

known effects of lifestyle intervention on these biomarkers will also be presented.

2. 1.0Obesity - Cause consequence and current modes of treatment.

2. 1. 1lintroduction

The prevalence of overweight and obédwt/ reached epidemic proportions in recent
years.Overweight and obese individuals carry around excessive fat which is generally
estimated by combining measures of height and veeigkthodparticularly relevair

the sedentary adu{Speakman, J.RQ@4). This is reflected in the Body Mass Index (BMI)
measurement where weight (kg) is divided by height($peakman, J.R, 2004).
Overweight is defined as a BMI >25k§/Mut <30kg/nt, obesity is defined as a BMI
>30kg/m? (Speakman, J.R, 20@.the yea2000 obesity had grown to such as extent

that the World Health Organisation declared it to be the greatest threat facing Western
Society. In 2000, 300 million adults worldwide were classified as being obese but this figur:
has since increased to >520iomlwith an additional 1 billion adults classified as being
overweight. The worldwide prevalence of obesity has almost doubled between the year:
1980 and 2008. In 1980 5% of men and 8% of women were classified as being obest
compared to 10% of men and 1df4Avomen in 2008. These figures are continuing to rise
and it is predicted that by the year 2015, 2.3 billion adults worldwide will be overweight and
700 million will be obe$&/HO, 2009.
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Figure 2.1 World Health Organisation global prevalence of obesity, ages 20+, both
sexes, 2008

The rise in the level of obesity over the last 20 years is particularly evident in the USA
(Figure 2.2)Data from the National Health and Nutrition Examination S@o@32010

revealed that more than 2 in 3 or 68.8% of adults over the age of 20 in the US are
overweight or obese. Furthermore, 1 in 20 adults or 6% are considered to have extreme
obesity. This condition is not just confined to adults, alarmingly anees®®f#t of

children aged 6 to 19 years are classified as being overweight or obese. It is predicted th:
by the year 2025 50% of the US population will be obese if these trends are maintainec
(NHANES, 20022010.
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Figure 2.2 Obesity trends in U.S. adultsover a 20 year period from 1990 to 2010
BRFSS, 1990, 2000, 2010. The percentages refer to individuals wiiva 2 30, or
about 30 I bs overweight f or dapied fiomphe r s o n
Center for Disease Control (2010).

The latest available data from the Eurostat Statistics Database in 2012arsewvedéed
picture inthe EU At least52% of adultan al 27 member states were classified as
overweight or obesbut this figure is even greater in 18 of the 27 membe(Etatestat
Statistics Database, 2012).
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Figure 2.3 Depicts thericreasing obesity rates among adults in European cawdries
20 year period from 1990 #900to 2010 (or nearest yearShurceODECD Health
Data 2012 Eurostat Statistics DatabaseaNHO Global Infobase.

Unfortunately, a similar trend is also evident in Ireland. In 1990 11% of the population
were obese, this increased to 18% in 2000 and 25% in 2010. This was in addition to 39% o
the population beingassified as overweight at both of those time podireanost recent
representative data for Ireland shows that 37% of the Irish adult popsi@atemweight

and a furtherr4% isobese (IUNA, 2010By the year 2030 it is predicted that the
prevalencef overweight and obesity in Irish adults will reach 89% and 85% in males and
females respectively (Keaver et al. 2013). This issue is not exclusive to Irish adults. Rece
research shows that 19% of 9 years olds are overweight and 7% are obese f§@mowing u
Ireland, 2011). This translates into a total of 30% of girls and 22% of boys being classified
as either overweight or obese (Growing up in Ireland, 20l )astprediction of
childhood obesitiyn 2005 based in UK values, estimétezlprevalencef obesity in Irish

children isexpected to rise by 10,000 per year (National Obesity Task Forcdh2005).

rate of overweight and obesity in Ireland is greater than the EU average and creates al
even stronger rationale for developing interventions tenpremd reduce excess fat

accumulation.

2. 1. 2Health consequences of obesity

Obesity, defined as a body mass index30kg/n¥, is a serious global health issue. It is
currently the fifth leading risk for global death, and at least 2.8 million adult deaths each
year are a direct result of being overweight or Qhése, 2009. Mortality increases as
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BMI increases above 25kg/m I n t he 19300s, us | ife in
factors that influenced the probability that someone would redeem a life insurance policy.
Based on the redemption of 5,000,000 policies in that year, they deemed BMI to be the
most effective predar of mortality(Engeland et al., 2003 he reason for this was due to
thedirect link between body fatness and many chronic diseases. An individual with a BMI
of 35kg/n? is 4090 times more likely to develop type 2 diabetes than an individual with a
BMI of 22kg/n? (Chan et al., 1994besity isin independent risk factor for a number of
chronic diseases including hypertension and cardiovascular disease. The risk of certai
cancers such as breast and colon cancer are also increased wiiVidRes2909, as is

the risk of developing of clinical respiratory disorders such as sleg@aiflicgzet al.,

2002. The obese imddual is also more likely to antidepressantedication, suffer

from joint problems, and suffer from skin disord8meakman, 2008ased on current

trerds, by the year 2020 non communicable chronic diseases are expected to account fc
70% of global deaths and 60% of the global disease fWtien2009.

2. 1. 3Economic cost of obesity

The health consequences of obesity combined with the large number of people who are
affected by it imposes significant costs to the economy both directly and indirectly. Firstly,
the treatrent of obesity and related morbidities impose direct medical costs on the health
care system in terms of hospital admission, hospital days, patient care, medical
consultations, drugs and other allied health care practitior2068, the direct cost of
overweight and obesity per person in the USA was estimated at $266 and $1723
respectively. This amounted to a total national cost of $113.9 billion in that year, which
accounted for almosb% of U.S. health care spending (Tsai, 2012R09 the direct

cost of overweight and obesity was estimata@% million inthe Republic of Ireland
andul127 million in Northern Ireland (Safefp@812)This represented 2.7% and 2.8% of

total health care costs in that year (Safefood, RO$23stimated that ovére next 20
yearsnon communicable diseaséll cost the global econont30 trillion dollars
representing8% of the global Gross Domestic Produ@010WHO, 2010h Secondly,

the indiect costs associated of obesity are those that are incurred through loss of
productivity due to absenteeism, disability, and premature mortality. The evidence that is
currently available suggests that obesity incurs high indirect costs but it igadifficult
measure this and more research is required to determine the total spectrum of these cost

(Trogdon et al., 2008The indirect costs associated with overweight and dhethiey
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Republic of Ireland and Northern Ireland was estimated’a2 9 mi I | i on and
respectively in 2009 (Safefood, 20tR)likely that these costs will continue to rise in the

absence of effective intervention.

2. 1. 4Risk factors for obesity

Obesity has only become an epidemic in the past 50 year®tidesearch has been
conducted to investigate why this is the case. The most significant contributing factors are
thought to be changes that have occurred to our eating and physical activity habits, whick
ultimately favour the storage of excess energyexXdess energy is stored in the adipose
tissue as fat, and chronic exposure to excess energy leads to an expansion of fat stores
that the person initially becomes overweight and eventually (@esskman, 2004
Evidence has recently emerged to suggest that there may also be a genetic component |
the development of obesity. The cintion of energy intake, energy expenditure, and

genetics in the development of obesity is outlined below.

2. 1. 4. 1Trends in dietary intake and its contribution to obesity

There is an ongoing debate as to whether chronic intake of excess energy, chronic physic
inactivity, or a combination of both is the main contributor to energy storage and weight
gain. Eating patterns have undoubtedly changed over the last 50 years. There has been
shift towards eating away from hofmkley et al., 20§Gand a marked increase in the
consumption of energy dense convex@efoods that are high in fat and added sugar.
Fructose isa sugar that is addeith the procesmg of convenience foodsnd is
enzymatically produced from corn stdfarder et al, 201Q)nlike glucosdructoseis

almost completely metabolised in ithex;, Idoes not stimulate insulinrggon or satietyis

more lipogenic than glucose and is associated with an adverse lipid profile and an
accumulation of lipid in tissues of metabolic importdrerder et al, 2010)\ positive
relationship has been falbetween fructose ingestion, excess energy intake, body weight,
T2DM and CVD(Tappy et al., 2010rhis is coupled with a greater intake of saturated fat,
predominantly from animal products, a reduced intake of complex carbohydrates and fiber,
and a reduced intake of fruit and vegeté@blesvnowski and Popkin, 199The global
availability of cheap vegetable oils and fats means that a high fat intake is particularly
evident among low income nasdDrewnowski and Popkin, 199While it is widely
accepted thatatterns of dietary intake have changed over the g#siy8arthere isstill

debateabout total energy intake as some report an in¢Miatsen et al.,, 20020
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changdAlexy et al., 200Arnett et al., 200@r a decreagPopkin et al., 198However,

this information must be interpreted with caution since the tools used to quantify food
intake, such as dietary guestaires and subject recall, are prone to misref(&ttcl et

al., 1998 There is more consensus with regard to the change that has occurred in
macronutrient intake over the last 20 years with both théWi&t and Leibel, 20p2

and EuropgAlexy et al., 20D2eporting a decrease in fat intake and an increase in the
consumption of carbohydrate, particularly simple Siddexy et al., 200Arnett et al.,

2000, which when not used for energy are stored as fat.

The composition of food consumed in Ireland over the last number of years has also
changed. The 2007 National Survey on Lifestyle, Attitudes and Nutrition reported that
86% of respondents consumed greater than 3 servings per day of energy dense foods th:
are high in fat, salt and sugar, similar to reports in the years 1998 and 20G& Béene

a reduction in the intake of complex carbohydrates over the past number witlyears

26% of respondents consagithe recommended 6 or more daily servings of cereals,
breads and potatoes compared to 40% in 1998 and 36% inF20D2and vegelde
consumption has also change@5%% of respondentsetthe recommended servings of

fruit compared to 56% in 1998 and 68% in 2002. Half (48%) of the individuals snacked
between meals mostly on carbohydrate based convenience snacks such as biscuits al
cakesbut there was no information available on total calorie intake or how this has
changed since the previous survey in (Z0YN, 200Y.

Dietary intakéas changed over time in line with the rise in the prevalence of Bhesity.
literature suggests that total caloric intakenmiaprave changed considerably but this
finding must be interpreted with caution since it is based on self reported questionnaires
that may be subject to underreporting. There is more consensus in the literature regarding
the change in the composition ddtdry intake over time which identifieefinite shif

towards increased snackbejween meaknd increased consumption of energy dense,
high fat, high processed foaal of which ardinked to obesityand related health
consequencég$appy et al., 2010

2. 1. 4. 2Trends in physical inactivity and its contributionto obesity

On a gl obal scale the | iterature suggest
over the last 20 yedWillett and Leibel, 200&8lexy et al., 20Q2which implies that the
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contribution of physical inactivity to obesity may be quite significant. Our environment has
changed dramatically over the last 50 years to make daily taskficranteéneferms of

time required to complete them, but also in terms of the energy required to complete them.
Advances in technology have significant!]l
the dominant mode of transport was walking. Mogtigp@owestern society had no other
option and walked to various small shops to do their weekly shopping and other tasks of
daily life. In modern society the dominant mode of transport is by car and the numerous
smaller shops have been replaced with laygermarket or convenience stores making
weekly food shopping and general daily activities more energy caispeEakiohan,

2004.

Advances in household appliances have also had a significant impact on energy
expenditure. The introduction of washing machines, dishwashers, vacuum cleaners ant
other appliances have made traditional danadsires more time efficient but also more
energy efficient since they were traditionally manual tasks. The appliance market ha:
changed so dramatically over time that there are now electrical appliances for even the
smallest of tasks such as cutting feibldl carving knives. All of these advances mean that
daily energy expenditure is decreasing and daily sedentary time is, iconé@singg to

positive energy balan&peakman, 2004

One of the most gnificant factoréinkedto positive energy balance is an increase in the
number of hours per day spent watching teleyi3emison et al., 200@rmstrong et al.,

1998 Salmon etlg 2000 In 1970, almost all households in the USA and in Europe
possessed a television but the prevalence of obesity was much lower then. In the late
199006s it was estimated that 20% of <chil
television peray and this was positively associated with(Biistrong et al., 1998
Havinga el evi sion in a childds room signifi
obesgDennison et al., 20D similar picture is also true for ad(8&mon et al., 2000

The increase in time spent watghtelevision has brought about changes in behaviour.
These individuals are less likely to be g&lisenmann et al., 200and more likely to

increas¢heir consumption of snack foods.

Finally, the time required for earning a living and domestic work has also declined over the

last few decades in Western societies and this trend is associated with a marked decline
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energy spent on these activitieg. fBduction in work time means that more leisure time is
available, but the majority of this time is spent on passivities Thus daily energy
expenditure has fallen and lifestyles have become increasingly gedenianyzi and
Martino, 1996

The epidemiological data that is available regarding the change in physical activity patterr
over time shows that in the year 2000 only 26.2% of US adults engaged in enough physic:
activity to meethe basic ACSM guidelines for health, which is 30 minutes of moderate
physical activity at least 5 times per week, or vigorous activity for 20 minutes at least 3
times per week. The likelihood of reaching these recommendations was related to year
spent ineducation where 14.5% of individuals with less than 12 years of education met the
guidelines compared to 34.2% of individuals with a college ed@2Gori99% In the

Irish context, the SLAN survey 2007 revealed that only 41% of Irish adults took part in
modeate or vigorous activity for at least 20 minutes on 3 or more days p&LwéEk

2007. The 2008 report by the Health Behaviours in School Aged Children established that
53% of Irish children were active for 60 minutes or more on 5 or more days of the week.
The reported frequency physical activity is 25% lower in children agetl7 years
compared to children agedlDyears, indicating that children become less active in their
teenage years, and girls consistently reported less activity than aged magdisRChoys
2008.

Over the last number of decades our environment and our lifestyles have been engineere
to favour increased sedentary tiierldwide more than 60% of adults do not engage in
sufiicient levels of physical activity. Physical inactivity decreases with age and is more
prevalent in women than men across all age groups. The rise in the prevalence of obesity
attributed to physical inactivity in leisure time combined with incredesdarge
behaviour throughout the day. The health consequences of physical inactivity are
significant (WHO, 2003).

2. 1. 4. 3The contribution of genetics to obesity

It is clear that the changes in energy intake and energy expenditure over the last 50 hav
favoured psitive energy balance which contributes to obesity. However, within all
environments there is a mixture of lean and obese individuals indicating that the

environment is not the only factor responsible for obesity. The possible genetic
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contribution to obety has received growing attention in recent years. Some rare cases have
been reported where children were found to have defects in their Lept{Rayeogs et

al., 1999 This meant that they did not produce Leptin, a hormone that would normally act
to regulate appetite, and its absence meant that these children had ravenous, insatiab
appetites resulting in extreme obesity at a very early age. Treatméailywiteptin
injections reversed their compulsive eating behaviour and dramatically reduced their weigh
(Farooqi et al., 1999This is a rare genetic digortébut an example of the role of the
interaction between genetics and the environment in the development of obesity. It is
important to note that no direct causal link has been established between genes anc
obesity. Rather, some people develop obesitysbeiteeir genetic makeup makes them
more likely to adopt behaviours, such as over eating, or have physiological characteristic:
such as low resting metabolic rates, that put them in positive energy balance. An individua
does not develop excessive fatestavithout consuming too much energy, expending too
little energy, or a mixture of both, but genetic variation may explain the inter individual
variation in the extent of obes{§peakman, 2004This is particularly evident in twin
studies. Bouchard et al 1990 conducted a study to investigate the response of twins to lon
term overfeedon The investigators took 12 pairs of young adult male identical twins and
housed them in a closed section of a dormitory for 120 days with 24 hour supervision. The
subjects were monitored over the first 14 days to establish baseline calorie intake. For th
next 100 days, all individuals were fed 1,000kcal above their baseline intake for 6 days pe
week, and only their baseline intake on the last day of each week. Physical activity leve
were tightly controlled. At the end of the study the weight gathed twin pairs was

similar, but the weight gain between twin pairs varied greatly from 4.3kgs to 13.3kgs despit
all of them being exposed to the same overfeeding conditions and the tight control of the
study. Similar results were found for gains in das.nThe authors concluded that the
twins genetics may govern their tendency to store excess energy as fat mass or lean tiss
and may also influence various determinants of resting energy ex{Bndihael et al.,

1990. It is proposed that geneticayraccount for up to 65% of the variance in obesity
(Speakman, 2004

The literaturghat iscurrentlyavailable regarding the genetics of obesity surmises that
individuas donot become obese without consuming too many calories, being physically
inactive, or a combination of bofietary intake patterns have changed over the last

number of decades to favour increased snacking between meals and increased
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consumption of energy dense foddss has occurred alongside an epidemic of inactivity
in leisure time and increased sedentary time throughout tBeetay.prolonged period

of time ths lifestyle favours energy sgeravhich can accumulate to obe€ihly in very

rare cases geneticslirectlyresponsible for the development of obesity; howewetics
may be responsibldor individual variation in weight gain. The obesity epidemic
continuing to rise at an alarming rate effatts must be made to treat and manage this

condition.

2. 1. 5Treatment and management of obesity

A considerable amount of resources have been devoted to the development of therapie:s
for the treatment and managemef obesityThe first mode of treatment is usually diet

and exercise intervention, which is complimented with weight loss enhancing drugs such a:
Orlistat for some individuals. Bariatric surgery occurs in the morbidly obese after all other
treatments hae been administer¢Branz et al, 20Q7A review of the effectiveness of

these therapies is presented béfoanz et al, 20Q7)

2953

Adjustable Roux-en-Y Vertical Sleeve Biliopancreatic
Gastric Band Gastric Bypass Gastrectomy Diversion With a
(AGB) (RYGB) (VSG) Duodenal Switch
(BPD-DS)

Figure 2.4 Therapies currently used in thereatment and management of obesity.
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2. 1. 5. 1Bariatric Surgery

Bariatric surgery includes a number of different procedures for obese individuals. The
procedures include gastric banding, which involves reducing the size of the stomach with &
gastric band, gastrnypass surgery which involves resecting amlitieg the small
intestines to a small stomach pouch, and surgery to remove a portion of the stomach.
These procedures were designed to cause weight loss by food restriction and nutrien
malabsorption but the is evidence to suggest that they work by decreasing hunger,
increasing satiation during a meal, changing food preferences and energy expenditur
(Miras and le Roux, 2Q1Bariatric surgery is reamended for individuals with a BMI of

at least 40kg/f but if serious emorbidities such as diabetes exist, the BMI criteria is
>35kg/n? (Robinson, 2009 Many studies report significant long term reductions in
weight and mortalifRobin®n, 2009 This treatment option is only considered when the
patient has at least undergone a lifestyle intervention, in addition to pharmacological
therapy in some cas@gaggard et al., 2Q0but studies show that bariatric surgery is
associated with substantial weightdb4@months Schauer et al (2012) reported a weight

loss of 29.4kg®kgs 12 months post ReerY gastric bypass (n=50) or sleeve
gastrectomy (n=49), which was accompanied by significant metabolic and cardiovasculal
improvements. The drugs that were being used to control glucose, blood pressure and
lipids in these subjects decreased significantly after both surgical procedures. Insuli
resistance also improved significafighauer et al., 201and these findings are
supported by other studi@Suo et al., 20)3There were no deaths or life threatening
complications in the Schauer (2012) study but other research shaweetisat event

occur in approximately 20% of cagbtaggard et al., 2003Bariatric surgery is
undoubtedly very effective in producing weight loss in the obesei@ondtstudies

show that this weight loss is highly correlated with improved qualityaefdgeessed by

the Health Related Quality of Life Questionnaire (HRQBIIy ét al. 2014, Hansen et al.

2014, Efthymiou et al. 2014nd the Obesity and Weightss Quality of Life
questionnaire (OWLQOL) (Billy et al, 2014). Billy et al, 2014 reported a significant
(p<0.0001for both) improvement in OWLQOL scor@s 174 patientwithin 6 months

post implantation of the laparoscopic adjustable gastric band anltiraledto improve

over a 3 year periofihe mean improvement quality of lifefrom baseline scores was

52% Percent weight loss was maintained through the 3 years and the improvement in
OWLQOL scores was associated with the percent weight loss eg. Jlyeaauthors

conclude there are meaningful improvements in quality of life following this type of surgery
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(Billy et al, 2014Many of the surgical interventions report weight loss at 12 to 36 months
and so it is difficult to obtain results after or@dywkeks for comparison to common

lifestyle interventions.

2. 1. 5. 2Weight loss promotingdrugs

In the USA in 2011, approximately 2.74 million patients were using some form of
antiobesity druHamppet al., 2003 These drugs are commonly used in conjunction with
lifestyle intervention and have consistently shown a weight lgysfaziditional to that
obtained by lifestyle intervention alone over a one year (fucr et al., 200A

number of amtobesity dungs have been develop&bme such as sibutramine and
rimonabant work by acting centrally on the brain to suppress appetite, thereby reducing
food intake and promoting weight I¢g8&bas et al., 20D9However, their potentially

severe side effscincluding psychiatric disorders with rimonabant and elevated blood
pressure and insomnia with sibutramine, limit their clinicdAkisas et al., 20P9
Sibutramine has since been removed from the market due to these harmful side effects
(FDA, 2010). Exenatide is a GIlLPagonist prescribed to treat diabetes. It works by
augmenting the insulin response to a glucose load, suppressing the glucagon response tc
glucose load, delaying gastric emptying and thus the rate at which glucose appears in tf
blood stream, in addition to reducing appetite and promoting @diety et al., 20113

When prescribed in addition to regular diabetic medications (insulin, metformin and
sulphonylureas) the literature shows a significant improvement in glucose control in
addition to a significant weight loss oftlL.Bkgs at one month, 885kgs at 3 months,
6.3+3.4kgs at 6months and-8433kgs at 12 montiBawa et al., 20L& urrently, orlistat

is the only registered drug for the pharmacotherapy of obesity in @wepal et al.,

2004. The drug works by inhibiting an enzyme in the intestine known as lipase, which
would normally act to break down triglycerides into absorbable free fatty acids. Blocking
this enzymeeduesthe absorption of dietary fat, which is excreted undigested instead
(Cahill and Lean, 199®rlistat therapy has been shown to reduce serum concentrations
of lipid and glucose, as well as reducing blood préassarell et al., 200€ahill and

Lean, 199%ut this may be due to weight lost. Franz et al 2007 carried out a systematic
review on the effectiveness dfsbat combined with lifestyle intervention to assist weight
loss and maintain it in the long term. Following a review of 13 studies, weight loss at 6
months was 8.3kgs or 8%, and this was maintained at 8.2kgs or 8% at 12 months, 7.7kgs ¢
7% at 24 monthg,.8kgs or 7% at 36 months, and 5.8kgs or 5% at 48 r{taths et al.,
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2007. Weight loss achieved by orlistat combined with lifestyle intervention is reported to
be significantly greater than lifesigtervention alon€Olszaneck&linianowicz et al.,

2013 and may be beneficial in long term weight loss maint¢@ahdkand Lean, 1999

2. 1. 5. 3Dietary interventions

The general consensus in the literature is that caloric restriction is successful in the
treatment of obesity and there appears to be a dose response relbdbmship the

amount of calories restricted and the amount of weigffrast et al., 20D However a

closer inspection of this body of workeag that its true in the short term but weight
regainn common in the longer term, particularly following very low calori@-thets et

al., 200y There is large variation in the reported success of dietary interventions, which is
related to the wide wation in study design in terms of the number of calories restricted,
the composition of the diets, and also the duration of the interventions and the level of
supervision. Franz et al 2007 carried out a systematic review of 51 dietary interventions
The aim of this review was to evaluate the short term and long term success of the
interventions, as measured by the amount of weight lost. The interventions reviewed
included diet alone, meal replacements, and very low calorie diets (VLCD). All 51 studies
were randomised clinical trials of different duration ranging from 6 weeks to 36 weeks with
> 1 year follow up and contained0 subjects. Weight loss was measured at 6 months
and again at 12, 18, 24, 36 and 48 m(#riusz et al., 20p7

The majority of the 51 interventions used a caloric deficit of 500kcal per day below that
required by th individual as determined byResting Metabolic RatRMR) test The

mean weight loss at 6 months was 4.9kg \(@%6) was maintained at 4.6kg (4.6%) at 12
months, 4.4kg (4.4%) at 24 months, and 3.0kg (3%) at 48 months. The meal replacemen
studies (n=7) achieved a weight loss of 8.6kg (9.6%) at 6 months which was maintained a
6.7kg (7.5%) at 12 months. Studies tadp@m very low calorie diet (calorie intake
<800kcal/day) achieved substantial weight loss at 6 months (17.9kg (16%)) that was not
sustained at 12months (10.9 kg (10%)) or 36 months (5.6 kevE¥pugh the results

are comparable or better than otfietary approachebhe authors concluded that caloric

restriction was successful in initiating and maintaining weigRtdogset al., 20D7

To limit the review, the primary outcome measure asdEtdrmine success was weight

loss. No information was provided on the overall change in body composition of the
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subjects and so it is unclear whether this weight loss was derived from body fat mass, lea
tissue mass, or a mixture of both. Secondarynmeitoeasures such as blood pressure,
lipids, glucose, quality of life, and treatment satisfaction were not described. However there
are a number of studies in the literature to support the observation that caloric restriction
improves lipid profilejnsulin sensitivityand cardiovascular risk in obese individuals
(Brinkworth et al., 200&lifton et al., 200%ee et al., 2013kee et al., 200@berhauser

etal., 201

A number of short duration, carefully supervised studies have been condueieort

varying degrees of weight loss due to differences in study design. To follow is a discussiol
of the effectiveness of three typical study design¥ ee80ction in calorie intake below

daily requirements, a comparison of high protein to standard diets, and very low calorie

diets.

Klempel et al(2012 conducted a 10 week intervention where subjects were randomly
assigned to one of two groups, intaenitfasting (severe restriction one day per week)
with calorie restriction using liquid meal replacements-(JF@R intermittent fasting

with calorie restriction based on food (IFOR Each group was restricted by
approximately 30% of their baselimdoric needs. They both consumed 240kcal for
breakfast, 240kcal for lunch, and-@00kcal for dinner 6 days per week, and on the last
day of each week they fasted, which consisted of water consumption with 120kcal of juice
powder only. The difference beem groups was that the IRCRyroup consumed the
calories in the form of liquid meal replacement supplements, but thHe deGtumed

their calories in the form of food which was provided by the study. The first 2 weeks
consisted of a weight maintenaregopd and the final 8 weeks involved calorie restriction.
The post tests revealed that there was a significant decrease in weight in both groups
whichwas significantly greater in the IHCBroup 8.9kgs or 4.19%4p=0.04) compared

to the IFCRF group(25kgs or 2.6% There was a significant decrease in fat mass post
intervention in the IFCIR group(2.8kgsand in the IFCHE group(1.9kgs) but there was

no difference between groups in the amount of fat madsabfee mass decreased by an
average ofpproximately 1.2kg in the IRCRyroup and 0.5kg in the IFE€Rgroup but

this did not reach statistical significaarwk there was no difference between grdines

lipid profile of the subjects and risk factors for cardiovascular disease also imgtroved po

intervention(Klempel et al., 201.2The results of this study suggest that when calorie
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restriction is similar, weight loss is augmented in those corslioquind)diet compared to

a solid food diet. However, Aslam et al 2009 conducted a 12 week solid food intervention
also with a caloric restriction of 30% below actual daily requirements. The weight loss (
7.86kgs) and fat mass lo$s2@kgs) outcomes weapproximately double that of the
aforementioned study, but this was concomitant with a reduction of fat free mass in the
region of 2.6kg@\slam et al., 20P9

The use of high protein diets in weight loss interventions has become prominent in recent
years. There is evidence in short term studies to suggest that a higher peimingak
feeding alters total energy intake via the feeling of satieincraades total energy
expenditure by increasing thermogenesis. Additionally, higher protein intake has proven tc
lead to a reduction in subsequent energy intake compared |¢@merdoets. Thus high

protein diets have reported greater weight and fat mass loss than lower protein
conventional diets, but findings have not been consistent and further long term research is

requiredEisenstein et al., 2002

Clifton et al (2009 administered a 12 week intervention where subjects were randomised
into one of two groups, a highotein (HP) diet, or a standard protein (SP) diet, with the
energy allowance being ¥3660kcal per day. Weight loss after 12 weeks was significant
and comparable in both group&&2kg in HP;7.65kg in SP) as was total fat l€s8Kg

in HP,-6.4kg inSP), with slight reductions in fat free njf@kon et al., 2009Lee et al

(2009 also carried out a 12 week weight loss intervention comparing thverdéexof a

high protein diet to a conventional diet. Subjects were randomly assigned to one of two
different groups, a low calorie diet with partial meal replacement and high protein content
(HP), and a low calorie nutritionally balanced conventiomgCplaNeight loss was also
comparable in both groupSKg in HP-4.9kg in C) as was the total reduction in fat mass
(-2.5kg in HP52.3kg in C). Both groups also experienced at least a 2kg reduction in fat free
mass. When adherence to dietary inteovemtas greater then 70%, the HP group
experienced greater success in total body fat redicéenst al., 20D9The results of

these studies indicate that biyihes of intervention yield similar weight loss and fat mass
loss results. However, the high protein diets report other health outcomes including an
improvement in lipid profile in obese subjects at risk for cardiovascular@igseaset

al., 200p
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Very low calorie diets have also received attention in the literature in recent years. The
strategy often used in these types of interventions is a calaeiofirt@@0kcal per day

and so the weight loss results, at least in the short term, have proven to be quite significan
Papadaki et al 2013 investigated the effects of an 8 week VLCD on obesity measures in 77
overweight and obese subjects from eight Eamnogiées. The subjects were restricted to
800kcal per day and all meals were replaced with supplements. The average weight loss w
11.1+ 3.3Kkgs, which consisted of an average fat mass loss @f.4k8s and an average

lean tissue loss of 2:84.0kgqPapadaki et al., 2013Foster et a{1992)compared the
effects of 3 different VLCDO6s on body we
The total calrie allowance for each of the 3 groups was 420kcal per day, 660kcal per day
and 800kcal per day. After 12 weeks of intervention, subjects had an average weight loss
18.2kgs, 18.5kgs and 16.6kgs respectively. Fat mass accounted for 85.4% ofdbe weight |
in the 420kcal/day group, 86.1% of the weight loss in the 660kcal/day group, and 88.2% of
the weight loss in the 800kcal/day group, with the remainder derived from fat free mass.
Weight loss was the single best predictor of changes in fat freeaoassngdor 42%

of the variance, thus the subjects who lost the most weight also lost the most fat free mas:
(Foster et al., 1994t is clear from these stué s t hat VLCDOs | ead |
loss and fat mass loss at least in the short term but this also occurs alongside a reduction |

lean tissue mass.

Novel types of diet intervention continue to emaergbe literatureThe earliest work
carriedby Dr. Michelle Harvie showstarmittent fastings as effective as continuous
energy restriction with regard to weight loss and improvements in metabolic health, and
may be offered as an alternative equivalent to continuous energy restriction for the
ovaweight and obese population (Harvie, 20datBrmittent fastingnvolves 2days of
restricted intakper week.e. low calorie (~600kcal), high protein, low carbohydrate and
limited dairy, and 5 days of normal egteigweek baseoh aMediterraneanlie i.e.
moderate calorie consumption, moderate protein, unprocessed carbohydratesndow fat,
limited dairy(Harvie, 2013More recently, whemtermittent energy andrbahydrate
restriction (IECR) wascompared to continuous daily energy restrictionR}DE
(1,500kcal/dayfpr a 3 monthweight loss periad overweight womethe results shoed

that insulin resistance and body fat decreased in both groute boprovement in

insulin resistance wsignificantly greater in the IE@#n the DER group deise both

groups havingn overall energy deficit of 25% per WiEgER may lead to greater positive
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adaptations imetabolic characteristics of overweight and obese individuatgytetin
studies into the safety and effectiveness of IECR diets amgedafHarvie et al, 2013).

It is clearfrom the above researtat calorie restriction isfegtive in reducing body
weight in overweight and obese individubliswever, diet induced eight loss
simultaneouslyeduces body fat and lean tissue matssipopulatiorand few studies

have investigatedhether these changes are influenced by macronutrient composition of
the diet interventiofde Souzat al, 2012)flhe POUNDS LOST trial was a 2 year study
involving 811 overweight and obese gduhghinvestigaie the effects of 4 diets with
different macronutrient composition on fat mass, lean tissue mass, visceral adipose tissue
and hepatic fat in overweight and obese gdeltSouza et #012) The subjects were
randomly ssigned to 1 of 4 diet§ lowfat averagprotein (20% fat, 15% protein, and
65% carbohydrate), (i) ldat, highprotein (30% fat, 25% protein, and 55%
carbohydrate), (iii) higat, averagprotein (40% fat, 15% protein, and 45% carbohydrate),
and (iv) higHat, highprotein(40% fat, 25% protein, and 35% carbohydrate. For all diets,
participants had caloric deficit of 750kcal/day bdlwir energy requirements as
determined by a resting metabolic rateAe&.months participanghoweda significant
reduction in fat4.2t 0.3kg or 12.4%andlean tissue masa ¥ 0.3kgor 3.5%) there was

no difference betweatiets Abdominalfat (2.3 0.2kg or 13.8%gubcutaneoufat (1.5

0.2kg or 13.6%@nd visceral fg0.9 0.1kg or 16.1%)sodecreasedignificantly in all
groups buthere was no difference betwdats Participants regained 40% of these losses
bythe end of the 2 year permwith no difference between groupise key findingjof this

trial was that participants lost more fat mass thartitsue mass in all groapsithere

was no difference between diets with regard to improvements in body composition,
abdominafat or hepatic fatThe authors concluded thatial calorie restriction as opposed

to macronutrient composition of the deethe most important detemant of fat loss in

this populatiorfde Souza et &012)

An overview of the literature suggests that calorie restriction is effective in reducing body
weight of obese individuals and this relationship is dose dependent. This is particularly true
in the case of short term, structured and supervised interventions. Very low calorie diets
(<800kcal per day) are associated with greater weight loss than diets using moderate calol
restriction (~500kcal per day), but the additional weight loss tha wbeur calorie

intake is less than 800kcal per day is minimal. Also, weight regain following very low calorie
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interventions is common. This may be due to the fact that an individual cannot sustain an
800kcal indefinitely and so calorie intake eventuakyases resulting in an increase in
body weight. It may also be related to the fact that caloric restriction, particularly severe
caloric restriction, results in a loss of lean tissue mass concurrent with reductions in fat
mass, which may reduce restintabwdic rate and thus daily energy expenditure, making it
increasingly difficult to lose weight, or even maintain weight loss, in the longer term. The
literature has reported reductions in fat free mass in the regio2586 Bfter a low

calorie diet inteention(Foster et al., 199®%adden et al., 19%arrows and Snook, 1987
Donnelly et al., 1991

In summary, caloric restriction is effect in reducing body weight in obese individuals and
there appears to be a dose response relationship éwvesrount of calories restricted

and the amount of weight Ipparticularly in the short teffranz et al., 20pM™Numerous

study designs are evident in the literature which explains the large vasatoess of
thesenterventions. More basic research is warranted to understand the impact of different
nutrient intakeand caloric restrictiamm weight loss but also on the mechanisms at play in
different types of body tissue so that we can de&thenoptimal intervention for this

population

2. 1. 5. 4Exercise Interventions

Exercise training interventions are routinely used to treat obesity and improve metabolic
health but controversy exists in the literature with regard to the effectiveness of these
interventions particularly when weight loss is the primary outcome measure. Catenacci et a
(2007 investigated the effect of exercise on weight loss in obese individuals using 16
randomized controlled trials ranging from 4 to 16 months in duration. Tdge &M of

the subjects was -3Bkg/n¥. Elevenof the 16 studies reported significant reductions in
body weight ranging from 0.1kg to 5.2kg with the average {3&ggThis is a modest

weight loss and the results may be perceived to be unsuccessfdr, Hatte closer
investigation numerous limitations of the various studies were identified which greatly
affect the interpretation of the results. In the majority of studies, exercise induced energy
expenditure was not closely controlled or accuratelyureteaf\lso, the energy
expenditure prescribed in the interventions was modest and not enough to result in
substanti al wei ght | oss. Mo st of t he i n

physical activity recommendations for health, which is 30 nohuteslerate physical
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activity on 5 or more days of the week, and averad®&d 6dinutes per we@Ratenacci

and Wyatt, 200.7Energy expended per week based on this recommendation could be as
little as 1000kcal which equates to a modest 0.11kg weight loss per week when energ
intake is maintained @re intervention caloric intake. Given the fact that there are
9000kcal in 1kg of body fat, an energy expenditure of 1,000kcal per week is not sufficient
to cause substantial weight loss.

Franz et al(2007 also carried out a review to establish tfectefeness of exercise
training in treating obesity using weight loss as their primary outcome measure. The
subjects in these studies were given recommendations for exercise and minimal or nc
advice on food or meal planning. Only 6 studies were incluthési analysis. The mean
weight loss at 6 months was 2.4kg (2.7%) maintained at 1.0kg (1%) at 24 months. The
authors of the review concluded that exercise interventions are not successful in achievin
weight loss in the obese population. However, tleeadsara number of limitations to this
conclusion. Firstly, the review consisted of only 6 exercise interventions, the total treatment
duration was 52 and 78 weeks , and the time spent exercising was as little as 90 minutes [
week(Donnelly et al., 2000This volume of exescie 1 s | ess than the
activity recommendations for health and so it is no surprise that weight loss was minimal
(Irwin et al., 2003 Shorter term exercise training interventions based ersmartured

and supervised training have consistently reported significant changes in weight anc
physical characteristics in obese sulfigatselly et al., 2B Tessier et al., 20@ewart

et al., 2005 Secondly, weight loss as a primary measure of success does not reflect the
changes that occto body composition as a result of exercise training. Physical training
over a number of weeks reduces body fat mass and concurrently increases lean tissue me
especially in previously sedentary indivifibi@aart et al., 2009 he change that occurs

to body composition, especially over the first 10 weeks of training, means that the total net
weight loss is often minimal over thatetiperiod because the weight gain in lean tissue
negates the weight lost in fat mass. Therefore, it is more appropriate to use body
composition as a primary measure of success following exercise training interventions. Alsc
it is important to quantify chaxyin body composition since the literature consistently
shows that fat accumulation in obese individuals is significantly inversely correlated with
metabolic healtfCapurso and Capurso, 2048d so reductions in fat mass should be a

primary outcome measure. Skeletal muscle mass in trained athletes is positively correlate
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with metabolic healiticbeling et al., 199&nd so it is important to quantify gains in lean

tissue mass with exercise training in the obese population.

Other reviews have demonstrated that exercise training is successful in the treatment o
obesity. They report that the amouhtveight loss is directly related to the amount of
energy expended per week. Ross et al 2001 conducted a systematic review and me
analysis of the effects of physical activity on reducing obesity, with a particular focus on the
influence of exercise inédatcweight loss on fat mass loss. Short term stadi@svéeks)

were tightly controlled and supervised, and used an energy expenditure target of 2,200kc:
per week with an average weight loss and total fat loss of 0.18kg and 0.21kg respectivel
per week. ang term studiex (6 weeks) used an energy expenditure target of 1,100kcal
per week, and yielded an average weight loss and total fat loss of 0.06kg and 0.06kg p:
week. The review of the short term training studies provide evidence that exercise inducec
weight loss correlates with fat loss in a dose response manner and that lean tissue mass is
least maintained with exercise training. This review also provides evidence that the amoun
of weight loss and fat loss achieved with exercise training lig idileietd to the energy
expended throughout the intervention. Greater amounts of energy expenditure per week
are associated with greater amounts of body weight and body fat n{Bssdoaad
Janssen, 2001

Two uncontrolled short term randomised studies investigated the effects of higher
amounts of exercise induceergy expenditure and reported much larger weight loss post
interventionlLee et al., 1994 adjiolova etl., 198p Lee et al 1994 studied the impact of

5 months of military training on 175 obese male recruits. The recruits exercised 5 days pe
week for 20 weeks and averaged 29 hours of training per week, 57% of which was deeme
to be high intensity actiwi No dietary restriction was imposed on the recruits. The
average weight loss was 12.5kgs in 5 months or 0.63kg per week. The weight loss we
attributed to loss of body fat determined by skin fold measur¢beents al., 1994This

study shows that even with substantial weight loss over a short period of time lean tissue
mass is at least maintained with exercise training and the reductionp weigbd
completely accounted for by reductions in body fat mass. Hadjiolova et al 1982 studied the
effects of 45 days of training 10 hours per day with an energy expenditure of 3,600

3,700kcal per day. These subjects lost an average of 12.5kgs. Aékeugtetventions
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were relatively uncontrolled the findings demonstrate that substantial weight loss can be

achieved with substantial energy expenditadgiolova et al., 1982

When assessing the effectiveness of exercise training with regard to improvements in bod
weight and body composition there isadditional difficulty to be considered in the
interpretation of the results. In general the standard deviation is quite large indicating a
high level of inteindividual variability even when energy expenditure and energy intake are
tightly controlled. Tins, the mean result reported for weight loss or change in body
composition can often mask the extent of the results achieved by some participants. King
et al (2008 attempted to identify and characterise the individual variability in response to
an exeree intervention. The subjects performed supervised, aerobic exercise at 70% hear
rate max until 500kcal were expended for 5 days per week. After 12 weeks of training there
was a significant reduction in body weight £336kg), and fat mass (3:72.6kg,

indicating again that lean tissue mass was maintained and all weight loss was derived fro
fat mass loss. However, the investigators reported that there was large indafditgl va

in weight changel4.7kg to +1.7kg) and the change to fat rfaSkd to +2.6kg) despite

the fact that the study was tightly controlled and supervised, and the subjects were deeme
to be fully compliant. Due to the tight control and the large individual variation in results,
the investigators further subdivided thei@pants into two groups, compensators and

non compensators. Compensators were those whose weight loss was lower than predicte
(-1.5-2.5kgs and2.1+2.3kgs for body weight and body fat, respectively) and non
compensators were those individuals who adhoeexceeded the predicted weight loss
(6.3+3.2kg and 5#2.2kg for body weight and fat mass, respectively). Both groups had
modest reductions in lean tissue mass (0.47+1.5 kg vs 0.89+2.1 kg for compensators ant
non-compensators, respectively) and sohwigigs was mainly attributes to fat mass loss
(King et al., 2008This study highlights a number of important issues.

Firstly, a mean outcome measure should be interpreted with caution stwe does

not fit all and individuals respond differently to the same intervention with regard to
changes in body weight and body composition. Secondly, it seems that either consciousl
or subconsciously some individuals compensate for energy expesahitwiéhen tightly
controlled interventions. This observation has been reported in other studies and possible
explanations include variability in exercise compliance, compensation for energy

expenditure with energy intake, and reduced energy expenditigendm exercising

57



portion of the dayBouchard and Rankinen, 2(08autala et al., 20Q6evine et al., 20P5
Variability in exercise compliance was not an issue in the King et al. (2008) study since a
of the sessions were individually designed and supervised and subjects were deemed to |
complian It is possible that the subjects compensated for energy expenditure with an
increase in energy intake or a reduction in total daily energy expenditure. This study
highlights the need to educate subjects and make them aware of the effects of
compensatiomither through increasing energy intake or reducing energy expenditure in
non exercising time. It also highlights the need to treat obese individuals as individuals
within a group in order to prescribe the most effective treatment for them. It is importan

to note that even the lowest responders exhibited significant improvements in health,
characterised by decreased blood pressure, increased fithess and decreased wa
circumference. These additional health benefits should be considered important outcome
measures and participants should be educated in this regard so that success is not mere

based on changes to physical charactefisirgset al., 2008

A review of the current literatureggasts that there is a dose dependent relationship
between the amount of energy expended per week and the amount of weight loss achievec
Many exercise training interventions are
for health. These guidelimepresent the minimal amount of physical activity required to
obtain health benefits and are not sufficient for weight loss. Greater amounts of weekly
energy expenditure are required to achieve more substantial weight loss. The dominan
mode of exerciseported in the literature is aerobic exercise and / or resistance exercise. It
is possible that other modes of training would augment the weight loss results and so more
work needs to be carried out to investigate other possible modes or combinations of
training. It must be highlighted that significant changes occur to body composition as a
result of exercise training, particularly in previously sedentary individuals. Importantly,
exercise induced weight loss is derived predominantly from fat mass, tesstideisuass

is at least maintained, if aerobic exercise is the only mode of training, or increased if
resistance training is incorporated. Exercise induced changes in body composition have
significant favourable implications for the health of this populBbr these reasons it is

more appropriate to focus on changes in body composition as a primary outcome measure

of success in these types of intervention rather than weight loss.
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In summarygxercise trainings routinely used to treat oldgsand impove metabolic
healthbut controversy exists in the literature with regard to the effectiveness of these
interventionsThe majority oftrainingst udi es are based on the
recommendations for hea(tbatenacci and Wyatt, 2p@hicharecompletely inadequate

for meaningful wely loss. Weight loss not the most appropriate measure of success of
these interventions because exercise training reselductions in fat massncomitant

with increases in lean tissue nassthe net effects oftenminimal weight lost. More

bast research is warranted to determine the energy expemdjturedfor significant
improvemerd in body composition andody weightin this population, but also to
investigate the effects different types of physicaltigity on the mechanism at play i
different types of body tissue so we can determine the optimal intervention for this
population.

2. 1. 5. 5Comparison of diet and exercise interventions

Diet and exercise interventions have been compared in the literature and the genera
consensus appears to leawards diet being more effective when weight loss is the
primary outcome measuyfaanz et al., 20D7However, few isocaloric diet and exercise
interventions exist making a direct comparison impo&itieinterventions have already

been discussed in detail but a summary of the key differences between them is presente

below.

Firstly, the caloric restriction most commonly prescribed in dietary interventions is a
minimum of 500kcal per day, which audates to an energy deficit of 3,500kcal per week,
and a weight loss of ~0.39kgs per week when energy expenditure is conffeorkent fetr

al., 200y In contrast, the energy expenditure prescrib@anmy exercise interventions is
approximately 1,000kcal per wéannelly et al., 20p9which yields a weight loss of
~0.11kgs per week controlling for energy intake. Clearly there is a mismatch between the
designs underpinning both interventions which is why weight loss is generally greater pos

diet intervention.

Secondly, using weidbss as a primary measure of success poses an additional problem
when comparing the effectiveness of diet and exercise interventions because it does no
take into account the different changes that occur to body composition in response to both

types of mtervention. Exercise training simultaneously reduces fat mass and maintains or
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increases lean tissue mass especially in previously sedentary iSigwaglst al.,

2008. The gains in lean tissue are associated with an increase in RMR which may facilitat
weight loss in the longer te(Kirk et al., 200Byrne and Wilmore, 200The changes

that occur to body composition with exercise training can be quite substantial but the net
weight loss may be minimal. In contrast, the weightclussed by caloric restriction is
directly proportional to the amount of calories restricted, but it is derived from reductions
in fat mass combined with reductions in lean tissue mass. The loss of lean tissue is reporte
to be quite significant with vdoyv calorie diets and it has been proposed that this may
contribute to the weight regain that is often seen in these interventions over a 6 to 24
month periodFranz et al., 20D7

2. 1. 6 Obesity and poor finess, an additional problem

Extensive evidence exists to show that inactivity and poor fivessritus implications

for health. There is a strong, independent, inverse relationship between physical fithess an
all cause mortaliiampert et al., 199Blair et al., 1989BronnumHansen et al2007

Mokdad et al., 20p4ccounting for 3.2 millions deaths each year (WHO,)20h6a

World Health Organisation has declared physical inactivity to be the fourth leading risk
factor for global nmtality, to an even greater extent than obesity itself, which is currently
the fifth leading risk factQVHO, 2009. Physical inactivity is estimated to account for 21

25% of breast and colon cancers, 27% of diabetes, and 30% of ischemic heart diseas
globally. When obesity and inactivity are combined the health consequences may be eve

moredrastidhan obesity alone.

Individualswith a low fitness level and a diagnosed chronic diseasa higher rate of all
cause mortality across all BMI categaftes adjustment for age and baseline risk factors
(McAuley et al., 2012Individuals with higr levels offitness are protected against
mortality regardless of their BMI, waist circumference and percent b@isirfadt al,
1989) Therefore when fitness is taken into @aat, the mortality risk associated with
obesity is offsgMcAuley and Blair, 2014dnd, for this reason, obesity should not be used
in isolationMcAuley et al., 2012

In a comparison of risk factors for-adusemortality Wei et al (1999 examinedhe
impact of BMI, aerobic fitness and established factors including baseline CVD, diabetes,
cholesterol, hypertension and smoking stakf, 14 menlThe key finding of this study
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was that low fitness is a strong and independent predictor of all cause inubnieiieyn

coupled with obesity was much better than established risk factors and equivalent to having
had a cardiovascular ev@iei et al., 19990n average, physically active people live 5
years longer than physically inactive people, and their expected lifetime without long
standing illness is increased by aqpmately 8 years compared to inactive individuals
(BronnumHansen et al., 2007The enormity of the health consequences of physical
inactivity is such that Pedersen (2010) proposed the concepd of the e a s o me o f

i nactivityad. The theory behind this conc
with chronic systemic inflammation independent of obesity, leads to the accumulation of
visceral fat and consequently the activationlamimfatory pathways, which promote the
development of insulin resistance and type 2 diabetes, atherosclerosis and a cluster c
di seases belonging to t(Rederse003 easome of |

It is clear that physical activity and physical fithess may play a more important role in the
health of the general population and the obese population than previously thought and for
this reason the primary focus of this literature revieRtdhdhesis is the role of exercise
training in the comprehensive treatment and management of obesity. To understand this
role it is first necessary to understand metabolism in the normal weight healthy individual
compared to the obese individual, and guksdly the physiological and metabolic
adaptations that occur with acute and chronic exercise training.

2. 1. 7Metabolism d Normal vs Obese

Blood glucose concentration is regulated by a number of organs and tissues in the body
including the liver, skeletal mles brain, kidney, adipose tissue, pancreas and intestine
(Groop et al., 19890f these tissues, skeletal muscle is the most important because it is
responsible for almost 80%in$ulinmediatedylucose uptake and dispdBalnen et al.,

2004 Coort et al., 2004The hormones released from the endocrine system play a major
role in glicose homeostasis particularly insulin and glucagon, which are both released from
the pancrea&ang, 2008Jmes et al., 2012
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Figure 2.5 Glucose homeostasis requires coordinated interaction betwe&arious
organs and tissues in the body. Glucose levels rise when absorbed from the
intestine and also when released from the liver. The liver plays a key role in
elevating glucose levels via glycogenolysis and gluconeogenesis, both of which are
inhibited by insulin. Blood glucose levels are reduced by uptake by all cells in the
body but predominantly skeletal muscle and adipose tissue. It has recently emerged
that the CNS can also sense glucose and may affect glycemia by playing a role in
the regulation d gluconeogenesis. Source: Nature 2006 December 14; 444(7121):847
853.

Insulin is produced by tlecells of the pancreas and is secreted in response to elevated
blood glucose levels. It acts on peripheral tissues to regulate both carbohydrate and lipic
metabolisnby oxidationto produce energy or storasd glycogen or intracellular ligid

the adipse tissue, insulguppresses lipolysis and insmédiatedylucose uptake is used

to reesterifyfree fatty acidd=(F A assTriglyceridesT(G  The liver does not require

insulin to facilitate glucose uptake but insulin regtiapatic glucose proction by

inhibiting gluconeogenesisd glycogenolysighe kidney also plays an important role in
glucose regulation. When blood glucose levels become excessively high, the kidne
facilitates the excretion of glucose from the body in the urine. The embations of

insulin on the muscle, liver and adipose tissue result in the appropriate control of blood
glucose concentratigRerrannini and Mari, 1998ang, 2008 Glucagon is produced in

the U-cells of the pancreas and functions to oppose the action of insulin. It stimulates

glycogenolysis and gluconeogenesis when blood glucose levels fall below the normal ranc
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thus elevating blood glucose concentrations and returning them to normahgirculati
valuegJones et al., 2012

Obesity is characterised by an expansion of adiposentssaadectopicfat stoagein

most tissues, includintpe liver heartand skeletal musd@€apurso and Capurso, 2012
There is substanti al evidence to suggest
intracellular lil in obese individuals induces insulin resistance by disrupting the normal
insulin signalling cascg@elfort and Mandarino 2005, Bevilacqua et al, 1987, DeFronzo,
2004) Insulin stimulated glucose transport into target tissues such as the skekstal muscl
liver, intestine, pancreas, kidney, brain and adipose tissymiied (Petersen and
Shulman, 200&5hulman, 200u et al., 20Q2resulting an elevation in blood glucose
concentrations over tim@etersen and Shulman, 200®e impaired suppression of
lipolysis and hepatic glucose production further contribute to the metabolic stress of excess

substrate availability in circulaii@osen and Spiegelman, 2006
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Figure 2.6 Obesity and insuln resistance are associated with increased lipolysis and

Pancreas

elevated circulating concentrations of NEFA. NEFA inhibit the ability of insulin to
promote glucose uptake in skeletal muscle and adipose tissue, and to suppress
hepatic glucose production. Transietly elevated NEFA stimulate insulin release
from the pancreas (e.g. after a meal) but chronically elevated NEFA reduce insulin
secretion. Source: Nature 2006 December 14; 444(712183837
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Skeletal muscle relies primarily on fat and carbohydratefasdnoetgy production. The
contribution that fat or carbohydrate make to energy supply depends on a number of
factors including the current metabolic demand, the amount of substrate available, and the
ability of the muscle to transport and oxidise thaduete. Metabolic flexibility in skeletal
muscle refers to the ability of the muscle to adapt appropriately to changes in physiologica
condition by selecting the appropriate type and quantity of fuel for oxidation to meet
particular energy demands. Dgifiasting for example there is a greater reliance on fat for
fuel. Oxidation of fat during fasting ensures that carbohydrate stores are preserved anc
available for use by the brain and skeletal muscle when required for energy. In contrast
after a meal thhe is a switch to glucose oxidatiStorlien et al., 20p4Physical activity

also requires metabolic flexibility because skeletal muscle must be able increase glucose &
fat oxidation in response to energy demand. The intensity and duration of physical activity
determineghe mix of substrate metabolised. Short duration higher intensity activities
require a greater contribution from carbohydrate than from fat, where as the energy
demands of longer duration lower intensity activities can be met by a greater contribution
from fat than from carbohydrate, especially in trained individuals. Metabolic flexibility is
evident in lean healthy individuals, particularly those who are trained, but metabolic
inflexibility is a characteristic of obesity and insulin resi®eoales, 1997

2. 2.Physiological and metabolic responses to acute exercise, and

adaptations to chronic exercise training.

2. 2. 1Physiological responses to acute exercise

Aerobic fitness is measuredf'@zmaxwhich is the maximal amount of gag that an

individual can take in and use to produce er?’e@;yaxis a function of the ability of the
cardiovascular system to deliver blood and oxygen to skeletal muscle, and the ability o
skeletal muscle to extract this oxygen andtogerdduce energy. At the onset of exercise

the physiological systems respond, proportional to the intensity and duration of exercise, to
maintain homeostasis. The cardiovascular system meets the increased demand of tissu
for oxygen delivery and carbooxide removal by increasing heart rate and stroke volume.

As stroke volume reaches its maximal capacity at exercise intensities bé6Weef 40

V Oumaxin untrained individuals, further increases in cardiac output are inoeedying
heartrate. Thericrease in cardiac output can réatmegheresting levels and leads to (i)

64



an increase in mean arterial pressure, mainly due to increased systolic pressure, desp
intrinsic (active hyperemia, chemical messengers) and extrinsic (neamdbaitke)
promotion of vasodilation and (ii) a redistribution of blood to the working muscle and to
the skin for dissipation of hgbdughson and Tschakovsky, 1989 skeletal muscle there

is a greater demand for energy to fuel-antosin crosbridging in muscle contraction

and the reploarisation of muscle cells. Both glucose and lipids are used as substrates in tt
mitochordria but carbohydrate is preferentially used with higher intensity exercise,
although it has a limited availability relative t(Hfatman, 1996 The availability and
utilisation of substrates for metabolic processes is also regulated by the sympathetic
nervous system and the endocrine system with increases in pituitary (growth hormone,
adrenocorticotrapn hormone, thyroid stimulating hormone), adrenal (catecholamines,
cortisol, aldosterone), thyroid and pancreatic (glucagon) hofRicimies, 1994

2. 2. 2 Metabolic responses to acute exercise

A single bout of aerobic exercise has many benefits with regard to glucose and lipid
regulation. During exercise there is an increased demand for metabolic substrates in th
active muscles, with a-20 fold increase in glucose uptake evident during moderate to
high intensity exercig®Vahren et al., 1971The glucose is supplied via increased
glycogenolysis in the active muscles as well as increased uptake of glucose from circulatic
into the working muscles. In this way exepteéses a key role in increasing the usage of
circulating blood glucose and well as stored gl(idagashi et al., 1997The hours
following an exercise bout is characterised by an increase in insulin sensitivity. The
expression of the glge transportasoform 4 GLUT4) remains elevated and so a lower
concentration of insulin is required to exert its maximal effect on glucose transport.
Glycogen synthase activity, the enzygsponsible for the synthesisgbfcogen, is also
elevated fadwing exercise, which increases the rate of glucose uptake in to the skeletal
muscle in order to replenish depleted glycogen gkodsszy, 2005 Evidencein

support of this increased insulin sensitivity post exercise is provided by numerous studies
that found increased sensitivity post exeinisn exercising leg but not in the resting
control limb(Richter etla, 198%

2. 2. 3.Physiological adaptations to aerobic exercise training

Aerobic exercise leads to significant improvements in aerobic Witngssn turn is

positively associated with metabolic health and reduced risk of all cause(Blantadity

65



al., 1989Kampert et al., 1996The improvement il Ozmaxand thus fitness that occurs

with aerbic exercise training is due to a combination of adaptations that occur to the
cardiovascular system to facilitate greater oxygen delivery, and the muscles themselves
facilitate greater oxygen use. With regard to the cardiovagsigian there amercise

induced adaptations the heart, blood and blood vessels. The left ventricle hypertrophies
and this increase in wall thickness allows for greater force of contraction. With training,
heart rate decreases during submaximal exercise which extandawvéHhiing time and

plasma volume increases due to increased protein content and up regulation of the fluid
conservation hormones. As the ventricles stretch in response to the elevated blood volume
the heart muscle responds by generating a more [foargfactionknown as the Frank

Starling mechanism, with ttesult being an increase in stroke volume. Aerobic training is
associated with an increase in the number of capillaries infiltrating muscle tissue and at
increase in the recruitment of curgemtVailable capillaries. Blood flow redistribution is
more effective and all of these adaptations combine to facilitate increased blood flow to the
metabolically active tissues Red blood cell volume and thus oxygen carrying capacity als
increase with traing. Once the blood reaches the active muscles oxygen must be extracted
for energy production. Oxygen extraction, represented ay@he: is augmented with
exercise training, which increases energy production and functional capacity. There is a
increase in the size of type 1 muscle fibers, which are characterised by having a higkt
aerobic oxidative capacity. Myoglobin content, the oxygen transporter molecule, increase:
in the region of #B0% which augments the oxygen carrying capacity of the muscle.
Training results is marked improvements in the functionality of the mitochondria, which
increase in size and number. In addition, the activity of the oxidative enzymes in the
muscle also increases. All of these adaptations combine to increase thevaxtaran
individual can use oxygen to produce er{Btggngvist and Saltin, 1983n increase in

blood flow to exercising tissue combined with an increase in the ability of the tissues to

extract oxygen from the blood and remove waste produatts nesncreased energy

production represented by an increase in fitn <30k

2. 2. 4 Metabolic adaptations to aerobic exercise training

In addition, arobic training increases the expression of GLUT4, which facilitates greater
uptake of bloodglucose into skeletal mus@&m et al.,, 2004 Glycogen synthase
expression and activity is augmented, which leads to increased storage of glucose in th

form of glycoger{Ebeling et al., 1993Vhether the increased insulin sensitivity results
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from exercise training or the previous exercise session has been debétéztebut a
experience a lower insulin response to a glucose load in comfmaristtrained
individualgHorton, 198psuggestinthat these adaptations are due to chronic training and
not just a single bout of exerdBbeling et al., 1993rhe same adaptations are also true
for master athletd&ing et al., 1987which has important implications for ameliogati

age related insulin resistance in inactive older individuals.

The literature shows thatrobic exerciseiningaugments lipid oxidation and reduces fat
stores in the bodyCarey et al., 1996Df particular importances the reduction in
abdominal fat stores associated with aerobic exercise training. This reduces the availabili
of free fatty acids in circulatigRoden, 2005 which in turn reduces intramuscular
triglyceridegO'Leary et al., 20p6Low intensity aerobic exercise training increases the
oxidation of mtramyocellular lipids. These small lipid droplets lie adjacent to mitochondria
and it appears that exercise facilitates the delivery of these droplets to the mitochondria fot
oxidation(Goodpaster et al., 200The expression and activity of enzymes involved in
lipid oxidation also increases with traifig et al., 2004 This is particularly evident in

highly trained endurance athleteso \waradoxically have elevated intra muscular lipid
content, but their skeletal muscle is markedly insulin sehsiit@ the highevxidative

capacity and a high mf fat turnover(Goodpaster et al., 2Q00Given the adverse
relationship between fat accumulation and insulin resistance in obese sedentary individual
an increased ability to oxidise fat is important in the prevention or treatmentnof insuli
resistance in the obese population. It may also contribute to greater loss of fat mass ove
time.

2. 2. 5.Physiological adaptations to resistance training

Prior to discussing the physiological adaptations to resistance training, it is important to
understand tht there are two main types of muscle contraction, concentric and eccentric,
and the adaptations that occur are specific to the type of contraction performed. When a
muscle is contracted concentrically it is shortening under tension. In physiological terms
the thin filaments of the sarcomere are being pulled towards the centre of the sarcomere
thus shorteimg the length of the sarcomef@ example of this type of contraction in the
context of resistance training is the lift phase of a bic€pigurE2.7) When a muscle is
contracted eccentrically it is lengthening under tension. In this case the thin filaments of

the sarcomere are being pulled away from the centre of the sarcomere, thus elongating |
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but still developing ford&igure 2.7)This typeof contraction is the lowering phase of a
bicep curl. Most actions whether they are aerobic or resistance type exercise require bot
types of contractiofMcArdle, 2011

One Sarcomere

Concentric contraction I' ‘
V.wmm 2 /

Eccentric contraction

R

. Zline M line \ Zline
— _myosi actin
. ‘thick' filament 'thin' filament

Figure 2.7 Depicts concentric muscle contraction (shortening of the sarcomere
under tension) and eccentric muscle cdraction (lengthening of the sarcomere

under tension).

Resistance traininasting 3 monthscan improve strength in previously untrained
individuals by as much as1Z®%. The neuromuscular system is very responsive to
training and up to 50% of initsttength gains in untrained individuals can be accounted
for by neuromuscular efficiency commonly referred to as the learningBefebte,

2000. In line with this learning effect, the largest gains in strength occur within the first 8
10 weeks of training. Longer term strength gains occur mostly as a result of adaptations tc
the physicastructure of the muscle such as hypertrophy, which means an increase in the

size of the musc(8taron et al., 1994

For many years the increase in strength that occurs with resistance training was attribute:
mostly to muscle hypertrophwhile there is a relationship between muscle size and
muscle strength, this theory does not explain increased strength in the absence of
hypertrophy. The literature reports that neural adaptations account for strength gains in the
absence of hypertroph#Enoka, 1988 The neural adaptations to resistance training
include (i) improved synchronization of motor unitschwhmproves the rate of force
development and the capability of the muscle to exert steady(Docesteau and

Enoka, 200 (ii) increased number of motor unésruited thus leading to greater force

production, (iii) increased frequency of stimulation of the muscle fibers with electrical
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impulses that summate to produce a greater amount of(Emalea, 1997 (iv) a
reduction in autogenic inhibition allowing muscles to produce greater amounts of force and
reach greater levels of strengtloteethey are inhibited to prevent inj(kggaard et al.,

2000, and a reduction icoactivation of antagonist muscles which may allow for greater
force generation in the agonist or working mué&ateda, 1997

Tetanus
(continual stimulation)

Twitch Summation
(3 stimuli)

- L twitch
tension

Relative tension

Stimulus Iy 1 T
( S) S S S SE5585555555S5SSSSSSSSSSSSS
200 400 600 800
Time (ms)

Figure 2.8 Increased frequency of stimulation of motor units initiates greater
contractile response.G.A. Brooks, et al.,, 2005.Exercise Physiology.: Human

bioenergetics and its applicationsjth ed. (New York: McGrawHill), 388.

Chronic resistance training leads to structural adaptations in the muscle which increases th
size of the muscle, this is known as hypertrophy. Hypertrophy occurs dueitor@pae

in the size of the existing muscle filjeigure 2.9jii) an increase in the number of muscle
fibers known as hyperplasia, or (iii) a combination of both. Hyperplasia is the term given to
the splitting of the original muscle fiber and thetbrofveach of these fibers to the size

of the original parent fib@vicCall et al., 199@Resistance training causes trauma or injury

to the muscle fibers, which stimulates the activatiortetiftesacells. The satellite cells
proliferate fuse to existing muscle fibers to repair them (hypertrophy) or fuse with each
other to form a new myofibril (hypertroptiyawke and Garry, 2001
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Figure 2.9 Microscopic view of musde cross section of the vastus lateralis (a) before
and (b) after 6 months of resistance training. Adapted from Wilmore, J.H., Costill,
D.L., and Kenney W.L (2008)Physiology of Sport and Exercisépg 207) Human
Kinetics.

Hypertrophy isoften initiated bythe structural redevelopment followmgscle damage

(Figure 2.10)The eccentric phase of muscle contraction during resistance training is
reported to be responsible for muscle damage, thus it is this type of contractions that is
responsible for stimuilag the increase in the cross sectional area of i{8sghstone et

al., 200p The muscle damage is evider@4ours aftethe exercise bout and thus is
termed delayed onset muscle soreness or D@W®Hs and Cannon, 199In 1984,
Armstrong proposed the following sequence of DOMS. Eccentric exeruises high
tension in the contractiédastic system of skeletal muscle and results in damage to the
physical structure of the muscle, and its cell membrane. This damage disturbs the calciur
homeostasis in the injured fiber(s) leading to cell degbledka at 48 hours post exercise.

The products of macrophage activity in addition to intracellular contents e.g. histamines,
kinnis, and K accumulate outside the cell. These substances stimulate free nerve endings
in the muscle causing pain. Musclengtineis initially reduced in injured muscle fibers.
This may be due to physical disruption of the muscle, failure of the exatataction

coupling process, and loss of contractile protein. In the days following an eccentric bout
the muscle adapts,doee stronger and more resilient to further dadgeen et al.,

200).
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(a) (b)
Figure 2.10 Electron micrograph showing normal arrangement of the actin and
myosin filaments and Zdisk (a) before and (b) after exhaustive exercise. After
exhaustive exercise there is moderate Z disk streaming and major disruption of the
thick and thin filaments in a parallel group of sarcomeres as a result of the force of
eccentric actions. Taken fromFrom R.C. Hagerman et al., 1984, "Muscle damage
in marathon runners," Physician and Sportsmedicin@?2: 3948.

2. 2. 6.Metabolic adaptations to resistance training

Resistance training improves insulin sensitivity and glucose tdleearmsia et al.,
2004.One legged training studies report increased blood flow arse glieawance in the
exercise trained limb in comparison to the untrained contr¢gHatén et al., 2004The

muscles of the trained limb exhibit an increaseLUT4 content, an increase in the
activity of glycogen synthase, and an increase in the expression and activity of variou:
proteins involved in the insulin receptor and insulin signéfoiten et al., 2004
Increased muscle mass resulting from resistance training may improve glycemic contro
(Eriksson et al., 99) by increasing the storage space available for glucose. The area under
the curve for glucogEenicchia et al., 20Ghd insulir{Jones et al., 20dtave both been

shown to decrease with resistance training.

Importantly, resistance training significantly increases lean tissue mass which has thi
strongest positive influence on and correlation with resting metabo(Ros&dtenan,

1989. Resting metabolic rate is the amount of energy that a persors etpesd It
represents 600% of an individuals total daily energy expenditure, with the remainder
attributed to the thermic effect of food and physical a¢tieitine et al., 20PAncreasing

an individuals BMRnd thus total daily energy expenditure, may contribute greatly to
weight loss over time. Resistance training is also associated with augmented fat oxidatior
an adaptation that improves insulin sensitivity in the obese population but also may help to
redue fat stores over tingkirk et al., 2009
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