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CHAPTER 1

The increasing prevalence of obesity and its association with an impaired insulin
homeostasis are major health problems in our modern world (1, 2); both are linked to the
development of non-communicable diseases as type 2 diabetes and cardiovascular diseases
(3, 4). Weight gain and obesity occur when energy intake exceeds energy expenditure; this
positive energy balance will result in the storage of excessive energy as fat. The prevalence of
obesity coincided with technological developments like computers, cars, washing machines
and television, contributing to sedentary lifestyles, suggesting a causal link (5, 6). However,
analysis of measurements with doubly labeled water, showed that physical activity induced
energy expenditure did not decrease between 1983 and 2005 while obesity rates at least
doubled over the same period (7). The latter implies that an increased intake is responsible
for the energy imbalance resulting in the obesity epidemic. It is supported by the fact that
during the same period dietary habits changed, with increased portion sizes, changed meal
composition and eating out, plus the fact that palatable, energy-dense foods became readily
available in our Western society (8, 9). The change of our environment to an obesogenic risk
factor cannot fully explain the development of obesity at an individual level, since there are
still many individuals who manage to remain lean. In fact, the susceptibility to become obese
also depends on behavioral, social, cultural, economic, metabolic, physiological and genetic
factors (10, 11).

There is a simple remedy to obesity, i.e. losing weight by creating a negative energy
balance for a longer period of time. This can be realized by a dietary intervention, increased
physical activity, or pharmacological and/or surgical treatment. Although weight loss
strategies target the intake as well as the expenditure side of the energy balance, the success
of long-term weight loss maintenanceislow (12, 13). Weight loss and weight loss maintenance
is counteracted by physiological adaptations in response to energy restriction, characterized
by changes that promote a positive energy balance and cause the susceptibility for weight
regain. Hunger feelings are increased and appetite is elevated until the lost weight is regained
(14-17). On the other side, a decrease in total energy expenditure is often described. Resting
energy expenditure (REE) decreases during and shortly after weight loss, to values below
predictions based on weight loss and body composition changes (18-23). The decrease
in REE beyond what can be predicted by the loss of fat-free mass (FFM) and fat mass (FM)
is defined as adaptive thermogenesis. Additionally, there is a decrease in physical activity
and activity induced energy expenditure (AEE) as a result of weight loss (24-28) as well as
an increase in movement economy and skeletal muscle work efficiency (18, 29). In origin,
these adaptations were a meaningful survival mechanism to conserve energy in the face
of starvation and dangerously low energy supplies (30, 31), nowadays these adaptations
increase the susceptibility for weight regain after intentional weight loss.

Adipose tissue is important for energy storage and release and as such, adipocytes
respond quickly to variations in the demand. During energy restriction, the limiting glucose
availability is compensated by an increased mitochondrial fatty acid oxidation to preserve
blood glucose levels and supply glucose-dependent tissues with sufficient energy, such as
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the brain or red blood cells (32). The first part of this thesis encompasses the quantification of
adaptations in energy expenditure during weight loss and weight maintenance. The second
part focuses on unraveling underlying pathways of these changes in energy expenditure with
an emphasis on adipose tissue.

Quantification of adaptations in energy expenditure

To quantify adaptations in energy expenditure it is important to know the different
components of the average daily metabolic rate (ADMR) and subsequently how these
components can be determined.

Components

Daily energy expenditure or total energy expenditure (TEE) consists of four components:
sleeping metabolic rate (SMR), the energy cost of arousal, the energy cost of food processing
or diet induced energy expenditure (DEE), and the energy cost of physical activity or activity
induced energy expenditure (AEE). Sleeping metabolic rate, the lowest energy expenditure at
night, and the energy cost for arousal together are known as resting energy expenditure (REE)
or basal metabolic rate (BMR) (33-35).

Resting energy expenditure is the energy required for maintenance, necessary to sustain
and maintain the integrity of vital functions and is mainly determined by the amount of lean
tissue, which represents the metabolic active mass of the body (36). It is usually the largest
component and accounts on average for 60-80% of ADMR.

Diet induced energy expenditure consists of the energy that is required during the
postprandial period for the processing of food, i.e. digestion, intestinal absorption,
transportation, utilization as fuel or building material, and storage (37). It is defined as the
increase in energy expenditure above REE after a meal. In theory, DEE is different for each
nutrient based on the amount of ATP required for the initial steps of metabolism and storage.
Reported DEE values for separate nutrients are 0-3% for fat, 5-10% for carbohydrate, 20-30%
for protein, and 10-30% for alcohol (38). Consequently, DEE is dependent on the amount and
on the composition of the food ingested. In healthy people, who eat a mixed diet according
to what they need, DEE represents about 10% of ADMR (39).

Activity induced energy expenditure reflects the energy cost associated with physical
activity and is the most variable component of ADMR. It is a direct function of the energy
required for skeletal muscle contraction during physical activity and is characterized by the
intensity, duration and type of physical activity but also the mass of the body moved during
the activities.
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CHAPTER 1

Assessment

Energy expenditure (EE) can be assessed with both direct and indirect calorimetry. Direct
calorimetry measures the heat production resulting from substrate oxidation while indirect
calorimetry is based on the measurement of gas exchange (oxygen (O,) consumption and
carbon dioxide (CO,) production) for substrate utilization. Additionally, urine nitrogen can
be measured to assess the contribution of the individual macronutrients on EE (36, 40, 41).

Resting energy expenditure is usually measured using the ventilated hood. It requires
the subjects to be at rest, while being awake, in the fasted state and under thermoneutral
conditions while they lie in a supine position on a bed with a transparent ventilated canopy
placed over the head. Additionally, they are instructed to avoid physical activity in the hours
preceding the procedure. Subjects are usually measured for 15-30 minutes after at least 15-30
minutes of bed rest and habituation to the testing procedure, i.e. the measurement lasts 30-
60 minutes (36). Airflow through the hood and the oxygen and carbon dioxide concentrations
of the air going in and out are determined and used to calculate REE (41).

Diet induced energy expenditure can also be measured using the ventilated hood.
Therefore, EE has to be measured before and for at least 6 hours after a meal; the postprandial
increase is DEE (42). Since subjects have to be in a supine position for at least 6 hours,
restlessness of the subject becomes a problem.

Sleeping metabolic rate is usually measured using a respiration chamber or whole-
room calorimeter. The respiration chamber can be seen as a large version of a ventilated
hood with the subject being completely enclosed instead of the head only. It is a fully
equipped room that measures 14m? with a bed, washing bowl, toilet, table, chair, computer
and other entertainment equipment (40). Due to the larger size, a measurement interval in
the respiration chamber is much longer compared to the ventilated hood. Overnight, the
sleeping metabolic rate can be measured; it is the lowest average EE over a 3-hour interval,
usually from 3.00 to 6.00 h.

Total energy expenditure or average daily metabolic rate, and activity induced energy
expenditure are preferably measured in free living daily life conditions. Hence, the optimal
method is the doubly labeled water technique, which is considered as the gold standard to
measure TEE and AEE (43). Subjects are given a dose of water labeled with the stable isotopes
1¥0 and ’H based on body size. While *H will be eliminated from the body as *H,0, **0 will be
eliminated as H,**0 and C*0,. Concentrations of both isotopes can be measured in urine,
saliva or blood samples and the difference between both elimination rates is a measure
of the CO, production, from which O -uptake and energy expenditure can be calculated
(44). The method allows measurement of TEE over intervals of 2.5 days in extremely active
subjects to 30 days in sedentary elderly, depending on the size of the isotope dose and
energy turnover of the subjects (45). Despite the use of high precision Isotope Ratio Mass
Spectrometry that allow smaller doses of isotopes, the cost of the doubly labeled water
technique remains expensive and thus limits the number of subjects included in a study.
Total energy expenditure and activity induced energy expenditure can be measured with

10
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subjects in a respiration chamber as well, although the limited space should be considered
when translating results to TEE and AEE in free living daily life conditions.

Physical activity

Physical activity is defined as body movement produced by skeletal muscles and resulting
in energy expenditure. It is multi-dimensional, characterized by several aspects such as type,
intensity, duration and frequency. This complex nature of physical activity makes it difficult to
accurately measure allits aspects and to assess the impact on energy expenditure. Measuring
techniques available can be grouped into five categories: behavioral observation, self-report
(questionnaires and activity diaries), physiological markers (heart rate, body temperature,
ventilation), calorimetry and motion sensors. Here physical activity was measured with a
combination of calorimetry and motion sensors.

Activity induced energy expenditure can be calculated as [(0.9"TEE)-REE]. Thus,
measurement includes the assessment of TEE in daily life with doubly labeled water, in
combination with a measurement of REE with a ventilated hood and the assumption of DEE
to be 10% of TEE. There is no consensus yet on how to correct AEE for differences in body size
and body composition to compare between individual subjects and over time (46, 47). Often,
AEE is adjusted for body size by expressing AEE per kg body mass, assuming that energy
expenditure associated with physical activity is weight dependent. Physical activity can also
be expressed as physical activity level (PAL), which can be calculated as TEE divided by SMR
or REE (48). It assumes that the variation in TEE depends on body size and physical activity.
The effect of body size on TEE is corrected for by expressing TEE as a multiple of SMR or REE.
PAL ranges from 1.2 for a very sedentary subject up to 2.5 for a subject who spends 50% of
its energy on activity. Though, AEE does not provide information on type, intensity, duration,
and frequency.

Motion sensors for the measurement of physical activity have evolved from step counter
to accelerometer. Over the past decades, quick advances in technology have resulted in the
development of wearable and minimally obtrusive accelerometers, more specifically tri-
axial accelerometers, which can accurately measure body movement expressed in activity
counts (49, 50). For the measurement of energy expenditure per activity count, body size and
composition as well as type of activity should be considered. Hence, the complementary
characteristics of motions sensors and calorimetry provide a useful combination for the
assessment of physical activity.

Adaptations in energy expenditure

A negative energy balance as a result of energy restriction leads to weight loss, however in
response, changes in energy expenditure decrease the energy gap and increase susceptibility
for less weight loss or weight regain. In origin, the metabolic adaptation is a biologically
meaningful survival mechanism that conserves energy in the face of starvation and

11
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CHAPTER 1

dangerously low energy supplies (30, 31). Adaptive thermogenesis is described as a decrease
in resting energy expenditure beyond what can be predicted by the loss of fat-free mass (FFM)
and fat mass (FM). In lean and obese subjects, adaptive thermogenesis was shown during
and shortly after weight loss (18-22, 26, 51, 52). In addition, there is evidence that adaptive
thermogenesis is sustained, even up to 6 years after severe weight loss (53, 54).

Adaptive thermogenesis can be calculated as measured resting energy expenditure
(REE) (with a ventilated hood) divided by predicted REE based on body composition. A
value above 1 indicates measured REE is higher than what is expected based on body
composition, a value lower than 1 indicates measured REE is lower than what is expected
based on body composition. Predicted REE is calculated with the equation: REE (MJ/d) =
0.024 x fat mass (kg) + 0.102 x fat free mass x (kg) + 0.85 (55). Since FM and FFM are used it can
be used independently for gender. The influence of energy restriction on physical activity is
not unambiguously determined (25-28, 56-58).

Unraveling underlying pathways of adaptations in energy expenditure

In addition to the quantification of the adaptations in energy expenditure it is important to
gain insight in the underlying pathways of these changes. As an energy storing and releasing
tissue and as an endocrine organ, adipose tissue could play an important role in functionally
responding to disturbances in energy balance.

Adipose tissue

Under normal conditions, the body constantly cycles energy between storage and
mobilization with the balance favoring one or the other, depending on the instantaneous
energy requirement. On a daily basis, lipogenesis and lipolysis of triacylglycerol/fatty acids
are closely matched within adipocytes and the net fatty acid flux across the adipocyte
membrane is neutral (59). However, since energy acquisition by the body is intermittent,
whereas energy expenditure is continuous, the fatty acid influx and efflux are dissociated
in time. After a meal there will be a net influx of fatty acid into the adipocyte and post-
absorptive there will be a net efflux of fatty acids out of the adipocyte (60). Over a longer
period, adipose tissue also needs to respond to variations in supply and demand of energy.
During a positive energy balance, adipocytes will actively take up and store fatty acids and
will grow (hypertrophy). During energy restriction, adipocytes will mobilize stored fatty acids
and will decrease in size (61). Metabolic disturbances associated with obesity, like insulin
resistance, are typically associated with adipocyte hypertrophy (62). Additionally, metabolic
processes in adipocytes of obese subjects are dysregulated emphasizing the important
role of adipose tissue in obesity. After weight loss adipocytes either normalize to a pre-
obese status or change in favor of weight regain (63-67). Simultaneously, weight loss causes

12
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adaptations in energy expenditure on a whole body level. Therefore, adipocyte glucose and
fatty acid metabolism could be related to changes in energy expenditure during weight loss.

Leptin

The adipocyte-derived hormone leptin is a critical mediator of energy balance that interacts
with specific receptors in the brain (68). The hormone functions as the “satiety” hormone
in a negative feedback loop regulating energy intake (69). Serum leptin concentration is
highly correlated with BMI and body fat and during weight loss leptin levels drop as fat mass
reduces. Leptin levels decrease even much more than fat mass (70, 71). It is suggested that
this drop of leptin leads to leptin deficiency in the brain, creating a high risk for increased
energy intake during weight loss maintenance (72). This also resembles the hypothesis that
that the hyperphagic, hypometabolic phenotype of weight-reduced humansis similar to that
of leptin-deficient or —unresponsive rodents (73).

Energy restriction and maintenance of reduced body weight is accompanied by declines
in circulating leptin concentrations (74). This reduction in leptin is seen with different
protocols for weight loss, indicating a consistent effect (71, 75). Experiments in mice revealed
that part of the physiological response to weight loss can be prevented by leptin injections
(76). Subsequent research in humans has indicated that administration of leptin that restores
circulating leptin to levels present before weight loss reversed the increased energy intake
(77) and decreased resting and activity induced energy expenditure (78) as well as changes
in sympathetic nervous system tone, thyroid function and movement economy (72). It is
now believed that leptin or similar drug treatment may decrease or diminish the negative
physiological consequence of energy restriction and could lead to more successful weight
maintenance.

Genetic predisposition

Individuals respond differently to environmental changes and weight gain risk factors and
this inter-individual variation in the susceptibility to develop obesity is partly explained by
genetics. Based on family and twin studies the genetic contribution is estimated at 40-70%
(11, 79). Since the start of the genome-wide association studies (GWAS) and candidate gene
analysis, 56 loci have been identified to be unequivocally associated with obesity-related-
traits (80, 81). However, the separate effects of these loci on obesity-susceptibility are small
and explain only a small fraction of the total variation with a poor predictive ability (80-83).
Individual differences in weight loss and weight regain could also be partly explained
by genetic predisposition to resist weight loss and/or promoting weight regain (84). Indeed,
twin studies indeed have shown a larger variability between pairs compared to within pairs
in response to energy restriction (85). This could mean that individual differences in weight
loss induced adaptations in energy expenditure may also be explained in part by genetic
predisposition (84). Analysis of candidate genes and GWAS identified loci already lead

13
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CHAPTER 1

to associations of many genetic variants or single nucleotide polymorphisms (SNPs) with
obesity, like polymorphisms in the fat mass and obesity associated (FTO) gene (86-91) and
the melanocortin 4 receptor (MC4R) gene (92-94). SNPs already associated with obesity could
therefore be investigated for a relation to energy restriction induced adaptations in energy
expenditure.

Outline of the thesis

Understanding the adaptations in energy expenditure caused by energy restriction can be
beneficialforweightloss and weight maintenance strategies and canlead to pharmacological
targets in the battle against obesity. In this thesis, a series of studies on the quantification and
possibly underlying pathways of adaptations in energy expenditure is presented.

Chapter 2 focuses on adaptive thermogenesis after energy restriction and additionally
the question if adaptive thermogenesis is still present after one-year weight maintenance
was addressed. Therefore, measured resting energy expenditure was compared to resting
energy expenditure based on measured body composition. In chapter 3 a similar study is
presented, here the change in physical activity after energy restriction was assessed and
if it was attenuated after one year of follow up. Physical activity measures were physical
activity level, activity induced energy expenditure divided by body weight and activity counts
measured by tri-axial accelerometry. Chapter 4 describes the role of physical activity on
insulin sensitivity during energy restriction and weight maintenance.

The studies presented in Chapters 5, 6 and 7 aimed to gain insight in the underlying
pathways of the metabolic adaptations as a result of energy restriction. In chapter 5, markers
for glucose and fatty acid metabolism in adipose tissue were determined for changes
induced by weight loss and were assessed for correlations with the metabolic adaptations.
Chapter 6 describes whether there is a relation between weight loss induced decrease in
circulating leptin concentration and adaptive thermogenesis, changes in physical activity
and increased movement economy. Chapter 7 describes a study in which it was examined
if the metabolic adaptations were affected by the individual effects of six genetic variants,
which had shown associations with obesity-related traits from different angles like physical
activity, fat distribution, regulation of energy expenditure and energy intake were tested.

Finally, the results of the above-described studies are summarized and discussed in
chapter 8.

14
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CHAPTER 2

Abstract

Background

Diet-induced weight loss is accompanied by adaptive thermogenesis, i.e. a disproportional
or greater than expected reduction of resting metabolic rate (RMR).

Objective

The aim of this study was to investigate whether adaptive thermogenesis is sustained during
weight maintenance after weight loss.

Design

Subjects were 22 men and 69 women (age: 40 + 9 years, BMI: 31.9 + 3.0 kg/m?). They followed
a very low energy diet for 8 weeks, followed by a 44-week period of weight maintenance.
Body composition was assessed with a three-compartment model based on body weight,
total body water (deuterium dilution) and body volume (BodPod System, Life Measurement
Corporation). RMR was measured (RMRm) with a ventilated hood. In addition, RMR was
predicted (RMRp) based on the measured body composition: RMRp (MJ/d) = 0.024 x Fat Mass
(kg) +0.102 x Fat Free Mass (kg) +0.85. Measurements took place before the diet and 8, 20 and
52 weeks after the start of the diet.

Results

The ratio RMRm vs. RMRp decreased from 1.00 + 0.08 before the diet to 0.96+0.07 after the diet
(P<0.001) and the decrease was sustained after 20 weeks (0.98+0.06, P<0.01) and 52 weeks
(0.98+0.07, P<0.01). RMRm / RMRp was correlated to the weight loss after 8 weeks (P<0.01), 20
weeks (P<0.05) and at 52 weeks (P<0.05).

Conclusions

Weight loss results in adaptive thermogenesis and there is no indication for a change in
adaptive thermogenesis up to one year, when weight loss is maintained.
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Introduction

The increasing prevalence of obesity and its comorbidities is one of the major health
problems in our modern world (1). Although weight loss strategies target both sides of the
energy balance, intake and expenditure, the success of long-term weight loss maintenance
is low (2, 3). Adaptive thermogenesis, which is described as a decrease in energy expenditure
beyond what can be predicted by the loss of fat-free mass (FFM) and fat mass (FM), could be
an important factor that compromises the maintenance of a reduced body weight. In origin,
this metabolic adaptation is a biologically meaningful survival mechanism that conserves
energy in the face of starvation and dangerously low energy supplies (4, 5).

Studies performed in lean and obese subjects have shown significant reductions in
energy expenditure during and shortly after weight loss, to values below predictions based
on weight loss and body composition changes (6-13). Leibel et al. showed that a weight loss
of 10% was accompanied by a reduction in resting metabolic rate (RMR) of 0.57 MJ/day below
what was predicted from the relationship of energy expenditure to FFM and FM at baseline in
the same obese subjects (6). Doucet et al. showed similar results (7). They used a regression
equation relating RMR of control participants to their FFM and FM in a context of weight
stability to predict RMR after weight loss. Already after two weeks of energy restriction, RMR
was observed to decrease by 0.47 and 0.64 MJ/d more than predicted and this difference was
0.96 and 0.61 MJ/d by week 8, respectively, in men and women. Once body weight stability
was reached at the end of the program at approximately 10% weight loss, RMR remained
below predicted values in men but not in women. Astrup et al. conducted a meta-analysis on
a large sample of data on RMR in formerly obese subjects and never-obese control subjects.
They showed that, after differences in body size and composition were taken into account,
formerly obese subjects had a 3-5% lower RMR than never-obese controls subjects (14).
Moreover, there is proof for a longer-term disproportionate reduction in energy expenditure,
even upto6years (15, 16).Van Gemert et al. followed subjects who underwent vertical gastric
banding and found a disproportional reduction in RMR of 0.44 MJ/d after 36 months at an
average weight loss of 40% (15).

A sustained adaptive thermogenesis favors a positive energy balance during weight
maintenance and may predispose to weight regain. The aim of this study was to quantify
adaptive thermogenesis after 8 weeks of a very low energy diet (VLED), and how this
adaptation evolved during one year of follow-up. Adaptive thermogenesis was assessed
from a comparison between measured and predicted resting metabolic rate (RMR), where
the RMR prediction equation included fat-free mass and fat mass as independent variables
(17).
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CHAPTER 2

Subjects and methods

Subjects

Ninety-one healthy subjects (69 women and 22 men) with a mean age of 40 + 9 years and with
amean bodymassindex (BMI)of31.9+3.0 kg/m? (Table 2.1) were recruited by advertisements
in local newspapers and on notice boards at the university. They underwent an initial
screening that included measurements of body weight and height and the completion of
a questionnaire on general health. All were in good health, not using medication (except for
contraception), nonsmokers and at most moderate alcohol consumers. They were weight
stable as defined by a weight change <5kg for at least 3 months prior to the study. The study
was conducted according to the guidelines laid down in the Declaration of Helsinki and
procedures were approved by the Ethics Committee of the Maastricht University Medical
Centre. Written informed consent was obtained from all participants.

Table 2.1. Subject characteristics (mean + SD)

Women (n=69) Men (n=22)
Age (years) 39+10 44+7
Weight (kg) 89.0+10.0 103.6+13.0
Height (m) 1.67+£0.05 1.81+£0.08
BMI (kg/m?) 32.1+3.1 31.0+25

BMI, body mass index

Study design

The study covered a full year, starting with a very low energy diet (VLED) for 8 weeks, followed
by a 44-week period of weight maintenance (Figure 2.1). Subjects came to the university
for measurements on four occasions: the day before the start of the diet (baseline), 8 weeks
after the start of the diet (end of the diet), 20 weeks after the start of the diet and 52 weeks
after the start of the diet. On each occasion, measurements included RMR followed by body
composition and were performed from 08.00 in the morning onwards in the fasting state.

Resting Metabolic Rate

To reach the university for RMR measurements, subjects were instructed to travel by public
transport or by car to avoid physical activity that would increase RMR. After arrival, they
rested on a bed for 30 minutes, followed by 30 minutes of measuring their RMR in the supine
position using an open-circuit ventilated hood-system (18). Gas analyses were performed by
a paramagnetic oxygen analyzer (Servomex, type 500A, Crowborough, East Sussex, UK) and

24



WEIGHT LOSS, WEIGHT MAINTENANCE, AND ADAPTIVE THERMOGENESIS

0 weeks 8 weeks 20 weeks 52 weeks

v % v v

screening VLED Follow-up 12 weeks Follow-up 32 weeks
8 weeks

Figure 2.1. Flowchart of the 1-year program the subjects followed, with the measurement points
indicated.

an infrared carbon dioxide analyzer (Servomex, type 500A, Crowborough, East Sussex, UK)
while flow was kept at a constant rate of 80 |/min and additionally measured as described by
Schoffelen et al. (19). The within individual coefficient of variation for this system is 3.3% + 2.1
(18). Calculation of RMR from measured oxygen consumption and carbon dioxide production
was based on Brouwer’s formula (20).

Body Composition

Height was measured at screening to the nearest 0.1cm with the use of a wall-mounted
stadiometer (model 220; Seca, Hamburg, Germany). Body composition was determined
according to Siri’s three-compartment model based on body weight, body volume and total
body water (21). Body weight was measured using a calibrated scale (Life Measurement
Corporation, Inc, Concord, CA, USA). Body volume was measured via air-displacement
plethysmography with the BodPod System (Life Measurement Corporation, Inc, Concord, CA,
USA) (22,23). Total body water was determined using deuterium dilution during the preceding
night, according to the Maastricht protocol (24). Body mass index (BMI) was calculated by
dividing body weight by height squared (kg/m?).

Diet

The weight loss diet (Modifast; Nutrition et Santé Benelux, Breda, The Netherlands) was
followed for a period of 8 weeks. The diet was a protein-enriched formula that provided 2.1
MJ/day (51.9 grams of protein, 50.2 grams of Carbohydrates and 6.9 grams of Lipids) and
a micronutrient content, which meets the Dutch recommended daily allowance. The VLED
was provided to the subjects as sachets with powder. Each sachet represented one meal
and 3 sachets were consumed every day. Besides the provided meal-replacements, subjects
were allowed to eat vegetables when feeling hungry. Subjects were instructed to mix the
powder with the amount of water indicated on the packages and were advised to drink water
sufficiently throughout the diet period.
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Calculations and statistical analysis

In addition to measuring RMR with the ventilated hood system (RMRm), RMR was predicted
(RMRp) with the equation: RMRp (MJ/d) = 0.024 x fat mass (kg) + 0.102 x fat free mass x
(kg) + 0.85 (17). Since FM and FFM are used to calculate RMRp, the equation can be used
independently for gender. Adaptive thermogenesis was calculated as RMRm divided by RMRp.
The obtained ratio was then compared between the different time points. A value above 1
indicates measured RMR is higher than what is expected based on the body composition,
a value lower than 1 indicates measured RMR is lower than what is expected based on the
body composition. One-way repeated measures ANOVA with Bonferroni adjustment for
multiple comparisons and one-way between-groups analysis of covariance (ANCOVA) with
weight loss percentage as covariate were used to compare the ratios across 0, 8, 20 and 52
weeks. The Data were analyzed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). All data are
presented as mean and standard deviation (SD).

Results

Body composition

After the 8 weeks VLED, weight loss was on average 9.6 + 4.1 kg (P<0.001 (Table 2.2). After 20
weeks and 52 weeks, there still was a significant average weight loss compared to baseline,
respectively 8.5 + 5.3 kg, (P<0.001) and 6.0 + 5.7 kg (P<0.001) (Figure 2.2). As a percentage
of the starting weight, subjects had lost on average 10.3 + 4.4 % (p<0.001) after the 8 weeks
VLED. After 20 weeks, weight loss was 9.1 + 5.7 % (P<0.001) and after 52 weeks 6.5 + 6.1 %
(P<0.001). There was a large inter-individual variation in weight loss, indicating a difference
in the success of weight loss and of maintaining the lost weight.

Resting Metabolic Rate

RMRm decreased significantly from 7.31 + 1.04 MJ/d at baseline to 6.64 + 0.88 MJ/d after
the VLED (P<0.001, Table 2.2). The decrease of the RMRm compared to baseline was also
observed after 20 weeks (6.92 + 1.05 MJ/d, P<0.001) and 52 weeks (6.97 + 1.00 MJ/d, P<0.001).
The decrease of the RMRm was expected, because body weight was reduced at all time
points compared to baseline. Thus, the expected decrease in energy expenditure was
observed in the predicted RMR as well. RMRp decreased significantly from baseline (7.29 +
1.03 MJ/d) to after the VLED (6.91 + 0.97 MJ/d, P<0.001). After 20 weeks (7.04 + 1.04 MJ/d,
P<0.001) and 52 weeks (7.12 + 1.01 MJ/d, P<0.001) the RMRp was also lower than at baseline.
Comparing RMRm with RMRp at baseline, the ratio RMRm / RMRp was on average 1.004 +
0.077. Values were highly correlated (R? = 0.72; P<0.001) and confirmed the validity of the
prediction equation for the subject group under study. One-way repeated measures ANOVA
and ANCOVA controlling for weight loss percentage were used to compare the average ratios
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Table 2.2. Subject characteristics (mean + SD) at baseline, after 8 weeks on a very low energy diet
(VLED), and after 20 and 52 weeks weight maintenance

Baseline (n=91) 8 wks (n=91) 20 wks (n=91) 52 wks (n=91)
Weight (kg) 929+12.6 83.3+11.4™" 8454124 87.5+13.4™
FM (kg) 387+7.2 30.9+6.9"" 312727 33.7+7.8" ~
FFM (kg) 542 +10.1 52.4+9.8"** 53.3+10.3* 53.8+9.9* =
RMRm (MJ/d) 731+1.04 6.64 +0.88**" 6.92 +1.05"*" 6.97 +1.00"*~ é
RMRp (MJ/d) 7.29+1.03 6.91+0.97"* 7.04+1.04™* 7.12+1.01% S
RMRm/RMRp 1.004+0.077 0.963+0.073 ** 0.983 +0.063* 0.984 +0.068*
RMRmM/RMRp adj. 0.967 +£0.007" 0.985+0.007" 0.979 +0.007"

One-way repeated measures ANOVA with Bonferroni adjustment for multiple comparisons and one-way between-
groups analysis of covariance (ANCOVA) with weight loss percentage as covariate were used to compare the ratios
across 0, 8, 20 and 52 weeks. * P<0.05 compared with baseline. ** P<0.01 compared with baseline. *** P<0.001
compared with baseline.

FM, fat mass, FFM, fat free mass, RMRm, measured resting metabolic rate, RMRp, predicted resting metabolic rate,
RMRm/RMRp adjusted for weight loss percentage (+ SE)

120 1
®all subjects
women
“men
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Figure 2.2. Body weight on the y-axis at 0, 8,20 and 52 weeks of the 1-year study (mean + SD). The black
bars represents the average body weight of all subjects and additionally women (light-grey) and men
(dark-grey) are shown separately (men: n=22, women: n=69).
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across 8,20 and 52 weeks to baseline. The ratio decreased significantly to 0.963 + 0.073 after
the VLED (P<0.01). Additionally, after 20 weeks (0.983 + 0.063, P<0.05) and 52 weeks (0.984 +
0.068, P<0.05), the ratio was still lower in comparison to the ratio at baseline. There was no
significant difference (P=0.206) between the ratios after 8, 20 and 52 weeks after controlling
for weight loss percentage. Additionally, adjusted means delivered by ANCOVA analysis
controlling for weight loss percentage differences across 8, 20 and 52 weeks confirm these
results (table 2.2). RMRm / RMRp showed a large inter-individual variation and individual
values were related to weight loss percentage (Figure 2.3). There are no gender differences
in the change of BMRm/BMRp over time. There was a correlation between the ratio and
weight loss percentage after 8 weeks (R? = 0.05, P<0.05), 20 weeks (R? = 0.05, P<0.05), and 52
weeks (R? = 0.06, P<0.05), indicating subjects with a larger weight loss percentage showed a
proportionally larger reduction in RMR. Additionally, the reduction in RMR, as indicated by
the slope and intercept of the regression lines, was similar after 8, 20, and 52 weeks.

B3 weeks — — R2=10.05 (P<0.05) 1.3
A20 weeks === R2=0.05 (P<0.05)
52 weeks R2=0.06 (P<0.05)
A 1.2
= A
A Aa 0]y A
A 5
& u A Ap AA m ] -
= " 2L w LT,
a4 m B l"‘ A AA o mz=m=
E A Am SW A ER ot e e e Y
¥ A ____A_é_:_—_-‘%:-':"-’_::_'ﬂé ~ar }H A
SeEETT I - [P Ry oo o &,
~ - A A" Ala"m go AAE A
=, =n, o -AII.,l0.9‘
[ ] u N
- 0.8
[ ]
0.7
-25 -20 -15 -10 -5 0 5

Weight change (%)

Figure 2.3. RMRm / RMRp on the y-axis plotted against the weight loss (%) on the x-axis at 8 weeks
(black squares), 20 weeks (dark grey triangles) and 52 weeks (light grey circles) after the start of the very
low energy diet (VLED). RMRm / RMRp is correlated to weight loss after 8 weeks (R? = 0.05, P<0.05), 20
weeks (R? = 0.05, P<0.05), and 52 weeks (R? = 0.06, P<0.05). One-way repeated measures ANOVA with
Bonferroni adjustment for multiple comparisons and one-way between-groups analysis of covariance
(ANCOVA) were used to compare the ratios across 0, 8, 20 and 52 weeks. (n=91)

RMRm, measured resting metabolic rate, RMRp, predicted resting metabolic rate.
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Discussion

Measuring energy expenditure and body composition before and after an 8-week VLED and
during and after a 44-week period of follow-up showed that adaptive thermogenesis develops
during weight loss and that it is sustained up to 44 weeks when bodyweight is maintained
below the initial pre-diet weight. In addition, there is a significant correlation between the
adaptive thermogenesis and weight loss percentage after 8, 20 and 52 weeks, indicating that
subjects with a larger weight loss showed a greater reduction in RMR and that in case of an
unsuccessful maintenance of the lost weight and a return to or beyond the starting weight is
reached, the adaptive thermogenesis is no longer observed.

Consequent to the changes in body composition, there was a decrease in RMRp and
RMRm after the diet. However, the observed reduction of RMRm was 0.27 MJ/d beyond the
calculated reduction of RMRp, indicating that moderate weight loss is accompanied by
adaptive thermogenesis. This is in accordance with the results that have been described
before in literature (6-13). Furthermore the observed disproportional decrease of RMRm after
the VLED was correlated to the weight loss percentage, showing that subjects with greater
weight loss had more adaptive thermogenesis. Although adaptive thermogenesis acts in
response to energy restriction to slow weight loss, subjects with the greatest adaptation had
the greatest weight loss. This supports the suggestion that the compliance to and the energy
restriction itself play a role in the amount of weight loss and that the amount of weight loss
determines the degree of adaptive thermogenesis (25). In 1995, Leibel et al. suggested that
the maximal adaptation to the maintenance of a reduced body weight was already attained
at a 10 percent weight loss (6). This could not be confirmed by our data in which adaptive
thermogenesis correlates with weight loss up to 25 percent in a linear way.

During and after 44 weeks of follow-up after 8 weeks VLED, RMRm was still
disproportionally decreased, extending the knowledge about sustained adaptive
thermogenesis shown previously by Van Gemert et al. up to 6 years but after severe weight
loss (>50 kg) by means of gastric banding (15) and by Rosenbaum et al. up to just 7 weeks of
follow-up after 10% weight loss (26). Contrary to Doucet et al. (7), who showed a sustained
adaptive thermogenesis only in men and not in women up to 4 weeks after weight loss, we
found a sustained disproportional reduction of RMRm independent of gender. Moreover, the
same correlation between the lost weight and adaptive thermogenesis that was obtained
after the VLED is found up to 44 weeks after weight loss, indicating that when weight is still
below the initial weight from before the diet, adaptive thermogenesis is sustained. At the
same time this indicates that in case of an unsuccessful maintenance of the lost weight and
areturn to the starting weight is reached, the adaptive thermogenesis is no longer observed.
The disproportionate reduction in energy expenditure favors a positive energy balance
during weight maintenance and may predispose to weight regain and could be one of the
factors contributing to the high recidivism to obesity (2, 3).
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A limitation of this study is that diet and physical activity were not standardized during
the 44 weeks of follow-up. On the other hand, due to the absence of an advice on diet and
physical activity, this study reflects achievements in free-living conditions. Another limitation
of this study is generated by the large inter-individual variation in the results. However,
the observed variation allowed adaptive thermogenesis to be correlated to a wide range
from unsuccessful to successful weight maintenance during follow-up. One of the major
advantages with regard to other studies is the 44 weeks of follow-up to investigate sustained
thermogenesis after moderate weight loss.

For future research it is important to elucidate metabolic, neuroendocrine, autonomic
and behavioral changes involved in the adaptive responses, distinct from changes in body
weight per se (27). Changes in leptin (26, 28), insulin (29) and thyroid hormones (10, 26, 30,
31), as well as changes in sympathetic tone (30-32) have been shown to be associated with a
disproportional reduction in energy expenditure induced by weight loss.

In conclusion, our study shows that moderate weight loss induced by energy restriction
leads to a disproportional reduction in resting metabolic rate. Additionally, the adaptive
thermogenesis is not only observed after the diet but is sustained up to 44 weeks of follow-
up and is positively correlated to the amount of lost weight. As a consequence, the adaptive
thermogenesis favors a positive energy balance during weight maintenance and may
increase the risk for weight regain.
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Abstract

Background

Weight loss due to a negative energy balance is considered to be accompanied by a decrease
in physical activity.

Objective

The aim of this study was to investigate whether a decrease of physical activity is sustained
during weight maintenance.

Methods

Subjects were 20 men and 31 women (age: 4248 years, BMI: 31.4+2.8 kg/m?). Weight loss
was achieved by an 8-week very low energy diet period, followed by 44 weeks of weight
maintenance. Physical activity measures were total energy expenditure expressed as a
multiple of sleeping metabolic rate (PAL, ) and resting metabolic rate (PAL,,.), activity
induced energy expenditure divided by body weight (AEE/kg), and activity counts measured
by a tri-axial accelerometer. Measurements took place at 0, 8 and 52 weeks.

Results

Body mass decreased significantly during the diet-period (10.5+3.8%, P<0.001) and this
reduction was sustained after 52 weeks (6.04£5.1%, P<0.001). PAL_ . and PAL_ . decreased
respectively from 1.81+0.23 and 1.70+0.22 before the diet to 1.69+0.20 and 1.55+0.19 after
the diet (P<0.001) and increased again after weight maintenance to 1.85+0.27 and 1.71+0.23
compared to 8 weeks (P<0.001). AEE/kg decreased from 0.043+0.015 MJ/kg at baseline to
0.03740.014 MJ/kg after the diet (P<0.001) and was higher after 52 weeks (0.044+0.17 MJ/
kg) compared to 8 weeks (P<0.001). Activity counts decreased from 1.64+0.37 Mcounts/d
at baseline to 1.54+0.35 Mcounts/d after the diet (P<0.05) and were higher after 52 weeks

(1.73+0.49 Mcounts/d) compared to 8 weeks (P<0.01).
Conclusion

A weight loss induced reduction in physical activity returns to baseline values when weight
loss is maintained.
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Introduction

The increasing prevalence of obesity and its comorbidities is one of the major health
problems in our modern world (1). Although weight loss strategies target both sides of the
energy balance, intake and expenditure, the success of long-term weight loss maintenance
is low (2, 3). Weight gain and obesity occur when energy intake exceeds energy expenditure.
Total energy expenditure (TEE) consists of resting metabolic rate (RMR), activity-induced
energy expenditure (AEE) and the diet-induced thermogenesis (DIT), sleeping metabolic rate
(SMR) is considered as RMR without the energy cost of arousal (4-6). Firstly, the amount of
physical activity can be expressed as the physical activity level (PAL), calculated by expressing
TEE as a multiple of RMR (PAL=TEE/RMR) and has a value between 1.2 and 2.5 in the general
population (7). Secondly, Schoeller and Jefford suggested AEE divided by body weight to
normalize the energy expenditure of physical activity (8). Thirdly, physical activity can be
expressed as activity counts measured by accelerometers (9). In origin, a decrease in physical
activity is a biologically meaningful survival mechanism to conserve energy in the face of
starvation and dangerously low energy supplies (10, 11).

The correlation between body mass index (BMI) and physical activity is still up for
debate as studies have shown no difference between mean PAL of lean and obese subjects
(12, 13) while other studies have shown a negative effect of BMI on physical activity (14-16).
Furthermore, there is no agreement yet on the influence of energy restriction on physical
activity, as studies have not systematically shown alterations in physical activity. Ravussin
et al. showed no change in AEE as a fraction of TEE during energy restriction in respiration
chambers compared to weight maintenance (17). Furthermore, Levine et al. concluded
that interindividual differences in posture allocations are biologically determined and are
independent from losing or gaining weight (18). On the other hand, several studies did
demonstrate a decrease in physical activity as a result of weight loss. De Groot et al. showed
a reduction of spontaneous activities during slimming studies in a respiration chamber
(19). Velthuis-te Wierik et al showed for a group of 8 men that there was a trend towards a
decrease of PAL (P=0.06) (20). Additionally, Martin et al. and Redman et al. similarly showed
that PAL decreased after 12 weeks of energy restriction. However this was no longer evident
after further weight loss or weight loss maintenance at 24 weeks (21, 22). Recently, Bonomi et
al. concluded that weight loss induced a decrease in AEE while they found a small increase
in body movement (23). They used an AEE doubly labeled water prediction model, which
included body weight and body movement.

Understanding the influence of energy restriction on physical activity is essential for the
success of weight maintenance. It is hypothesized that physical activity decreases during
energy restriction. The aim of this study was to measure physical activity before and after
a very low energy diet (VLED) and how this evolved during one year of follow-up. Physical
activity measures were PAL, calculated as free-living TEE expressed as a multiple of SMR and
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RMR, AEE divided by body weight, and activity counts measured by a tri-axial accelerometer,
where AEE/kg is the favored parameter.

Subjects and methods

Subjects

Fifty-one healthy subjects (31 women and 20 men), mean + SD age of 42 + 8 years and
mean + SD BMI of 31.4 + 2.8 kg/m? were recruited by advertisements in local newspapers
and on notice boards at the university. They underwent an initial screening that included
measurements of body weight and height and the completion of a questionnaire on general
health. All were in good health, not using medication (except for contraception), nonsmokers
and at most moderate alcohol consumers. They were weight stable as defined by a weight
change <5kg for at least 3 months prior to the study. The study was conducted according to
the guidelines laid down in the Declaration of Helsinki and procedures were approved by the
Ethics Committee of the Maastricht University Medical Centre. Written informed consent was
obtained from all participants. This trial was registered at clinicaltrials.gov as NCT01015508.

Baseline 8 weeks 52 weeks
- 2 weeks ‘1’ 6 weeks * 50 weeks
L | L
screeningI I VLEDI I Follow-up 44 weeks ! I
8 weeks

Figure 3.1. Flowchart of the 1-year program the subjects followed with the measurement points
indicated. Two weeks prior to each measurement day, subjects received an accelerometer to measure
body movement and a subject-specific dose of doubly labeled water to measure simultaneously TEE
over 14 days.

VLED: Very low energy diet, TEE: total energy expenditure

Study design

The study covered a full year, starting with a very low energy diet (VLED) for 8 weeks, followed
by a 44-week period of weight maintenance (Figure 3.1). Subjects came to the university
for measurements on three occasions: the day before the start of the diet (baseline), 8
weeks after the start of the diet (end of the diet) and 52 weeks after the start of the diet.
Measurements included an overnight stay at the university to assess SMR followed by RMR
and body composition from 08.00 in the morning onwards in the fasting state. Two weeks
prior to each measurement day, subjects received an accelerometer to measure physical
activity and a subject-specific dose of doubly labeled water to measure simultaneously TEE
over 14 days.
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Sleeping Metabolic Rate

Subjectsreported tothe university at2000 hinthe eveningforan overnightstayin arespiration
chamber until 0800 h in the morning. The room measured 14 m* and was equipped with a
bed, table, chair, freeze toilet, washing bowl, radio, television and computer. Subjects were
instructed to sleep from at least 2300 h until 0700 h and in case of insomnia during these
eight hours to lie quietly in bed. SMR was defined as the lowest observed energy expenditure
for three consecutive hours during the night and was measured and calculated as described
before (24).

Resting Metabolic Rate

At 0800 h in the morning, after the overnight stay in the respiration chamber, subjects slowly
walked to a separate room where they rested on a bed for 30 minutes, followed by 30 minutes
of measuring their RMR in the supine position using an open-circuit ventilated hood-system
(25). Gas analyses were performed with a paramagnetic oxygen analyzer (Servomex, type
1158, Crowborough, East Sussex, UK) and an infrared carbon dioxide analyzer (Servomex,
type 1520, Crowborough, East Sussex, UK) while flow was kept at a constant rate of 80 |/
min and additionally measured as described by Schoffelen et al (24). The within individual
coefficient of variation for this system is 3.3% + 2.1 (25). Calculation of RMR from measured
oxygen consumption and carbon dioxide production was based on Brouwer’s formula (26).

Energy Expenditure

TEE was measured overtwo weeks intervals with the doubly labeled water method according
to the Maastricht protocol (27). On the evening of day 1, shortly after the collection of a
background urine sample, subjects drank a weighed amount of ?H_**O such that baseline
levels were increased by 100 - 150 ppm for 2H and 200 - 250 ppm for 0. Subsequently,
urine samples were collected in the morning of day 2 (second voiding), day 8 and day 14
and in the evening of day 1, 8 and 13. The doubly labeled water method gives precise and
accurate information on carbon dioxide (CO,) production. CO, production was subsequently
converted to TEE with the use of the energy equivalent of CO,, which can be calculated with
additional information on the substrate mixture being oxidized (28). The energy equivalent
at baseline and after 52 weeks was calculated based on a normal Western diet with a mixed
macronutrient composition and energy respectively for 55% from carbohydrate, 30% from
fat and 15% from protein. At the end of the diet, the energy equivalent of CO, was based
on the consumption of the Modifast diet, the actual loss of fat mass and fat free mass and
additional energy intake. The additional food intake was the calculated compensation for
the difference between weight loss and the expected weight loss based on the consumption
of the Modifast diet alone, with the assumption of 1 kg weight change to be equivalent to 30
MJ (29). The additional food intake was also assumed to be a normal mixed diet.
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At baseline and after 52 weeks, AEE was calculated as (0.9 X TEE) - RMR, assuming DIT
to be 10% of TEE, which is based on a normal mixed diet (4) and DIT values for the separate
macronutrients to be 10% for carbohydrate, 3% for fat and 25% for protein. At the end of
the diet, the percentage DIT was calculated based on the intake of the Modifast diet and the
additional food intake with a normal mixed composition, which accounted for the difference
between the expected weight loss and the real weight loss. DIT was calculated to be 8% of
the TEE at the end of the diet; therefore AEE was calculated as (0.92 X TEE) - RMR.

The physical activity level was calculated as PAL_ .= TEE/SMR and PAL,, = TEE/RMR (7).
AEE was adjusted for body weight (AEE,, = AEE/BM) to normalize the energy expenditure of
physical activity (8).

Physical activity monitoring

Physical activity was monitored in two-week intervals using the previously validated
DirectLife triaxial accelerometer (Philips Research, Eindhoven, The Netherlands). The device
is small and lightweight and was carried at an elastic belt around the waist. Subjects were
instructed to wear the accelerometer during waking hours, except during showering and
water activities. A diary was used to report periods in which the subject was not wearing the
accelerometer during the day. The accelerometer output was processed to determine body
movement by measuring activity counts. Total activity counts were calculated over the two-
week monitoring period, and the sum of counts was divided by the number of monitoring
days to determine the average activity counts per day (30, 31).

Body Composition

Height was measured at screening to the nearest 0.1cm with the use of a wall-mounted
stadiometer (model 220; Seca, Hamburg, Germany). Body composition was determined
according to Siri’s three-compartment model based on body weight, body volume and
total body water. Body weight was measured using a calibrated scale (Life Measurement
Corporation, Inc, Concord, CA, USA). Body volume was measured via air-displacement
plethysmography with the BodPod System (Life Measurement Corporation, Inc, Concord,
CA, USA) (32, 33). Total body water was determined using deuterium dilution during the
preceding night, according to the Maastricht protocol. Body mass index (BMI) was calculated
by dividing body weight by height squared (kg/m?).

Diet

The weight loss diet (Modifast; Nutrition et Santé Benelux, Breda, The Netherlands) was
followed for a period of 8 weeks. The diet was a protein-enriched formula that provided 2.1
MJ/day (51.9 grams of protein, 50.2 grams of Carbohydrates and 6.9 grams of Lipids) and
a micronutrient content, which meets the Dutch recommended daily allowance. The VLED
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was provided to the subjects as sachets with powder. Each sachet represented one meal
and 3 sachets were consumed every day. Besides the provided meal-replacements, subjects
were allowed to eat vegetables when feeling hungry. Subjects were instructed to mix the
powder with the amount of water indicated on the packages and were advised to drink water
sufficiently throughout the diet period.

Calculations and statistical analysis

One-way repeated measures ANOVA with Bonferroni adjustment for multiple comparisons
were used to compare the results across 0, 8, and 52 weeks. The data were analyzed using
SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). All data are presented as mean and standard
deviation (SD).

Results

Body composition

After the 8 weeks of VLED, weight loss was on average 9.9 + 4.2 kg (P<0.001). After 52 weeks,
there was still a significant average weight loss compared to baseline of 5.7 + 4.9 kg (P<0.001).
As a percentage of the starting weight, subjects lost on average 10.5 + 3.8 % (P<0.001) and
weight loss was still 6.0 + 5.1 % after 52 weeks (P<0.001). The data showed a large inter-
individual variation in weight loss, indicating a difference in the success of weight loss and of
maintaining the lost weight. In addition, the variation in weight loss and weight maintenance
was not explained by different levels of physical activity at baseline, 8 or 52 weeks, or by a
better maintenance of the amount of physical activity during the diet and follow-up.

Energy Expenditure

SMR and RMR decreased significantly from respectively 7.06 + 1.02 MJ/d and 7.51 + 1.04 MJ/d
atbaselineto 6.24 +0.81 MJ/d (P<0.001) and 6.74 + 0.83 MJ/d (P<0.001) after 8 weeks of VLED.
SMR and RMR were still lower after 52 weeks compared to baseline, at respectively 6.59 + 0.97
MJ/d (P<0.001) and 7.13 + 0.95 MJ/d (P<0.001) (SMR not shown). The decrease was explained
by the reduced body weight and adaptive thermogenesisin response to the diet (Figure 3.2).

AEE decreased from 3.97 + 1.49 MJ/d at baseline to 3.06 + 1.36 MJ/d after 8 weeks of
energy restriction (P<0.001). After 52 weeks, AEE recovered to 3.77 + 1.41 MJ/d compared to
8 weeks (P<0.001). After 52 weeks, AEE was not significantly different compared to baseline
(Figure 3.2).

TEE also decreased from 12.76 + 2.13 MJ/d at baseline to 10.31 + 1.96 MJ/d (P<0.001)
afterthe VLED. After 52 weeks, TEE was significantly higher compared to 8 weeks (12.10 +2.03
MJ/d, P<0.001) and there was a trend of a lower TEE compared to baseline (P =0.06) (Figure
3.2).
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BAEE

Total energy expenditure (MJ/d)

Baseline 8 weeks 52 weeks

Figure 3.2. Total energy expenditure on the y-axis at baseline, 8 and 52 weeks. TEE is partitioned in
its components RMR (dark grey), DIT (white) and AEE (light grey). A significant difference compared
to baseline is indicated with symbol * (P < 0.001), while significant difference compared to 8 weeks is
indicated with symbol # (P< 0.001). Significant differences in TEE are indicated above the bars while
significant differences for the individual components are specified next to the bar. One-factor repeated-
measures ANOVA with Bonferroni adjustment for multiple comparisons were used to compare changes
over time. All data are presented as mean and standard deviation (SD). (n =51)

TEE: total energy expenditure, RMR: resting metabolic rate, DIT: diet induced thermogenesis, AEE:
activity induced energy expenditure

Physical activity

PAL,,. was on average 1.81 + 0.23 at baseline and decreased to 1.65 + 0.19 (P<0.001) after
8 weeks of a VLED. After 52 weeks, PAL, . increased to 1.85 + 0.27, significantly different
compared to 8 weeks (P<0.001) however not significantly different from baseline. PAL, . was
on average 1.70 + 0.22 at baseline and decreased to 1.55 + 0.19 after 8 weeks (P<0.001). After
52 weeks, PAL, . increased back to 1.71 + 0.23, significantly higher compared to 8 weeks
(P<0.001) however not significantly different from baseline. (Figure 3.3A). There were no
differences between men and women regarding the changes in PAL_ . and PAL_,_during the
VLED or the 44-week follow-up (data not shown).

AEE/kg was on average 0.043 £ 0.015 MJ/kg at baseline and decreased to 0.037 + 0.014
MJ/kg after 8 weeks of VLED (P<0.001). After 52 weeks, AEE/kg increased to 0.044 + 0.17 MJ/kg,
significantly higher compared to 8 weeks (P<0.001) but not different from baseline (Figure
3.3B).

Activity counts were on average 1.64 + 0.37 Mcounts/d at baseline and decreased to 1.54
+0.35 Mcounts/d (P<0.05) after 8 weeks of energy restriction. After 52 weeks, activity counts
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increased significantly to 1.73 + 0.49 Mcounts/d compared to 8 weeks (P<0.01). There was no
significant difference between baseline and 52 weeks (Figure 3.3C).
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Discussion

In addition to the earlier described development of adaptive thermogenesis on resting
metabolic rate during weight loss, this study shows that physical activity also decreases in a
period of energy restriction. However in contrast with the sustained adaptive thermogenesis
after 52 weeks, physical activity returns to baseline levels when the lost weight is maintained.
In addition, the variation in weight loss and weight maintenance was not explained by
different levels of physical activity at baseline, 8 or 52 weeks, or by a better maintenance of
the amount of physical activity during the diet and follow-up.

Average PAL_ values at baseline (1.70 £ 0.22) of the obese subjects were comparable
to average values of the general population (6). This is in line with previous studies (12, 13),
though contradictory to other studies (14-16).

Consequent to energy restriction and weight loss, all physical activity parameters
measured and calculated, decreased significantly during 8 weeks of VLED. PAL, AEE, AEE/kg
and activity counts per day all decreased significantly. These results are in line with results
described in literature (19-23, 34). Studies, which do not agree, measured the physical activity
in the confined space of a respiration chamber (17, 18). The recent study of Bonomi et al,,
where AEE was calculated with a doubly labeled water based prediction model including
body weight and body movement to determine the independent contribution of the weight
loss and of the change in body movement to the change in AEE, showed a similar decrease
in AEE after weight loss despite a small increase in activity counts (23). The main difference
of this study compared to our study was a two-week period of weight maintenance after the
diet before the measurements of energy expenditure and physical activity. Thus, discrepancy
in body movement could be explained by the negative energy balance at the end of 8 weeks
VLED in our study.

During the 44 weeks of follow-up after the 8 weeks VLED, physical activity returned again
to baseline values. PAL, AEE, AEE/kg and activity counts per day all increased significantly
compared to 8 weeks and were not different from baseline values. This supports the results
previously described by both Martin et al. and Redman et al. who showed an increase in PAL,
three months after an energy restriction induced decrease in activity (21, 22).

These results suggest that energy restriction for a longer period induces a biologically
meaningful survival mechanism which decreases physical activity in order to keep energy
expenditure at a low level and conserve energy storages (10, 11). Adaptive thermogenesis,
which is also seen during and after dieting, is also described as part of this adaptation of
an organism in the face of starvation and dangerously low energy supplies (10, 11, 35-40).
Differently from the sustained adaptive thermogenesis after 1 year, our results show that
physical activity returns again to baseline after the energy restriction.

As shown, physical activity is spontaneously decreased during the diet and therefore
the thought of increasing activity via exercise to improve the weight loss seems plausible.
However, Wu et al showed in a meta-analysis that additional exercise will be compensated
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by a reduction of non-training activity (41). While energy restriction leads to a decrease of
physical activity, most evidence suggests that overeating does not lead to an increase in
physical activity (29, 42-46). Similarly, an exercise-induced increase in energy expenditure will
lead to energy intake that compensates for the additional requirement, while change from
a physically active to a more sedentary lifestyle does not induce an equivalent reduction of
energy intake (47). These interactions implicate that eating less instead of moving more is
the way to weight loss and the best method for weight maintenance is to prevent overeating.
Additionally, there are studies that do imply an increase in physical activity in response to
excess energy intake (34, 48). Levine et al. concluded that an increase in non-exercise activity
thermogenesis is the principal mediator of resistance to fat gain with overfeeding. However,
their accelerometer results were not consistent and did not show an increase in body
movement after overfeeding. Rosenbaum et al. showed an increase in AEE divided through
FFM (kg). Though, they did not take the increased FM into account and did not use the doubly
labeled water technique to measure TEE.

A limitation of this study is that diet and physical activity were not standardized during
the 44 weeks of follow-up. On the other hand, due to the absence of an advice on diet and
physical activity, this study reflects achievements in free-living conditions. Another limitation
of this study is generated by the large interindividual variation in activity between subjects.
However, the significance of the results on the total group, proof the persistence of the
adaptation of physical activity for average individuals. Another limitation of this study is no
inclusion of lean subjects. Therefore no clear conclusion can be made on mean PAL_ in the
obese population compared to the lean population. Another limitation is that interpreting
PAL values during weight changes may be affected by the effect of weight loss on RMR.
However, there is no indication for a significant change in the results and moreover, PAL
results are in line with the results expressed as AEE/kg and with activity counts. One of the
main strengths of this study is the use of the gold standard in measuring free-living TEE:
doubly labeled water. Therefore, PAL, AEE and AEE /kg reflect the physical activity and energy
expenditure in normal daily life and are not confounded by restrictions of body movement.
A second strength is the use of two independent methods based on measurement of energy
expenditure and body movement.

Because it includes changes in body weight and is based on the doubly labeled water
method, AEE/kg is the favored parameter to express changes in the amount of physical
activity in this study. However, other methods may be preferred if for example the contextual
information or activity structure is the primary endpoint of the research (49).

For future research it would be interesting to look further into the adaptation of physical
activity and investigate whether and how fast adaptation of physical activity will occur as a
consequence to different levels of energy restriction.

In conclusion, our study shows that moderate weight loss induced by energy restriction
leads to a large decrease in physical activity. However, physical activity returns to baseline
levels when weight loss is maintained.
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Abstract

Background

Low physical activity and short and long sleeping times are associated with a higher risk of
developing obesity and concomitantly insulin resistance.

Objective

To determine the role of physical activity and the joint effect with sleep duration on insulin
sensitivity during energy restriction followed by weight maintenance.

Design

102 subjects (28 males) [mean + SD age: 4049 y; body mass index (BMI; in kg/m?): 31.9+3.0].
They followed a very low energy diet for 8 weeks, followed by a 44-week period of weight
maintenance. Body composition (three-compartment model based on body weight, total
bodywaterand bodyvolume), physical activity (tri-axial accelerometer), sleep (questionnaire,
Epworth Sleepiness Scale), and fasting plasma insulin and glucose concentrations were
assessed before the diet and 8, 20 and 52 weeks after the start of the diet.

Results

Body mass decreased significantly during the diet-period (10+4%, P<0.01) and this reduction
was sustained after 20 weeks (9+4%, P<0.01) and 52 weeks (6+5%, P<0.01) compared to
baseline. Insulin sensitivity improved significantly after 8 weeks compared to before the
diet (P<0.001). Compared to baseline, insulin sensitivity was significantly higher after 20
weeks (P<0.001) and 52 weeks (P<0.05). After 8, 20 weeks and 52 weeks, respectively 23%
(P<0.01), 19% (P<0.05) and 13% (P<0.05) of the variance in insulin sensitivity improvement
was explained by weight loss percentage and change in activity counts; the change in sleep
duration had no predictive value.

Conclusions

Maintaining total daily activity during energy restriction is as important as weight loss itself
in the improvement of insulin sensitivity, while there was no additional effect of change in
sleep duration. During weight maintenance, improved insulin sensitivity is maintained better
if physical activity returns to baseline or higher.
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Introduction

Theincreasing prevalence of obesity and its association with an impaired insulin homeostasis
are major health problems in our modern world (1, 2); both are linked closely to the
development of non-communicable diseases as type 2 diabetes and cardiovascular diseases
(3, 4). Overweight and obesity are characterized by the accumulation of excessive fat mass
and more free fatty acids in the blood which can lead to an impaired glucose metabolism and
a reduced insulin sensitivity (5). Independent from adiposity, physical inactivity or increased
length of time without movement, merely a reduction in body movement and not in activity
induced energy expenditure is associated with a reduced clearance of free fatty acids and
ingested glucose and less glucose-stimulated insulin secretion, increasing the risk for type 2
Diabetes (6-8). Short and long sleep duration are associated with an increased risk for insulin
insensitivity (9-16) and although several mechanisms have been proposed, the relationship
with physical activity might be pivotal as short and long sleep duration decrease daytime
physical activity (16-21).

Losing weight and increasing physical activity independently have a beneficial effect
on the glucose metabolism and insulin sensitivity (22-28). However, the addition of aerobic
or resistance exercise training to a diet does not enhance the reductions in plasma insulin
and glucose levels induced by weight loss (29-33). On the other hand, increasing physical
activity in overweight or obese subjects improves insulin sensitivity in the absence of weight
loss (34-36). The ambiguous results can be explained by the fact that energy restriction leads
to a decrease in physical activity (37, 38) and that additional exercise training to an energy
restricted diet will often be compensated by a reduction of non-training activity (39).

While physical activity and sleep have been studied separately in relation to insulin
sensitivity, little is known about the interaction of sleep and physical activity with insulin
sensitivity. Recently, Zuo et al showed that mainly occupational physical activity was
negatively associated with insulin resistance and that there was a synergistic effect of low
physical activity and short sleep duration on insulin sensitivity (40).

The primary aim of this study was to determine the role of physical activity on insulin
sensitivity during energy restriction followed by weight maintenance and secondly the joint
effect of sleep duration and physical activity. It was hypothesized that maintaining body
movement during energy restriction increases insulin sensitivity and moreover that there is
a synergistic effect of physical activity and sleep duration on insulin sensitivity during weight
loss and weight maintenance on top of the effect of weight loss itself. Therefore, physical
activity, sleep duration, fasting glucose and insulin were measured before and after a very
low energy diet (VLED) and during 44 weeks of follow-up.
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Subjects and Methods

Subjects

One-hundred two healthy subjects (74 women and 28 men) with a mean age of 40 + 9 years
and with a mean body mass index (BMI) of 31.9 + 3.0 kg/m? were recruited by advertisements
in local newspapers and on notice boards at the university. They underwent an initial
screening that included measurements of body weight and height and the completion of
a questionnaire on general health. All were in good health, not using medication (except for
contraception), nonsmokers and at most moderate alcohol consumers. They were relatively
weight stable as defined by a weight change <5kg for at least 3 months prior to the study. The
study was conducted according to the guidelines laid down in the Declaration of Helsinki
and procedures were approved by the Ethics Committee of the Maastricht University Medical
Centre. Written informed consent was obtained from all participants. This trial was registered
at www.clinicaltrials.gov as NCT01015508.

Study design

The study covered a full year, starting with a very low energy diet (VLED) for 8 weeks, followed
by a 44-week period of weight maintenance (Figure 4.1). Subjects came to the university for
measurements on four occasions: the day before the start of the diet (baseline), 8 weeks after
the start of the diet (end of the diet), 20 weeks after the start of the diet and 52 weeks after the
start of the diet. On each occasion, measurements included body composition, the collection
of fasting blood and sleep-questionnaires and were performed from 08.00 in the morning
onwards with subjects in a fasted state. Two weeks prior to each measurement day, subjects
received an accelerometer to measure physical activity. Subjects were instructed to maintain
their newly achieved body weight without specific dietary, activity or sleep instructions.

0 weeks 8 weeks 20 weeks 52 weeks

v v v v
I I | |

screening I VLED | Follow-up 12 weeks I Follow-up 32 weeks I
8 weeks

Figure 4.1: Flow chart of the 52-weeks program the subjects followed; the measurement points are
indicated. VLED: very-low-energy diet.

Diet

The weight loss diet (Modifast; Nutrition et Santé Benelux, Breda, The Netherlands) was
followed for a period of 8 weeks. The diet was a protein-enriched formula that provided 2.1
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MJ/day (51.9 grams of protein, 50.2 grams of Carbohydrates and 6.9 grams of Lipids) and a
micronutrient content, which meets the Dutch recommended daily allowance. The VLED was
provided to the subjects as sachets with powder. Each sachet represented one meal and 3
sachets were consumed every day. Besides the provided meal-replacements, subjects were
allowed to eat vegetables when feeling hungry with the exception of starchy vegetables and
legumes, which are relatively high in energy density like potatoes and beans. Subjects were
instructed to mix the powder with the amount of water indicated on the packages and were
advised to drink water sufficiently throughout the diet period.

Body Composition

Height was measured at screening to the nearest 0.1cm with the use of a wall-mounted
stadiometer (model 220; Seca, Hamburg, Germany). Body composition was determined
according to Siri’s three-compartment model based on body weight, body volume and total
body water (41). Body weight was measured using a calibrated scale (Life Measurement
Corporation, Inc, Concord, CA, USA). Body volume was measured via air-displacement
plethysmography with the BodPod System (Life Measurement Corporation, Inc, Concord, CA,
USA) (42). The average thoracic gas volume was measured by the BodPod by using a standard
plethysmographic technique (43). Total body water was determined using deuterium dilution
during the preceding night, according to the Maastricht protocol (44). The calculation of total
body water from isotope decay involves assumptions on the isotope dilution spaces for 2H,
in this case a fixed ratio based on the population mean of the study group as suggested by
Speakman et al (45). Body mass index (BMI) was calculated by dividing body weight by height
squared (kg/m?).

Physical activity monitoring

Physical activity was monitored in two-week intervals using the previously validated Tracmor
triaxial accelerometer (DirectLife, Philips Consumer Lifestyle) (46). The device is small and
lightweight and was carried at an elastic belt around the waist. Subjects were instructed to
wear the accelerometer during waking hours, except during showering and water activities.
A diary was used to report periods in which the subject was not wearing the accelerometer
during the day to check for missing data and wearing time. The accelerometer output was
processed to determine body movement by force and duration, and not energy expenditure,
by measuring activity counts. Total activity counts were calculated over the two-week
monitoring period, and the sum of counts was divided by the number of monitoring days to
determine the average activity counts per day (46). Days during which data were missing or
subjects carried the accelerometer for <10h were excluded and the average was calculated
on the remaining data, considering daily physical activity an ergodic process. Subjects with
less than seven days would have been excluded, however all subjects met these criteria and
non were excluded.
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Sleep

Questionnaires were used to assess sleep duration and daytime sleepiness. For sleep
duration the question was: ‘How many hours do you usually sleep per night during week
days?” and ‘How many hours do you usually sleep during weekend days?. A total weekly
sleep score was calculated as follows: [(hours sleep week days x 5) + (hours sleep weekend
days x 2) / 7] (18). Subjects with between 7 and 9 hours of sleep (average sleepers) were
included to exclude very short and very long sleepers (12). Daytime sleepiness was assessed
through the Epworth Sleepiness Scale (ESS). Subjects rated the likelihood of falling asleep in
eight specific situations on a 0-3 scale, with 0 meaning no chance at all to fall asleep and 3
meaning a high chance of falling asleep. The total score can range from 0 to 24, with a score
of 10 or higher suggesting excessive daytime sleepiness (47).

Biochemical analysis

Blood was collected into EDTA-containing tubes and centrifuged (1000 x g, 10 min, 4°C), and
the plasma was immediately frozen in liquid nitrogen and stored at =80°C until analysis.
Plasma glucose concentration was analyzed enzymatically on a Cobas Mira automated
spectrophotometer (Roche Diagnostica). Plasma insulin was measured with a double-
antibody radioimmunoassay (Insulin RIA 100, Kabi-Pharmacia, Uppsala, Sweden). Insulin
sensitivity was assessed by the homeostasis model assessment index for insulin resistance
(HOMA, ), calculated as [plasme glucose (mmol/l) times plasma insulin (mU/1)] divided by
22.5(48).

Calculations and statistical analysis

One-way repeated measures ANOVA with Bonferroni adjustment for multiple comparisons
were used to compare the results across 0, 8, 20 and 52 weeks. Linear and multiple
hierarchical regression analysis have been performed independently for each time point
to determine relations and interactions between dependant and independent variables.
Collinearity diagnostics as part of the multiple regression procedure were performed to
check for problems with multicollinearity between the independent variables. Tolerance
values were not below 0.8 and variance inflation factor (VIF) values were not higher than 1.2,
indicating there was no problem of collinearity. Age and gender were used as covariates in
all tests. The data were analyzed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). All data are
presented as means + standard deviations (SDs).
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Results

Body composition

After the 8 weeks of VLED, weight loss was on average 9.4 + 4.2 kg (P<0.001) consisting of 7.6
+ 3.3 kg of fat mass (FM) and 1.8 + 2.2 kg of fat free mass (FFM). After 20 and 52 weeks, there
was a significant average weight loss compared to baseline, respectively 8.4 + 4.9 kg (P<0.001)
and 5.9 + 4.9 kg (P<0.001). Weight loss after 52 weeks was significantly less compared to 8
and 20 weeks (P<0.05). After 20 weeks, this was 7.7 + 4.6 kg of FM and 0.7 + 2.0 kg of FFM
and after 52 weeks 5.6 + 5.2 kg of FM and 0.3 + 2.0 kg of FFM. As a percentage of the starting
weight, subjects lost on average 10.2 + 4.1 % (P<0.001). After 20 weeks, weight loss was 9.1
+5.0 % (P<0.001) and weight loss was still 6.2 + 6.1 % after 52 weeks compared to baseline
(P<0.001). FM decreased from 41.8 £ 6.3 % to 37.3 + 7.5 % (P<0.001). After 20 and 52 weeks, FM
was significantly lower compared to baseline, respectively 36.8 + 7.6 % (P<0.001) and 38.3 +
6.5 % (P<0.001). The data showed a large inter-individual variation in weight loss, indicating
a difference in the success of weight loss and of maintaining the lost weight. In addition,
the variation in weight loss and weight maintenance was not explained by different levels of
physical activity or sleep duration at baseline, 8, 20 or 52 weeks, or by a better maintenance
of the amount of physical activity during the diet and follow-up.

Glucose/insulin homeostasis

Fasting glucose concentration at baseline was on average 4.9+ 0.4 mmol/l and did not change
after 8,20 and 52 weeks with values of respectively 4.8 + 0.4,4.9 + 0.4 and 5.0 + 0.4 mmol/l.

Fastinginsulin concentration decreased from 17.0+6.7 mU/lat baselineto 11.7+4.9 mU/I
after 8 weeks of VLED (P<0.001). After 20 weeks, fasting insulin concentration did not change
compared to 8 weeks with an average value of 11.9 + 4.7 mU/l and was still significantly lower
compared to baseline (P<0.001). After 52 weeks, fasting insulin concentration did not change
significantly compared to 8 weeks with an average value of 13.7 + 7.2 mU/|, and was still
significantly lower compared to baseline (P<0.05).

HOMA,, decreased from 3.7 + 1.6 at baseline to 2.5 + 1.2 after 8 weeks of VLED (P<0.001).
After 20 weeks, HOMA . did not change significantly compared to 8 weeks with an average
value of 2.6 + 1.1 and was still significantly lower compared to baseline (P<0.001). After 52
weeks, HOMA _ was still significantly lower compared to baseline with an average value of 3.0
+1.7 (P<0.01), however, the value was higher compared to 8 weeks (P<0.01).

Physical activity

Activity was on average 1.63 + 0.36 Mcounts/d at baseline and decreased to 1.56 + 0.45
Mcounts/d (P<0.05) after 8 weeks of energy restriction. After 20 weeks, activity increased
significantly to 1.65 + 0.43 Mcounts/d compared to 8 weeks (P<0.01). There was no significant
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difference between baseline and 20 weeks. After 52 weeks, activity increased significantly
to 1.66 + 0.52 Mcounts/d compared to 8 weeks (P<0.01). There was no significant difference
between baseline and 52 weeks.

Sleep duration

Average sleep duration at baseline was on average 8.1 + 0.6 h/day and increased significantly
to 8.4 + 0.7 h/day after weight loss (P<0.05). After 20 weeks and 52 weeks, average sleep
duration was respectively 8.3 h/day and 8.2 h/day; this was not significantly different from
baseline or 8 weeks. Moreover, after 8 weeks there was a significant negative correlation
between change in body weight and the change in average hours sleep (R? = 0.04, P<0.05).

Interaction

Regression analysis revealed that baseline HOMA _ explained almost 40% (P<0.001) of the
variance in the decrease in HOMA _ after weight loss. Furthermore, after 20 and 52 weeks,
respectively 49% (P<0.001) and 23% (P<0.01) of the variance in the change in HOMA  was
explained by the baseline value of HOMA .

Besides baseline HOMA , the regression model combining age, gender, change in
body weight, change in sleep duration and change in physical activity counts explained an
additional 23% (P<0.01) of the variance in the change in HOMA _ after 8 week of VLED. The
independent contributions of change in body weight (R? = 0.08, P<0.01) and the change in
activity counts (R?=0.14. P<0.01) were statistically significant (Figure 4.2).

Table 4.1: Multiple regression results of a model combining gender, age, weight loss percentage,
activity counts change and hours sleep change to predict changes in insulin resistance after 8, 20 and
52 weeks.

Beta; 8 weeks Beta; 20 weeks Beta; 52 weeks

Gender 0.016 -0.26 -0.072

Age 0.032 0.160 0.019

Weight loss % 0.283" 0.262" 0.273*

Counts change -0.376** -0.298" -0.217

Hours sleep change -0.094 0.066 -0.042
Baseline HOMA , -0.631""* -0.699"** -0.480""

Total R*value 0.63*** 0.68"** 0.36"~

Hierarchical multiple regression analysis was used to analyze the effect on insulin sensitivity of a model combining:
gender, age, weight loss percentage, activity counts change and hours sleep change. Standardized Beta-values are
shown for each individual parameter and for the total model at 8, 20 and 52 weeks. In the bottom row, the total
R*-value for the model combining all parameters are shown for 8, 20 and 52 weeks. Significance is indicated with
symbol * (* P<0.05, ** P<0.01, *** P<0.001).

HOMA,.: homeostasis model assessment index for insulin resistance
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After 20 weeks, the regression model explained an additional 19% (P<0.05) of the
variance in the change of HOMA A besides baseline HOMA _, with significant independent
contributions of change in body weight (R?=0.07, P<0.05) and the change in activity counts
(R2=0.09, P<0.05).

After 52 weeks, the regression model explained an additional 13% (P<0.05) of the
variance in the change of HOMA,_ on top of the explained variance by baseline HOMA ; with a
significant independent contribution of change in body weight (R?=0.08, P=0.05). There was
a trend for a significant contribution of change in activity counts (R? = 0.05, P=0.10) (Table
4.1). The decrease in explained variation after 52 weeks is due to the increased variance and
increased influences from variables that were not controlled for during follow-up.

-0.8 0.6 0.8

R?=0.14054

Change in insulin sensitivity (HOMA-IR)

-6 -
Change in physical activity (Mcounts/d)

Figure 4.2: Correlation of the change in insulin sensitivity (HOMA ) against the change in physical
activity (Mcounts/d) after 8 weeks of VLED (R?=0.14, P<0.01).

HOMA : homeostasis model assessment index for insulin resistance

VLED: very low energy diet
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Discussion

Measurements of physical activity, sleep duration, fasting glucose and insulin before and
after a very low energy diet (VLED) and during 44 weeks (week 52) of follow-up showed that
the improvement in insulin sensitivity is mostly dependent on the amount of weight loss and
total daily activity and not on sleep duration. During the weight loss phase, to improve insulin
sensitivity, maintaining physical activity is as important as weight loss itself.

These results confirm the improvement of insulin sensitivity as a result of energy
restriction (22, 23) and indicate that maintaining physical activity or a smaller decrease in
physical activity during weight loss is beneficial for the glucose metabolism on top of the
weight loss solely which is in line with prior studies showing that physical activity improves
insulin sensitivity (24-28). On average, the results show a decrease in physical activity
during energy restriction, which is also seen in previous studies (37, 38). However, this
study now points out that avoiding or minimizing the decrease in physical activity during
energy restriction has a beneficial effect on insulin sensitivity improvement during weight
loss. Furthermore, after 20 weeks, subjects who show a return to baseline activity or higher
maintain more improved insulin sensitivity compared to subjects who retain a lower daily
physical activity. These results seem contradictory to studies that show no effect of additional
aerobic orresistance training to a diet oninsulin sensitivity (29-33). However, previous studies
have shown that energy restriction leads to a decrease in physical activity (37, 38) and that
additional exercise during a diet will be compensated by a reduction of non-training activity
(39). Since extra training will often be compensated, it seems of great importance to track
daily physical activity patterns, which can be measured using portable accelerometers (49)
to avoid more sedentariness during weight loss.

During 44 weeks of follow-up after the VLED, insulin sensitivity improvement was
maintained; HOMA , decreased from a baseline of 3.7 £ 1.6 to 3.0 + 1.7 after 44 weeks of
follow-up (P<0.01). The improvement was a function of weight loss and physical activity,
however the contribution decreased over time. In addition to their influence in, a large part
of the variance in improvement of insulin sensitivity at 8, 20 and 52 weeks was explained
by insulin sensitivity at baseline, which showed that a greater improvement was reached in
subjects with a lower initial insulin sensitivity (Table 4.1). The results during follow-up are in
line with higher insulin sensitivity during weight loss maintenance (50, 51) and with more
physical activity (24-28). The sustained improved insulin sensitivity after 44 weeks despite the
partial weight regain is in accordance with previous results (52-54).

Sleep duration was increased after 8 weeks of energy restriction as observed before
(55). Sleeping longer was significantly related to a higher percentage weight loss. This could
mean that people sleeping longer lose more weight, or that people losing more weight sleep
longer. However, during 44 weeks of follow-up, sleep duration returned to baseline values
while weight loss was maintained. This would indicate that the negative energy balance
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caused the increased sleep duration and not the other way around. Increasing sleep duration
could be a way to reduce energy expenditure.

A limitation of this study is that diet and physical activity were not standardized during
the 44-week follow-up. On the other hand, due to the absence of advice on diet and physical
activity, this study reflects achievements in free-living conditions. Additionally, physical
activity was measured objectively with accelerometers. Future research could focus on the
influence of the amount of high, medium and low physical activity to gain more insight in
what is beneficial forinsulin sensitivity during weight loss, besides total daily activity. Another
limitation is the use of self-reported sleep durations, although previous studies have shown
a good agreement between self-reported and measured sleep duration (56, 57). The authors
notice that HOMA , may not be the best measure for insulin sensitivity; still, it is a very useful
approach in a longitudinal approach. The observed interindividual variation in the results
allowed changes in insulin sensitivity to be correlated to a wide range from successful to
unsuccessful weight maintenance. At the same time, the observed variation in the change
of physical activity and sleep duration allowed us to correlate these variables over a wide
range with insulin sensitivity. One of the major advantages with regard to other studies was
the longitudinal approach in which an 8-week VLED was followed by a 44-week follow-up, to
investigate the interaction between physical activity, sleep duration and insulin sensitivity
during weight loss and weight maintenance.

In conclusion, the study shows that the improvement in insulin sensitivity is mostly
dependent on the amount of weight loss and the quantity of total daily activity and not on
sleep duration. During the weight loss phase, to improve insulin sensitivity, maintaining
daily activity is as important as weight loss itself. Furthermore, during weight maintenance,
improved insulin sensitivity is maintained better if physical activity returns to baseline or
higher.
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Abstract

Background

Energy deficiency induced by energy restriction causes adaptations in energy expenditure
(total-, TEE; resting-, REE; activity induced-, AEE).

Objective

To determine if changes in protein levels of markers for adipocyte glucose and fatty acid
metabolism as indicators for energy deficiency are related to adaptations in energy
expenditure during weight loss.

Methods

Forty-eight healthy subjects (18 men, 30 women), mean+SD age 42+8 years and BMI 31.4+2.8
kg/m?, followed a very low energy diet for 8 weeks. Protein levels of fatty acid binding protein
4 (FABP4), fructose-bisphosphate aldolase C (AldoC) and short chain 3-hydroxyacyl-CoA
dehydrogenase (HADHsc) (adipose tissue biopsy, western blot), TEE (doubly labeled water),
REE (ventilated hood), and AEE were assessed before and after the 8-week diet.

Results

Subjects lost on average 10.7+4.1% body weight (P<0.001). FABP4 increased 31+87% (P<0.05).
AldoC decreased 53+37% (P<0.001). TEE, REE and AEE decreased respectively 17+12%
(P<0.001), 11+6% (P<0.001) and 23+29% (P<0.001). There was a positive correlation between
the relative change in AldoC and the relative change in TEE (R=0.438, P<0.01) and the relative
change in AEE (R=0.439, P<0.01). Furthermore, there was a negative correlation between the
relative change in HADHsc and the relative change in REE (R=0.343, P<0.05).

Conclusion

During energy restriction, the molecular metabolism in adipose tissue is linked to energy
expenditure. More specifically, the decrease in AldoC is related to the decrease in AEE, which
may be explained by the decreased glycolytic capacity. Additionally, the change in HADHsc
is related to the adaptation in REE, which may be explained by changes in the B-oxidation.

66



WEIGHT LOSS-INDUCED CHANGES IN FATTY ACID AND GLUCOSE METABOLISM RELATE TO
ADAPTATIONS IN BODY COMPOSITION AND ENERGY EXPENDITURE

Introduction

The increasing prevalence of obesity and its comorbidities is one of the major health
problems in our modern world (1). Although weight loss strategies target both sides of the
energy balance, intake and expenditure, the success of long-term weight loss maintenance
is low (2, 3). Adipose tissue is an important energy storing and releasing tissue and to fulfill
this role adipocytes need to respond quickly to variations in the demand. Many studies have
linked obesity to metabolic processes on a whole-body level, like reduced fat oxidation, as
well asinside the adipocyte like a reduced metabolism of long chain fatty acids (4-7). Studies
on weight loss indicate that energy restriction results in changes in the expression of genes
involved in lipid, carbohydrate and energy metabolism in adipose tissue (8-13). During
energy restriction, the limiting glucose availability must be compensated by an increased
mitochondrial fatty acid oxidation to preserve blood glucose levels and supply glucose-
dependent tissues with sufficient energy, such as the brain or red blood cells (14).

The biological response to weight loss is causing the susceptibility to weight regain
as reviewed by Maclean et al. (15). Mariman summarized this response as a network
of adaptations with an energy gap promoting weight regain and physiological changes
resulting in resistance for further weight loss (16). Two of these adaptations are decreases in
energy expenditure in response to energy restriction, which can limit weight loss and could
be important factors that compromise the maintenance of a reduced body weight. Firstly,
studies performed in lean and obese subjects have shown significant reductions in resting
energy expenditure (REE) during and shortly after weight loss, to values below predictions
based on weight loss and body composition changes (17-22). The decrease in REE beyond
what can be predicted by the loss of fat-free mass (FFM) and fat mass (FM) is defined as
adaptive thermogenesis. Secondly, several studies demonstrated a decrease in physical
activity and activity induced energy expenditure (AEE) as a result of weight loss (23-27).

Linking the metabolic adaptations to the glucose and fatty acid metabolism will give
furtherinsightin the underlying mechanisms. The aim of this study was to determine changes
in markers for adipocyte glucose and fatty acid metabolism in adipose tissue during weight
loss by measuring protein levels before and after an 8-week very low energy diet in order to
find out whether these changes are associated with adaptations in energy expenditure.
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Subjects and methods

Subjects

Forty-eight healthy subjects (30 women and 18 men), mean + SD age of 42 + 8 years and mean
+ SD body mass index (BMI) of 31.4 + 2.8 kg/m?, were recruited by advertisements in local
newspapers and on notice boards at the university. They underwent an initial screening that
included measurement of body weight and height and the completion of a questionnaire
on general health. All were in good health, not using medication (except for contraception),
nonsmokers and at most moderate alcohol consumers. They were weight stable as defined
by a weight change <5kg for at least 3 months prior to the study. The study was conducted
according to the guidelines laid down in the Declaration of Helsinki and procedures were
approved by the Ethics Committee of the Maastricht University Medical Centre. Written
informed consent was obtained from all participants. This trial was registered at clinicaltrials.
gov as NCT01015508.

Study design

The study covered an 8-week period of a very low energy diet (VLED). Subjects came to the
university for measurements on two occasions: the day before the start of the diet (baseline)
and 8 weeks after the start of the diet (end of the diet). The protocol included an overnight
stay at the university followed by measurement of REE and body composition from 08.00
in the morning onwards in the fasting state. Two weeks prior to each measurement day,
subjects received a subject-specific dose of doubly labeled water to measure total energy
expenditure (TEE) over the following 14 days.

Diet

The weight loss diet (Modifast; Nutrition et Santé Benelux, Breda, The Netherlands) was
followed for a period of 8 weeks. The diet was a protein-enriched formula that provided 2.1
MJ/day (51.9 grams of protein, 50.2 grams of Carbohydrates and 6.9 grams of Lipids) and a
micronutrient content, which meets the Dutch recommended daily allowance. The VLED was
provided to the subjects as sachets with powder. Each sachet represented one meal and 3
sachets were consumed every day. In addition to the provided meal-replacements, subjects
were allowed to eat vegetables when feeling hungry. Subjects were instructed to mix the
powder with the amount of water indicated on the packages and were advised to drink water
sufficiently throughout the diet period.
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Body Composition

Height was measured at screening to the nearest 0.1cm with the use of a wall-mounted
stadiometer (model 220; Seca, Hamburg, Germany). Body composition was determined
according to Siri’s three-compartment model based on body weight, body volume and
total body water. Body weight was measured using a calibrated scale (Life Measurement
Corporation, Inc, Concord, CA, USA). Body volume was measured via air-displacement
plethysmography with the BodPod System (Life Measurement Corporation, Inc, Concord,
CA, USA) (28, 29). Total body water was determined using deuterium dilution during the
preceding night, according to the Maastricht protocol (30). BMI was calculated by dividing
body weight by height squared (kg/m?).

Resting energy expenditure

At 0800 h in the morning, after the overnight stay at the university, subjects slowly walked
to a separate room where they rested on a bed for 30 minutes, followed by 30 minutes of
measuring their REE in the supine position using an open-circuit ventilated hood-system
(31). Gas analyses were performed with a paramagnetic oxygen analyzer (Servomex, type
1158, Crowborough, East Sussex, UK) and an infrared carbon dioxide analyzer (Servomex,
type 1520, Crowborough, East Sussex, UK) while flow was kept at a constant rate of 80 I/
min and additionally measured as described by Schoffelen et al (32). The within individual
coefficient of variation for this system is 3.3% + 2.1 (31). Calculation of REE from measured
oxygen consumption and carbon dioxide production was based on Brouwer’s formula (33).
In addition to measuring REE with the ventilated hood system (REEm), REE was predicted
(REEp) with the equation: REEp (MJ/d) = 0.024 x fat mass (kg) + 0.102 x fat free mass x (kg) +
0.85 (34). Since fat mass (FM) and fat free mass (FFM) are used to calculate REEp, the equation
can be used independently for gender. Adaptive thermogenesis was calculated as REEm
divided by REEp. The ratio after 8 weeks was divided by the ratio at baseline to adjust for
initial over- or underestimations. A value above 1 indicates that the change of the measured
REE is higher than what is expected based on the body composition, a value lower than 1
indicates measured REE is lower than what is expected based on the body composition.

Energy Expenditure

TEE was measured over two week intervals with the doubly labeled water method according
to the Maastricht protocol (30). On the evening of day 1, shortly after the collection of a
background urine sample, subjects drank a weighed amount of ?H,**O such that baseline
levels were increased by 100 - 150 ppm for ?H and 200 - 250 ppm for #0. Subsequently, urine
samples were collected in the morning of day 2 (second voiding), day 8 and day 14 and in
the evening of day 1, 8 and 13. The doubly labeled water method gives precise and accurate
information on carbon dioxide (CO,) production. CO, production was subsequently converted
to TEE with the use of the energy equivalent of CO,, which can be calculated with additional
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information on the substrate mixture being oxidized (35). The energy equivalent at baseline
was calculated based on a normal Western diet with a mixed macronutrient composition
and energy respectively for 55% from carbohydrate, 30% from fat and 15% from protein.
At the end of the diet, the energy equivalent of CO, was based on the consumption of the
Modifast diet, the actual loss of fat mass and fat free mass and additional energy intake. The
additional food intake was the calculated compensation for the difference between weight
loss and the expected weight loss based on the consumption of the Modifast diet alone, with
the assumption of 1 kg weight change to be equivalent to 30 MJ (36). The additional food
intake was also assumed to be a normal mixed diet.

Atbaseline, AEE was calculated as (0.9XTEE) - REE, assumingdietinduced thermogenesis
(DIT) to be 10% of TEE, which is based on a normal mixed diet (37) and DIT values for the
separate macronutrients to be 10% for carbohydrate, 3% for fat and 25% for protein. At the
end of the diet, the percentage DIT was calculated based on the intake of the Modifast diet
and the additional food intake with a normal mixed composition, which accounted for the
difference between the expected weight loss and the real weight loss. DIT was calculated to
be 8% of the TEE at the end of the diet; therefore AEE was calculated as (0.92 X TEE) - REE.
AEE was adjusted for body weight (AEE,, = AEE/BM) to normalize the energy expenditure of
physical activity (38).

Western blot analysis

Three proteins involved in glucose and fatty acid metabolisms were selected and measured
in adipose tissue by Western blotting. Fructose-bisphosphate aldolase C (AldoC) is an enzyme
of the glycolysis. Fatty acid binding protein 4 (FABP4) is an indicator for fatty acid handling
inside the adipocyte by facilitating the intracellular transport of fatty acids. Short chain
3-hydroxyacyl-CoA dehydrogenase (HADHsc) is a rate-limiting enzyme of the mitochondrial
beta-oxidation (11).

Abdominal subcutaneous adipose tissue biopsies (approximately 1.5 g) were obtained
by needle liposuction under local anaesthesia (2% lidocaine, Fresenius Kabi BV, The
Netherlands) after an overnight fast, before and after the diet. Samples were rinsed in sterile
cold saline, frozen in liquid nitrogen and stored at -80°C until protein isolation.

Frozen adipose tissue was grinded in a mortar and the powder was dissolved in 200 pl
of 8 M urea, 2% CHAPS, 65 mM DTT per 100 mg powder. The homogenate was vortexed for
5 min and centrifuged for 30 min at 14000 rpm and 10°C. The supernatant containing the
adipose tissue proteome was carefully collected and aliquots were stored at -80°C. Protein
concentrations were determined by a Biorad Bradfort-based protein assay (39).

Samples with equal amount of protein were run on a 12% SDS polyacrylamide gel (180
V, Criterion Cell; Biorad, Hercules, CA) and then transferred (90 min, 100 V, Criterion blotter;
Biorad) to 0.45-mm nitrocellulose membranes. After Ponceau S staining and destaining
with demineralized water, membranes were blocked in 5% bovine serum albumin (BSA) in
Tris-buffered saline containing 0.1% Tween 20 (TBST) for AldoC, and in 5% nonfat dry milk

70



WEIGHT LOSS-INDUCED CHANGES IN FATTY ACID AND GLUCOSE METABOLISM RELATE TO
ADAPTATIONS IN BODY COMPOSITION AND ENERGY EXPENDITURE

powder in TBST for FABP4 and HADHSsc for 1 h. Thereafter, the blots were incubated with
the primary antibodies against AldoC (1:250 dilution, Santa Cruz sc-12066), FABP4 (1:1000
dilution, Cayman 10004944) and HADHsc (1:500 dilution, Santa Cruz sc-74650) in 5% BSA-
TBST (AldoC) or 5% nonfat dry milk powder TBST (FABP4, HADHsc) overnight at 4°C on a
shaker. Thereafter, the blots were washed three times for 10 min in TBST, and then incubated
with 1:10000 dilution of the horseradish peroxidase-conjugated secondary antibody (DAKO)
in 5% BSA-TBST, 0.5% nonfat dry milk powder TBST or 5% nonfat dry milk powder TBST for 1
h. The blots were washed three times for 10 min in TBST. A CCD camera (XRS-system, Biorad)
was used to detect immunoreactive bands using chemiluminescent substrate (SuperSignal
CL; Pierce). The quantification was performed with the program Quantity One version 4.6.5
(Biorad). Blots were normalized to B-actin (1:1000 dilution, Santa Cruz sc-47778) to correct for
differences in protein loading.

Calculations and statistical analysis

A paired t-test (two-tailed distribution) was carried out to determine possible differences
between mean values. Spearman Rho’s correlation coefficients were calculated for
associations between parameters. One-way repeated measures ANOVA were used to
compare the results across 0 and 8 weeks, with gender as covariate. Significance was defined
as P<0.05. The power calculation was based on a weight loss study, in which a significant
2-fold increase in HADHsc level was measured with Western blotting during weight loss in 8
obese subjects (12). With an a of 0.05, B of 0.10, mean change of 0.285, and standard deviation
of 0.223 for HADHsc, and taking into account an expected success-rate of 20% during weight
maintenance and a dropout rate of 15%, at least 29 subjects needed to be included at the
start of the study. The data were analyzed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). All
data are presented as mean and standard deviation (SD).
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Results

Body composition

After the 8 weeks of VLED, weight loss was on average 9.9 + 4.1 kg (P<0.001) consisting of 7.9
+3.3 kg of fat mass (FM) and 2.0 + 2.2 kg of fat free mass (FFM) (Table 5.1). Subjects lost on
average 10.7 4.1 % (P<0.001) of the starting weight. FM decreased from 41.8 £+ 6.3%t0 37.3+
7.5% (P<0.001). The data showed a large inter-individual variation in weight loss, indicating
a difference in the success of weight loss. In addition, the variation in weight loss was not
explained by different levels of physical activity at baseline or 8 weeks.

Energy Expenditure

TEE decreased significantly from 12.65 + 2.08 MJ/d at baseline to 10.38 + 1.95 MJ/d (P<0.001)
after the VLED; a decrease of 17.5+ 11.9 % (P<0.001).

REE decreased significantly from 7.54 + 1.05 MJ/d at baseline to 6.70 + 0.87 MJ/d
(P<0.001) after 8 weeks of VLED, which is a decrease of 10.8 + 6.6 % (P<0.001). The decrease
was explained by the reduced body weight and adaptive thermogenesis in response to the
diet.

AEE decreased from 4.42 + 1.47 MJ/d at baseline to 3.27 + 1.24 MJ/d after 8 weeks of
energy restriction (P<0.001); a decrease of 22.8 + 28.7 % (P<0.001) (Table 5.1).

Table 5.1. Subject characteristics (mean + SD) at baseline and after 8 weeks on a very low energy diet.

Pre-WL (0 weeks) Post-WL (8 weeks) P-value
Weight (kg) 91.9+13.1 82.0+11.2 <0.001
FM (kg) 363+7.3 284+6.7 <0.001
FFM (kg) 56.1+10.3 54.0£9.5 <0.001
TEE (MJ/d) 12.65+2.08 10.38+1.95 <0.001
REE (MJ/d) 7.52+0.98 6.74+0.85 <0.001
AEE (MJ/d) 4.42+1.47 327+1.24 <0.001

FM, fat mass

FFM, fat free mass

TEE, total energy expenditure

REE, resting energy expenditure

AEE, activity induced energy expenditure

Proteins

Fatty acid binding protein 4 (FABP4) increased significantly with 31.3+87.0 % during the VLED
(P<0.05). Fructose-bisphosphate aldolase C (AldoC) decreased significantly with 53.2 + 37.0
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% during the diet (P<0.001). There was no significant change in short chain 3-hydroxyacyl-
CoA dehydrogenase (HADHsc) during the VLED-period (Figure 5.1).

1.8

B FABP4
1.6
W HADHsc

1.4
AldoC

1.2 {
1.0

0.8
0.6

0.4

0.2

0.0
0 weeks 8 weeks
Figure 5.1. Fold changes of post-WL (8 weeks) compared to pre-WL (0 weeks). Fold changes are
obtained by dividing the average spot intensity of the post-WL group by that of the pre-WL group.

* P<0.05

** P<0.001

FABP4, Fatty acid binding protein 4

HADHsc, Short chain 3-hydroxyacyl-CoA dehydrogenase
AldoC, Fructose-bisphosphate aldolase C

After 8 weeks, the change in FABP4 was significant negatively correlated with the change in
FM (R=-0.35, P<0.05), while the change in AldoC was significant positively correlated with the
change in FFM (R =0.52, P<0.001) (Table 5.2).

After the diet, there was a significant positive correlation between the change in AldoC
and the percentage change in TEE (R = 0.44, P<0.01); more specifically there was a significant
positive correlation between the change in AldoC and the percentage change in AEE (R =
0.44, P<0.01). Furthermore, there was a significant positive correlation between the change
in HADHsc and adaptive thermogenesis in REE after the VLED (R = 0.34, P<0.05).

After 8 weeks, there were significant positive correlations between the changes in FABP4
and HADHsc (R =0.38, P<0.05), between FABP4 and AldoC (R=0.47, P<0.01) and HADHsc and
AldoC (R =0.46, P<0.01) (Table 5.2).
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Table 5.2. Spearman Rho’s correlation coefficients of changes in protein levels with changes in body
composition and energy expenditure parameters. Increased (+) and decreased (-) parameters are
indicated in the first column.

FABP4 HADHsc AldoC
FABP4 (+) 0.38* 047
HADHsc 038" 0.46**
AldoC (-) 0.47** 0.46**
FM (-) -0.35*
FFM (-) 0.52"
REE (-) 0.34*
AEE (-) 0.44*
TEE (-) 0.44*

* P<0.05, ** P<0.01, *** P<0.001

FABP4, Fatty acid binding protein 4

HADHSsc, Short chain 3-hydroxyacyl-CoA dehydrogenase
AldoC, Fructose-bisphosphate aldolase C

FM, fat mass

FFM, fat free mass

REE, resting energy expenditure

AEE, activity induced energy expenditure

TEE, total energy expenditure

Discussion

Measuring proteinsinvolved in glucose and fatty acid metabolism in adipose tissue and body
composition before and after an 8-week very low energy diet revealed that the molecular
metabolismin adipose tissue is linked to energy expenditure. More specifically, the decreased
marker for glycolysis (AldoC) is correlated to the decrease in AEE and the change in the marker
for mitochondrial beta-oxidation (HADHsc) is negatively correlated to the adaptation in REE.
Furthermore, there is a correlation between the increased marker for fatty acid transport
(FABP4) and the decrease in fat mass, and a correlation between the decrease in AldoC and
the decrease in fat free mass. FABP4, AldoC and HADHsc are all positively correlated.

The increased FABP4 during the diet is in accordance with previous results in obese
subjects (11, 12). The correlation between the increase in FABP4 and the decrease in fat
mass implies that there is an increased lipolysis in adipose tissue. The increase in FABP4
isin line with an elevation in intracellular trafficking of fatty acids that can be used for the
mitochondrial beta-oxidation within the fat cell or be secreted from the cell to serve as energy
source for other tissues.

The decreased AldoC during energy restriction is in accordance with previous results in
obese subjects on a energy-restricted diet (11, 12). The decrease in AldoC indicates that the
total glycolytic capacity in fat tissue is reduced to preserve blood glucose levels and preserve
the glucose supply for glucose-dependent tissues, such as the brain or red blood cells during
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energy restriction (40). Moreover, the decrease in AldoC is related to the decrease in AEE,
which can be explained by the decreased total body glycolytic capacity resulting from energy
deficiency. This could mean that the preservation of glucose as an energy source for glucose-
dependant tissues is driven by a reduction in activity and muscle use. Indeed, the correlation
between the decreased AldoC and the decrease in fat free mass suggests that there is an
increased use of muscle protein as an energy source in case of physical activity when glucose
is less available.

HADHsc is not significantly increased at the end of the 8-weeks VLED, which has been
described before (11, 12). The correlation between the change in HADHsc and adaptive
thermogenesis after the 8-weeks VLED is described as less adaptive thermogenesis when
there is more mitochondrial beta-oxidation of long-chain fatty acids in the adipose tissue.
This implies that if up-regulation of the mitochondrial beta-oxidation is possible during the
diet there is a smaller reduction in resting energy expenditure. Or the other way around,
a larger adaptation in REE is the cause for lower up-regulation of HADHsc and delayed
increase of the mitochondrial beta-oxidation in fat cells during energy restriction. Previously,
Bouwman et al. showed a positive correlation between three enzymes of the beta-oxidation
(HADHsc, Acetyl-CoA acetyltransferase and Acyl-CoA dehydrogenase) and plasma free fatty
acids (13). Thisis in line with the idea that up-regulated beta-oxidation leads to less adaptive
thermogenesis because of the adipose tissues’ ability to increase free fatty acids in the
circulation.

The correlation between FABP4 and HADHsc shows that more intracellular trafficking
of fatty acids is related to an increased beta-oxidation in adipose tissue. Additionally, an
increased trafficking and beta-oxidation are positively correlated to AldoC a marker for the
glycolytic capacity of the adipose tissue. This implies that when there is an increased fatty
acid metabolism during energy restriction there is a better maintenance of the glycolytic
capacity of the adipose tissue.

A limitation of this study is the use of total adipose tissue biopsy material for Western
blotting, because this could have contained other celtypes in the stromal vascular fraction.
However, the findings of our previous studies indicate that the majority of the isolated protein
is derived from adipocytes (13). Furthermore, B-actin showed no significant changes and was
chosen as a housekeeping control to be able to compare the present results with those of
other studies. Although the selected proteins are involved in the major steps of the glucose
and fatty acid metabolism and may reflect the capacity of metabolic pathways, it should be
noted that protein levels do not represent the actual flux through the pathways.

In conclusion, during energy restriction, the molecular metabolism in adipose tissue
is linked to energy expenditure. More specifically, the decrease in AldoC is related to the
decrease in AEE, which can be explained by the decreased glycolytic capacity and the change
in HADHsc is related to the adaptation in REE, which can be explained by changes in the
B-oxidation. Overall, our findings reveal a clear link between changes on a physiological
level and changes of the molecular metabolism in fat cells. This shows the important role
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of adipose tissue in obese people. The molecular changes in adipose tissue as a result of a
negative energy balance could be the underlying driver of adaptations in body composition
and energy expenditure (Figure 5.2). The latter should be the subject of future research.
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Figure 5.2: Overview of the network of changes inside the adipose tissue as a result of a negative energy
balance and the found connections with adaptations in body composition and energy expenditure.

FABP4, Fatty acid binding protein 4

HADHSsc, Short chain 3-hydroxyacyl-CoA dehydrogenase
AldoC, Fructose-bisphosphate aldolase C

FM, fat mass

FFM, fat free mass

FFA, free fatty acids

REE, resting energy expenditure

AEE, activity induced energy expenditure

TEE, total energy expenditure
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Abstract

Background

Diet-induced weight loss is accompanied by adaptive thermogenesis (AT), ie. a
disproportional reduction of resting energy expenditure (REE) a decrease in physical activity
(PA) and increased movement economy.

Objective

To determine if energy restriction induced AT and the adaptations in PA are related to
changes in leptin concentrations.

Methods

Eighty-two healthy subjects (23 men, 59 women), mean+SD age 41+8 years and BMI 31.9+3.0
kg/m?, followed a very low energy diet for 8 weeks with measurements before and after the
diet. Leptin concentrations were determined from fasting blood plasma. Body composition
was assessed with a three-compartment model based on body weight, total body water
(deuterium dilution) and body volume (BodPod). REE was measured (REEm) with a
ventilated hood and predicted (REEp) from measured body composition. AT was calculated
as REEm/REEp. Parameters for the amount of PA were total energy expenditure expressed
as a multiple of REEm (PAL), activity-induced energy expenditure divided by body weight
(AEE/kg) and activity counts measured by a tri-axial accelerometer. Movement economy was
calculated as AEE/kg (MJ/kg/d) divided by activity counts (Mcounts/d).

Results

Subjects lost on average 10.7+4.1% body weight (P<0.001). Leptin decreased from 26.9+14.3
before to 13.9+11.3 ug/!l after the diet (P<0.001). REEm/REEp after the diet (0.963+0.08) was
related to changes in leptin levels (R?*=0.06; P<0.05). There was no significant correlation
between changes in leptin concentrations and changes in amount of PA. Movement economy
changed from 0.036+0.011 J/kg/count to 0.028+0.010 J/kg/count and was correlated to the
changes in leptin concentrations (R?=0.07; P<0.05).

Conclusion

During energy restriction, the decrease in leptin explains variation in adaptation of resting
energy expenditure. Changes in leptin are not related to the amount of physical activity but
could partly explain the increased movement economy.
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Introduction

The increasing prevalence of obesity and its comorbidities is one of the major health
problems in our modern society (1). Although weight loss strategies target both sides of the
energy balance, intake and expenditure, the success of long-term weight loss maintenance is
low (2, 3). Energy restriction induced weight loss is characterized by changes that promote a
positive energy balance and cause the susceptibility for weight regain. On one side, appetite
is elevated until the lost weight is regained (4-7). On the other side, a decrease in total energy
expenditure is often described. Studies performed in lean and obese subjects have shown
significant reductions in resting energy expenditure (REE) during and shortly after weight
loss, to values below predictions based on weight loss and body composition changes (8-13).
The decrease in REE beyond what can be predicted by the loss of fat-free mass (FFM) and fat
mass (FM) is defined as adaptive thermogenesis. Additionally, several studies demonstrated
a decrease in physical activity and activity induced energy expenditure (AEE) as a result
of weight loss (14-18) as well as increased movement economy and skeletal muscle work
efficiency (8, 19). Leibel stated that the hyperphagic, hypometabolic phenotype of weight-
reduced humans is similar to that of leptin-deficient or —unresponsive rodents (20).

Energy restriction and maintenance of reduced body weight is accompanied by declines
in circulating leptin concentrations (21). This reduction in leptin is seen with different
protocols to induce weight loss, indicating a consistent effect (22, 23). Experiments in mice
revealed that part of the physiological response to weight loss can be prevented by leptin
injections (24). Subsequent research in humans has indicated that administration of leptin
that restores circulating leptin to levels present before weight loss reversed the increased
energy intake (25) and decreased energy expenditure (26) as well as changes in sympathetic
nervous system tone, thyroid function and movement economy (27). It is now believed
that leptin or similar drug treatment may decrease or diminish the negative physiological
consequence of energy restriction and could lead to more successful weight maintenance.

Linking adaptive thermogenesis, the decrease in physical activity and increased
movement economy to changes in leptin concentrations during weight loss will give further
insight in the underlying mechanisms and the pharmacotherapeutic relevance of the focus
on leptin. The aim of this study was to determine if energy restriction induced adaptive
thermogenesis, change in physical activity and increased movement economy is related to
changes in leptin concentrations.
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CHAPTER 6

Subjects and methods

Subjects

Eighty-two healthy subjects (59 women and 23 men) with a mean age of 41 + 8 years and with
a mean body mass index (BMI) of 31.9 + 3.0 kg/m? were recruited by advertisements in local
newspapers and on notice boards at the university. They underwent an initial screening that
included measurements of body weight and height and the completion of a questionnaire
on general health. All were in good health, not using medication (except for contraception),
nonsmokers and at most moderate alcohol consumers. They were weight stable as defined
by a weight change <5kg for at least 3 months prior to the study. The study was conducted
according to the guidelines laid down in the Declaration of Helsinki and procedures were
approved by the Ethics Committee of the Maastricht University Medical Centre. Written
informed consent was obtained from all participants.
Clinical Trial Registration Number: NCT01015508 at clinicaltrials.gov

Study design

The study consisted of a very low energy diet (VLED) for 8 weeks. Subjects came to the
university for measurements on two occasions: the day before the start of the diet (baseline)
and 8 weeks after the start of the diet (end of the diet). On each occasion, measurements
included REE followed by body composition and the collection of a blood sample and were
performed from 08.00 in the morning onwards in the fasting state. Total energy expenditure
(TEE) and activity counts were measured during the two weeks prior to each measurement
point.

Diet

The weight loss diet (Modifast; Nutrition et Santé Benelux, Breda, The Netherlands) was
followed for a period of 8 weeks. The diet was a protein-enriched formula that provided 2.1
MJ/day (51.9 grams of protein, 50.2 grams of Carbohydrates and 6.9 grams of Lipids) and
a micronutrient content, which meets the Dutch recommended daily allowance. The VLED
was provided to the subjects as sachets with powder. Each sachet represented one meal
and 3 sachets were consumed every day. Besides the provided meal-replacements, subjects
were allowed to eat vegetables when feeling hungry. Subjects were instructed to mix the
powder with the amount of water indicated on the packages and were advised to drink water
sufficiently throughout the diet period.
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Body composition

Height was measured at screening to the nearest 0.1cm with the use of a wall-mounted
stadiometer (model 220; Seca, Hamburg, Germany). Body composition was determined
according to Siri’s three-compartment model based on body weight, body volume and total
body water (28). Body weight was measured using a calibrated scale (Life Measurement
Corporation, Inc, Concord, CA, USA). Body volume was measured via air-displacement
plethysmography with the BodPod System (Life Measurement Corporation, Inc, Concord, CA,
USA) (29, 30). Total body water was determined using deuterium dilution during the preceding
night, according to the Maastricht protocol (31). Body mass index (BMI) was calculated by
dividing body weight by height squared (kg/m?).

Energy Expenditure

To reach the university for REE measurements, subjects were instructed to travel by public
transport or by car to avoid physical activity that would increase REE. After arrival, they
rested on a bed for 30 minutes, followed by 30 minutes of measuring their REE in the supine
position using an open-circuit ventilated hood-system (32). Gas analyses were performed by
a paramagnetic oxygen analyzer (Servomex, type 500A, Crowborough, East Sussex, UK) and
an infrared carbon dioxide analyzer (Servomex, type 500A, Crowborough, East Sussex, UK)
while flow was kept at a constant rate of 80 |/min and additionally measured as described by
Schoffelen et al. (33). The within individual coefficient of variation for this system is 3.3% + 2.1
(32). Calculation of REE from measured oxygen consumption and carbon dioxide production
was based on Brouwer’s formula (34).

TEE (n=38) was measured over two weeks intervals with the doubly labeled water
method according to the Maastricht protocol (31). On the evening of day 1, shortly after
the collection of a background urine sample, subjects drank a weighed amount of ?H,**O
such that baseline levels were increased by 100 - 150 ppm for ?H and 200 - 250 ppm for *#0.
Subsequently, urine samples were collected in the morning of day 2 (second voiding), day
8 and day 14 and in the evening of day 1, 8 and 13. The doubly labeled water method gives
precise and accurate information on carbon dioxide (CO,) production. CO, production was
subsequently converted to TEE with the use of the energy equivalent of CO,, which can be
calculated with additional information on the substrate mixture being oxidized (35). The
energy equivalent at baseline was calculated based on a normal Western diet with a mixed
macronutrient composition and energy respectively for 55% from carbohydrate, 30% from
fat and 15% from protein. At the end of the diet, the energy equivalent of CO, was based
on the consumption of the Modifast diet, the actual loss of fat mass and fat free mass and
additional energy intake. The additional food intake was the calculated compensation for
the difference between weight loss and the expected weight loss based on the consumption
of the Modifast diet alone, with the assumption of 1 kg weight change to be equivalent to 30
MJ (36). The additional food intake was also assumed to be a normal mixed diet.
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At baseline, AEE was calculated as (0.9 X TEE) - REE, assuming DIT to be 10% of TEE,
which is based on a normal mixed diet (37) and DIT values for the separate macronutrients to
be 10% for carbohydrate, 3% for fat and 25% for protein. At the end of the diet, the percentage
DIT was calculated based on the intake of the Modifast diet and the additional food intake
with a normal mixed composition, which accounted for the difference between the expected
weight loss and the real weight loss. DIT was calculated to be 8% of the TEE at the end of the
diet; therefore AEE was calculated as (0.92 X TEE) - REE.

The physical activity level was calculated PAL = TEE/REE (38). AEE was adjusted for body
weight (AEE,, = AEE/BM) to normalize the energy expenditure of physical activity (39).

Physical activity monitoring

Physical activity was monitored over two-week intervals using the previously validated
DirectLife triaxial accelerometer (Directlife, Philips Consumer Lifestyle, Amsterdam, The
Netherlands). The device is small and lightweight and was carried at an elastic belt around
the waist. Subjects were instructed to wear the accelerometer during waking hours, except
during showering and water activities. A diary was used to report periods in which the
subject was not wearing the accelerometer during the day. The accelerometer output was
processed to determine body movement by measuring activity counts. Total activity counts
were calculated over the two-week monitoring period, and the sum of counts was divided
by the number of monitoring days to determine the average activity counts per day (40, 41).
Days during which data were missing or subjects carried the accelerometer for <10h were
excluded and the average was calculated on the remaining data, considering daily physical
activity an ergodic process. Subjects with at least seven valid days were included. Following
these criteria, no subject was excluded.

Movement economy

Movement economy was calculated as AEE/kg (MJ/kg/d) divided by the activity counts
(Mcounts/d). The outcome is expressed as J/kg/count.

Blood parameters

Fasted blood samples were taken and collected in EDTA containing tubes to prevent clotting.
Plasma was obtained by centrifugation and stored at -80°C until further analysis. Leptin and
adiponectin concentrations were measured with the use of human RIA kit (Millipore, St.
Charles, MO, USA)

Calculations and statistical analysis

In addition to measuring REE with the ventilated hood system (REEm), REE was predicted
(REEp) with the equation: REEp (MJ/d) = 0.024 x fat mass (kg) + 0.102 x fat free mass x
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(kg) + 0.85 (42). Since FM and FFM are used to calculate REEp, the equation can be used
independently for gender. Adaptive thermogenesis was calculated as REEm divided by REEp.
The obtained ratio was then compared between the different time points. A value above 1
indicates measured REE is higher than what is expected based on the body composition, a
value lowerthan 1 indicates measured REE is lower than what is expected based on the body
composition. One-way repeated measures ANOVA with Bonferroni adjustment for multiple
comparisons and one-way between-groups analysis of covariance (ANCOVA) were used to
compare the variables across 0 and 8 weeks.

Multiple hierarchical regression analysis has been performed to determine relations and
interactions between dependant and independent variables. Age, gender, baseline FM (kg),
baseline FFM (kg), change in FM (kg), change in FFM (kg) and baseline dependant variable
were used as covariates in all tests; the regression model combining these recurring variables
is referred to as the combined model.

The Data were analyzed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). All data are
presented as mean and standard deviation (SD).

Results

Body composition

After the 8 weeks VLED, weight loss was on average 9.3 + 4.0 kg (P<0.001). As a percentage
of the starting weight, subjects had lost on average 10.0 + 3.8 % (p<0.001) after the 8 weeks
VLED. After 8 weeks, fat mass (FM) decreased from 38.9 + 7.6 kg to 31.5 + 7.8 kg (P<0.001) and
fat free mass (FFM) decreased from 53.8 + 9.3 kg to 51.9 + 8.9 kg (P<0.001) (Table 6.1).

Energy expenditure

REEm decreased significantly from 7.29 + 1.01 MJ/d at baseline to 6.63 + 0.88 MJ/d after
the VLED (P<0.001). Comparing REEm with REEp at baseline, the ratio REEm / REEp was
on average 1.004 + 0.077. Values were highly correlated (R? = 0.72; P<0.001) and confirmed
the validity of the prediction equation for the subject group under study. One-way repeated
measures ANOVA and ANCOVA controlling for weight loss percentage were used to compare
the average ratios of 8 weeks to baseline. The ratio decreased significantly to 0.963 + 0.073
after the VLED (P<0.01), representing AT to be 4% (Table 6.1).

Physical activity

PAL decreased significantly from 1.69 + 0.23 at baseline to 1.52 + 0.19 after the VLED (P<0.001).
AEE/kg decreased significantly from 0.056 + 0.018 MJ/kg at baseline to 0.043 + 0.016 MJ/
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kg after the diet (P<0.001). After 8 weeks VLED, activity counts decreased from 1.61 + 0.39
Mcounts/d to 1.54 + 0.39 Mcounts/d (P<0.01) (Table 6.1).

Movement economy

After 8 weeks of VLED, AEE/kg/activity counts decreased significantly from 0.036 + 0.01 J/kg/
countto 0.028 +0.01 J/kg/count (P<0.001) (Table 6.1).

Leptin

Leptin decreased from 26.9 + 14.3 before to 13.9 + 11.3 ug/!| after the diet (P<0.001). After 8
weeks of VLED, leptin/FM was -0.24 + 0.40 ug/|/kg lower compared to baseline, 0.70 + 0.31
ug/l/kg (P<0.01) (Table 6.1).

Table 6.1 Subject characteristics (mean + SD) at baseline, after 8 weeks on a very low energy diet (VLED)

Baseline (n=82) 8 wks (n=82)
Weight (kg) 92.8+119 835+ 11.0%**
FM (kg) 389476 31.5+7.8"
FFM (kg) 53.8+9.3 51.9+89™
REEm (MJ/d) 7.29+1.01 6.63+0.88""
REEp (MJ/d) 7.27+0.96 6.90 +0.90***
REEmM/REEp 1.004 +0.077 0.963+0.073 **
REEmM/REEp adj. 0.967 +0.007*
AEE (MJ/d) 517+1.64 3.64+ 149"
PAL 1.69+0.23 1.52+0.19°**
AEE/kg 0.056+0.018 0.043+0.016"*
Mcounts/d 1.61+0.39 1.54 +0.39*"
AEE/kg/activity counts (J/kg/count) 0.037+0.011 0.028 £0.010"**
Leptin (ug/L) 269+143 13.9411.3**

One-way repeated measures ANOVA with Bonferroni adjustment for multiple comparisons and one-way between-
groups analysis of covariance (ANCOVA) were used to compare the variables across 0 and 8 weeks

* P<0.05 compared with baseline, ** P<0.01 compared with baseline, *** P<0.001 compared with baseline

FM, fat mass

FFM, fat free mass

REEm, measured resting energy expenditure

REEp, predicted resting energy expenditure

REEm/REEp adjusted for weight loss percentage (+ SE)

AEE, activity induced energy expenditure

PAL, physical activity level
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Interaction

The combined model including age, gender, baseline body composition, changes in body
composition and baseline value of the dependant variable explained part 47% of the variance
in the change in REEm after 8 weeks of VLED (p<0.001) with no significant additional value of
the change in leptin concentration (Table 6.2).

Six percent of the variation in REEm/REEp after the diet was explained by the decreasein
leptin (p<0.05) on top of the explained variation by the combined model (R?=0.35; p<0.001).

The combined model explained 61% of the variation in the change in PAL (p<0.001),
59% of the change in AEE/kg (p<0.001) and 23% of the change in activity counts (p<0.01)
after 8 weeks of VLED, with no significant additional explanation from the change in leptin
concentration.

Seven percent of the variation in AEE/kg/activity counts after the diet was explained by
the decrease in leptin (p<0.05) on top of the explained variation by the combined model
(R?=0.69; p<0.001).

Table 6.2: Multiple regression results of a model combining age, gender, baseline fat mass, baseline
fat free mass, fat mass loss, fat free mass loss, baseline dependent variable and change in leptin
concentration to predict changes after 8 weeks VLED.

change REEmM/REEp change changein changein changein AEE/

in REE  (8wks) in PAL  AEE/kg counts/d  kg/counts ©
Age 9
o
gender ©
. <
baseline FM 0.03* (@)
baseline FFM 0.05*
changein FM
change in FFM 0.05*  0.03" 0.08"
baseline dependent
variable 0.24*** 0.22*** 0.45™** 0417 0.21**" 0.50"**
change in leptin 0.06” 0.07*
Total: 047" 0.35"" 0.64™** 0.61™" 0.24*** 0.69**

Multiple regression analysis results in predicting variation in the change in REE, 8-week REEm/REEp, change in PAL,
change in AEE/kg, change in activity counts/d and change in AEE/kg/count (change is the difference between before
and after the diet).

Significant R*values are shown for age, gender, baseline fat mass, baseline fat free mass, fat mass loss, fat free mass
loss, baseline dependent variable and change in leptin concentration as well as the total model.

REEm, measured resting energy expenditure

REEp, predicted resting energy expenditure

PAL, physical activity level

AEE, activity induced energy expenditure

FM, fat mass; FFM, fat free mass
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Discussion

Measuring energy expenditure, physical activity and circulating leptin concentration before
and after a diet showed that the decrease in leptin in response to energy restriction is
significantly and independently related to the greater than expected decrease in resting
energy expenditure. The decrease in leptin is not correlated to the reduction in the amount
of physical activity, however leptin is independently correlated to the increased movement
economy. These results indicate that the change in plasma leptin levels could be part of
the underlying mechanism explaining more efficient resting energy expenditure and more
efficient physical activity during energy restriction.

Energy restriction leads to a decrease in REE of which only a part can be attributed to the
changeinbodycomposition. The greaterdeclineis oftenindicated as adaptive thermogenesis.
In accordance with previous findings, our results show a four percent greater decline in REE
than expected from the diet-induced weight loss, which was correlated to the change in body
composition (8, 13,43, 44). In addition to these results, the energy restriction induced change
in leptin concentration was independently related to the adaptive response, indicating that
a greater decrease in leptin correlates with a greater disproportionate reduction in REE.
Previously, leptin had been shown to be correlated to the weight loss induced decrease
of REE (45, 46); our results specifically indicate a relation with adaptive thermogenesis, in
line with Lecoultre et al (47). Rosenbaum et al. showed that leptin administration during
a weight-reduced state returned energy expenditure to pre-weight loss levels (26, 27). The
combined results suggest a central role for leptin in the underlying mechanisms of metabolic
adaptation, where a leptin associated decrease in sympathetic nervous activity seems an
important mediator (48), still the exact mechanism remains speculative (20).

Energy restriction and weight loss are associated with a reduction in physical activity
(14-16) and increased movement economy (8, 19) as well. Our results showed a decline of
physical activity during the diet and an increase in movement economy, expressed as AEE
per kilogram body weight per activity count. Furthermore, there is no significant correlation
between the decrease in leptin and the decrease in the amount of physical activity. However,
the results do show an independent correlation of the change in leptin levels and the increase
in movement economy. In accordance with our results, Doucet et al described a relation
between the changes in leptin concentration and the difference between the predicted
and the measured fall in net exercise energy expenditure (49). This implies that leptin does
not play a role in the reduction of the amount of physical activity but that it points towards
an effect on increased movement economy during energy restriction. Although the exact
mechanism is not clear, a decrease in sympathetic nervous activity related to leptin during
weight loss seems an important mediator (48).

A limitation of this study is generated by the inter-individual variation in the results.
However, the observed variation allowed the induced metabolic adaptation to be correlated
to a range from less to more successful weight loss and change in leptin levels. With regard to
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leptin, the researchers understand that 24-h leptin concentrations are preferable but indicate
fasting leptin levels are a sufficient measure in a longitudinal study. Another limitation is that
interpreting PAL values during weight changes may be affected by the effect of weight loss
on RMR. However, there is no indication for a significant change in the results and moreover,
PAL results are in line with the results expressed as AEE/kg and activity counts. One of the
main strengths of this study is the use of the gold standard in measuring free-living TEE:
doubly labeled water. Therefore, PAL, AEE and AEE/kg reflect the physical activity and energy
expenditure in normal daily life and are not confounded by restrictions of body movement.
Asecond strength is the use of two independent methods based on measurement of energy
expenditure and body movement.

In conclusion, this study indicates that the change in plasma leptin levels could be
part of the underlying mechanism explaining more efficient resting energy expenditure and
increased movement economy during energy restriction. Though, the decrease in leptin does
not seem to affect the decline in the amount of physical activity during a diet. This confirms
leptin as an important target for drug treatment, to diminish the negative physiological
consequence of energy restriction and improve weight maintenance.
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CHAPTER 7

Abstract

Background

Energy restriction induces adaptations in resting energy expenditure (REE) and physical
activity (PA); interindividual variability could be ascribed to genetic predisposition.

Objective

To examine if changes in REE and PA as a result of weight loss were affected by candidate
single nucleotide polymorphisms (SNPs).

Methods148 subjects (39 men, 109 women), mean + SD age: 41 + 9 year; body mass index
(BMI): 31.9 + 3.0 kg/m?, followed a very low energy diet for 8 weeks. SNPs were selected from
six candidate genes: ADRB2, FTO, MC4R, PPARG, PPARD and PPARGCIA. REE (ventilated
hood) and physical activity (tri-axial accelerometer) were assessed before and after the diet.
ANOVA analysis included gender, age and additional relevant covariates for all parameters.

Results

At baseline, the homozygotic wildtype genotype of FTO was associated with a lower amount
of physical acitivity (P<0.01) while the homozygotic minor genotype of ADRB2 was linked to a
lower REE (P<0.05). After weight loss, a larger decrease in REE was linked to the homozygotic
minor genotype of ADRB2 (P<0.01). Additionally, carrying the homozygotic minor genotype
of ADRB2 was linked to more adaptive thermogenesis after weight loss (P<0.05).

Conclusion

Carryingtheriskallele of FTOwas associated with higher physical activity at baseline. Subjects,
homozygous for the minor ADRB2 allele tend to have lower resting energy expenditure and
show a larger energy restriction induced decrease in resting energy expenditure.
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Introduction

The increasing prevalence of obesity and its comorbidities is one of the major health
problems in our modern world (1). Although weight loss strategies target both sides of the
energy balance, intake and expenditure, the success of long-term weight loss maintenance is
low (2, 3). It's the biological response to weight loss that increases this susceptibility to weight
regain as reviewed by MacLean et al. (4). Mariman summarized the response as a network
of adaptations with an energy gap promoting weight regain and physiological changes
resulting in resistance for further weight loss (5). Two of these adaptations are decreases in
energy expenditure in response to energy restriction, which can limit weight loss and could
be important factors that compromise the maintenance of a reduced body weight. Firstly,
studies performed in lean and obese subjects have shown significant reductions in resting
energy expenditure (REE) during and shortly after weight loss, to values below predictions
based on weight loss and body composition changes (6-14). The decrease in REE beyond
what can be predicted by the loss of fat-free mass (FFM) and fat mass (FM) is defined as
adaptive thermogenesis. Secondly, several studies demonstrated a decrease in physical
activity and activity induced energy expenditure (AEE) as a result of weight loss (14-19).

Individuals respond differently to environmental changes and weight gain risk factors
and this inter-individual variation in the susceptibility to develop obesity is partly explained
by genetics, as family and twin studies have shown that the genetic contribution is 40-70%
(20). A still increasing number of genetic loci have already been associated with obesity
related traits (21). The small fraction of the total variation that is explained by the individual
loci and inconsistent findings, suggests a multifactorial basis for obesity (22-24).

Linking the energy restriction induced metabolic adaptations to genetic variants will
give further insight in the heritability of inter-individual variation in susceptibility to weight
regain and underlying mechanisms. In this study, we tested the individual effects of six
genetic variants, which had shown associations with obesity-related traits from different
angles like physical activity, fat distribution, regulation of energy expenditure and energy
intake: rs9939609 of fat mass and obesity associated (FTO) gene; rs17782313 of melanocortin
4 receptor (MC4R) gene; rs1042713 of B2-adrenergic receptor (ADRB2) gene; rs1801282 of
peroxisome proliferator-activated receptory2 (PPARy2) gene; rs8192678 of peroxisome
proliferator-activated receptory coactivator-la (PPARGCla) gene; and rs2076168 of
peroxisome proliferator-activated receptord (PPARS) gene (25-30). The aim of this study was
to examine if initial resting energy expenditure and physical activity in overweight subjects
and if adaptations in resting energy expenditure and physical activity as a result of weight
loss were affected by the six selected single nucleotide polymorphisms.
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Subjects and methods

Subjects

148 healthy subjects (109 women and 39 men), between 18 and 50 years old and with a body
mass index (BMI) greater than 28, were recruited by advertisements in local newspapers
and on notice boards at the university. They underwent an initial screening that included
measurement of body weight and height and the completion of a questionnaire on general
health. All had to be in good health, not using medication (except for contraception),
nonsmokers and at most moderate alcohol consumers. They were weight stable as defined
by a weight change <5kg for at least 3 months prior to the study. The study was conducted
according to the guidelines laid down in the Declaration of Helsinki and procedures were
approved by the Ethics Committee of the Maastricht University Medical Centre. Written
informed consent was obtained from all participants. This trial was registered at clinicaltrials.
gov as NCT01015508.

Study design

The study covered an 8-week period of a very low energy diet (VLED). Subjects came to the
university for measurements on two occasions: the day before the start of the diet (baseline)
and 8 weeks after the start of the diet (end of the diet). The protocol included measurement
of REE and body composition from 08.00 in the morning onwards in the fasting state; only
water was allowed in the twelve hours before the measurement. Two weeks prior to each
measurement day, subjects received an accelerometer to measure physical activity over a
two-week period. No physical activity instructions were given.

Diet

The weight loss diet (Modifast; Nutrition et Santé Benelux, Breda, The Netherlands) was
followed for a period of 8 weeks. The diet was a protein-enriched formula that provided 2.1
MJ/day (51.9 grams of protein, 50.2 grams of Carbohydrates and 6.9 grams of Lipids) and a
micronutrient content, which meets the Dutch recommended daily allowance (31). The VLED
was provided to the subjects as sachets with powder. Each sachet represented one meal and
3sachetswere consumed every day. In addition to the provided meal-replacements, subjects
were allowed to eat vegetables when feeling hungry, with the exception of starchy vegetables
and legumes like potatoes or beans, which are relatively high in energy density. Subjects
were instructed to mix the powder with the amount of water indicated on the packages and
were advised to drink water sufficiently throughout the diet period. No dietary instructions
were given in the two-week period before the baseline measurement.
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Body Composition

Height was measured at screening to the nearest 0.1cm with the use of a wall-mounted
stadiometer (model 220; Seca, Hamburg, Germany). Body composition was determined
according to Siri’s three-compartment model based on body weight, body volume and
total body water. Body weight was measured using a calibrated scale (Life Measurement
Corporation, Inc, Concord, CA, USA). Body volume was measured via air-displacement
plethysmography with the BodPod System (Life Measurement Corporation, Inc, Concord,
CA, USA) (32, 33). Total body water was determined using deuterium dilution during the
preceding night, according to the Maastricht protocol (34). BMI was calculated by dividing
body weight by height squared (kg/m?).

Resting energy expenditure

At 0800 h in the morning, subjects rested on a bed for 30 minutes, followed by 30 minutes
of measuring their REE in the supine position using an open-circuit ventilated hood-system
(35). Gas analyses were performed with a paramagnetic oxygen analyzer (Servomex, type
1158, Crowborough, East Sussex, UK) and an infrared carbon dioxide analyzer (Servomex,
type 1520, Crowborough, East Sussex, UK) while flow was kept at a constant rate of 80 I/
min and additionally measured as described by Schoffelen et al (36). The within individual
coefficient of variation for this system is 3.3% + 2.1 (35). Calculation of REE from measured
oxygen consumption and carbon dioxide production was based on Brouwer’s formula (37).

In addition to measuring REE with the ventilated hood system (REEm), REE was
predicted (REEp) with the equation: REEp (MJ/d) = 0.024 x fat mass (kg) +0.102 x fat free mass
x (kg) +0.85 (38). Since fat mass (FM) and fat free mass (FFM) are used to calculate REEp, the
equation can be used independently for gender. Adaptive thermogenesis was calculated as
REEm divided by REEp. A value above 1 indicates that the change of the measured REE is
higher than what is expected based on the body composition; a value lower than 1 indicates
measured REE is lower than what is expected based on the body composition.

Physical activity monitoring

Physical activity was monitored in two-week intervals using the previously validated
DirectLife triaxial accelerometer (Philips Research, Eindhoven, The Netherlands). The device
is small and lightweight and was carried at an elastic belt around the waist. Subjects were
instructed to wear the accelerometer during waking hours, except during showering and
water activities. A diary was used to report periods in which the subject was not wearing the
accelerometer during the day. The accelerometer output was processed to determine body
movement by measuring activity counts. Total activity counts were calculated over the two-
week monitoring period, and the sum of counts was divided by the number of monitoring
days to determine the average activity counts per day (39, 40).
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DNA isolation and genotyping

Blood was collected in an EDTA tube during screening and the buffy coat was stored at
-80°C. Genomic DNA was isolated from the buffy coat using the QlAamp mini blood kit
(Qiagen, Amsterdam, The Netherlands). Six SNPs that were associated earlier with relevant
phenotypes, such as BMI or body composition, were selected and considered as indicators
for genetic predisposition. These included rs9939609 of fat mass and obesity associated
(FTO) gene; rs17782313 of melanocortin 4 receptor (MC4R) gene; rs1042713 of B2-adrenergic
receptor (ADRB2) gene; rs1801282 of peroxisome proliferator-activated receptory2 (PPARy2)
gene; rs8192678 of peroxisome proliferator-activated receptory coactivator-la (PPARGCla)
gene; and rs2076168 of peroxisome proliferator-activated receptord (PPARS) gene.

Genotyping of five SNPs was performed using commercially available TagMan SNP
genotyping assays from Applied Biosystems (Foster City, California, USA). The procedure was
performed accordingto the manufacturer’s protocol and measured on an Applied Biosystems
7900 HT Fast Real-Time PCR system. Allelic calls were determined semi-automatically using
the allelic discrimination software of Applied Biosystems. The Pro12Ala polymorphism of the
PPARy2 gene was characterized using the polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) assay. The primers used were 5’-GCCAATTCAAGCCCAGTC-3’
and 5-GATATGTTTGCAGACAGTGTATCAGTGAAGGAATCGCTTTCCG-3”. The cycling conditions
were 95°C for 5 min, 30 cycles of 95°C/30 s, 56°C/45 s, 68°C/45 s and followed by 68°C for 7
min. The restriction enzym BstU-l was used, which generated the following fragments: 270bp
(Pro12Pro); 270, 227, 43bp (Pro12Ala) and 227, 43bp (Alal2Ala).

Calculations and statistical analysis

To determine the genetic contribution of the selected SNPs, differences in measured resting
energy expenditure, physical activity and REEm/REEp at baseline and changes in REEm,
PA and REEm/REEp during short-term weight loss were compared between the different
genotypes. A paired t-test (two-tailed distribution) was carried out to determine possible
differences between mean values. Spearman Rho’s correlation coefficients were calculated
for associations between parameters. One-way repeated measures ANOVA were used to
compare the results across 0 and 8 weeks, with gender as covariate. Significance was defined
as P<0.05. Bonferroni adjustment was used to correct for multiple comparisons and reduce
the possibility for false positive findings. The power calculation was based on a weight loss
study, in which a significant decrease in REE from 2068 to 1778 after 10% weight loss in obese
subjects was found (41). With an a of 0.05 and B of 0.10 (power = 1-B = 0.90) the number of
subjects needed is: N =[21 x (SD)? / (meanl-mean2)?] + 0.96 = 36. Taking into account a drop-
out rate of 10% a total of 40 subjects is needed. Assuming a minor FTO allele frequency of
40% (42), at least 100 subjects were included.

The data were analyzed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). All data are
presented as mean and standard deviation (SD).
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Results

Body composition

After the 8 weeks of VLED, subjects (41 + 9 years; BMI of 31.9 + 3.0 kg/m?) lost on average 9.4
+4.1 kg (P<0.001) consisting of 7.4 + 3.3 kg of fat mass (FM) and 1.8 + 2.2 kg of fat free mass
(FFM) (Table 7.1). Subjects lost on average 10.5 + 4.1 % (P<0.001) of the starting weight.
FM decreased from 41.8 + 6.3 % to 37.4 + 7.3 % (P<0.001). The data showed a large inter-
individual variation in weight loss, indicating a difference in the success of weight loss. In
addition, the variation in weight loss was not explained by different levels of physical activity
at baseline or 8 weeks.

Resting energy expenditure

REEm decreased significantly from 7.30 + 1.02 MJ/d at baseline to 6.65 + 0.90 MJ/d after the
VLED (P<0.001). The decrease of the REEm was expected, because body weight was reduced
at all time points compared to baseline. Thus, the expected decrease in energy expenditure
was observed in the predicted REE as well. REEp decreased significantly from baseline (7.29
+0.98 MJ/d) to after the VLED (6.92 + 0.91 MJ/d, P<0.001).

Comparing REEm with REEp at baseline, the ratio REEm / REEp was on average 1.00
+ 0.08. Values were highly correlated (R? = 0.72; P<0.001) and confirmed the validity of the
prediction equation for the subject group under study. The ratio decreased significantly to
0.96 +0.08 after the VLED (P<0.01).

Physical activity

Activity counts were on average 1.60 + 0.38 Mcounts/d at baseline and decreased to 1.56 +
0.39 Mcounts/d (P<0.05) after 8 weeks of energy restriction.

Genetic predisposition

Genotypic and allelic distributions per single nucleotide polymorphim are shown in Table
7.2.

At baseline, the homozygotic wildtype genotype of FTO was associated with a lower amount
of physical acitivity (P<0.01) (Figure 7.1) while subjects homozygous for the minor ADRB2
allele were linked to a lower REEm (P<0.05) (Figure 7.2a) with age, gender, FM and FFM
as covariates. After weight loss, a larger decrease in REE was associated with carrying the
homozygotic minor genotype of ADRB2 (P<0.01) (Figure 7.2b) with age, gender and baseline
REE as covariates. Additionally, carrying the homozygotic minor genotype of ADRB2 was
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Table 7.1 Subject characteristics (meantstandard deviation) at baseline and after 8 weeks on a very
low energy diet (n=148).

Pre-WL (0 weeks) Post-WL (8 weeks)

Body weight (kg) 929+122 835+11.0"
BMI (kg/m?) 31.9+3.0 2894317
Fat mass (kg) 387+7.7 31.3+7.97
Fat free mass (kg) 54.0+9.5 522+9.0"
Percentage fat mass (%) 41.8+63 374+73"
Resting energy expenditure, measured (MJ/d) 7.30+1.02 6.65+0.90""
Resting energy expenditure, predicted (MJ/d) 7.29+0.98 6.92+0917
REEp /REEm 1.00+0.08 0.96+£0.08"
Physical activity (Mcounts/d) 1.60+0.38 1.56+0.39°

BMI; Body Mass Index

"P<0.05

"P<0.01

P <0.001

Table 7.2: Genotypic and allelic distributions per single nucleotide polymorphism

Gene SNP G F(N) F(%) Allele’  F(%) HWE
FTO rs9936909 AA 25 16.9 A 38.9 0.65
AT 65 439 T 61.1
TT 58 39.2
MC4R rs17782313 cC 15 10.1 (o 24.1 0.19
CcT 46 31.1 T 75.9
T 87 58.8
ADRB2 rs1042713 GG 56 37.8 G 62.3 0.92
GA 71 48.0 A 377
AA 21 14.2
PPARD rs2076168 GG 16 10.9 G 28.1 0.33
GT 52 35.4 T 719
1T 79 53.7
PPARGCIA  rs8192678 AA 20 13.6 A 37.2 0.95
AG 70 47.6 G 62.8
GG 57 38.7
PPARG2 rs1801282 Alal2Ala 1 0.7 Ala 10.7 0.83
(Prol2Ala) Prol2Ala 30 20.1 Pro 89.3
Prol2Pro 117 79.2

G, genotype; F, frequency, both absolute (N) and relative (%)
‘Risk/minor allele in bold
P-values obtained from the y*-test of Hardy Weinberg equilibrium (HWE).
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related to a lower REEm/REEp after weight loss (P<0.05) (Figure 7.2¢) with age, gender and
baseline REEmM/REEp as covariates.

No significant associations between variations in MC4R, PPARy2, PPARGC1a, or PPARS
genotypes and REE, physical activity as well as energy restriction induced adaptations have
been found.
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Discussion

The present study shows that obese men and women homozygous for the minor ADRB2
rs1042713 allele tend to have lower resting energy expenditure and show a larger energy
restriction induced decrease in resting energy expenditure. Subjects carrying the minor allele
of FTOrs9936909 had higher physical activity at baseline.

Subjects, homozygous for the minor ADRB2 allele tend to have lower resting energy
expenditure. Moreover, obese men and women homozygous for the minor ADRB2 allele show
a greater adaptation in the resting energy expenditure induced by energy restriction. The
disproportionate reduction in energy expenditure favors a positive energy balance during
weight maintenance and may predispose to weight regain (13, 43). Several studies have
suggested a link between the ADRB2 risk allele and the metabolic syndrome (44, 45), while
Ruizetal.showed higherweightlossinwomen carryingthe common ADRB2 allele (46). ADRB2
is a member of the G-protein-coupled adrenergic receptor superfamily and participates in
the peripheral regulation of energy expenditure (47). Expressed in subcutaneous adipose
tissue, ADRB2 mobilizes lipids within human fat cells by stimulating lipolysis. Experimental
studies have shown that the minor ADRB2 allele reduced the function of the B2-receptor.
The association between REE, adaptive thermogenesis and the altered function of the p2-
adrenergic receptor suggest that the reduced ability of mobilizing lipids within adipose tissue
through lipolysis has a central role. This is in line with results from a previous study, showing
that people with a reduced ability to increase B-oxidation of free fatty acids had more energy
restriction induced thermogenesis, which in turn leads to a higher risk for weight regain (48).

Results showed no association between REE and FTO genotype variation. Thisis in line
with previous results in adult humans (49-51), except for a study that did find lower REE in
women carrying the minor allele of FTO (52).

Higher physical activity was found in subjects carrying the risk allele of the FTO
polymorphism. This seems to be conflicting with results from previous studies showing an
association of the FTO risk allele with higher body weight and BMI (53, 54) and additionally,
between people with a higher BMI and less physical activity (55). However, it does suggest that
higher BMIin people carrying the FTO risk allele is not caused by an inactive lifestyle. A meta-
analysis of the results found in 218 166 adults and 19 268 children showed that the increased
risk of obesity due to genetic variation in FTO can be attenuated by physical activity but did
not find an association between FTO variation and the level of physical activity (56). It should
be noted that this study was relatively superior in subject number. In contrast to our study, the
majority of the studies included in this meta-analysis, used self-reported measures of physical
activity instead of accelerometers that are a more objective measure. Additionally, subjects
were categorized in only two categories, inactive people that accounted for 20 percent of the
subjects and active people. Besides the relation between FTO and BMI, weight and energy
expenditure, from literature, it is known that carriers of the FTO risk allele have an increased
food intake of between 0.50 and 1.23 MJ/d compared to common FTO allele carriers, which
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isin line with the high expression of FTO in the hypothalamic site of brain tissue that controls
food intake (57). Carrying the FTO risk allele could comprise a compensatory mechanism
of physical activity and energy intake to match each other. This would explain the higher
BMI that is seen in people carrying the FTO risk allele as the result of overcompensation of
energy intake to increased physical activity, which is in line with the increased energy intake
to compensate for exercise-induced increase in energy expenditure (58).

No significant associations between variations in MC4R, PPARy2, PPARGCla, or PPARS
genotypes and REE, physical activity as well as energy restriction induced adaptations have
been found. For MC4R, this is in accordance with previous results showing no influence of
the MC4R rs17782313 polymorphism on energy metabolism in obese women (52). As far
as we are aware, studies determining the relation between PPARy2, PPARGCla, or PPARS
genotypes and REE, physical activity as well as energy restriction induced adaptations are
very limited.

From these results we cannot exclude whether there were gene-environmentinteractions
masking effects of a genetic variant. In addition six SNPs as measured in 148 subjects are
low compared to other genetic studies. However, this is a consequence of the design of our
study since accurate assessment of REE, physical activity and adaptations during short-term
weight loss was a limiting factor. A recent study suggests that IRX3 is a functional long-range
target of obesity-associated variants within FTO and represents a novel determinant of body
mass and composition, however they don’t dispute the idea emerging from animal studies
that FTO is also a regulator of body mass and composition (59).

In conclusion, carrying the risk allele of FTO was associated with higher physical
activity at baseline, which could be a compensatory mechanism for higher energy intake
or vice versa. Subjects, homozygous for the minor ADRB2 allele tend to have lower resting
energy expenditure and show a larger energy restriction induced decrease in resting energy
expenditure in which a reduced stimulation of lipolysis in adipose tissue could play a central
role.
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CHAPTER 8

Energy restriction induces adaptations in energy expenditure and physical activity. Moderate
weight loss as induced by energy restriction lead to a disproportional reduction in resting
energy expenditure, i.e. adaptive thermogenesis, and a decrease in physical activity. Adaptive
thermogenesis was not only observed during energy restriction but was sustained up to 44
weeks of follow-up and was positively correlated to the amount of lost weight. However,
physical activity returned to baseline levels when weight loss was maintained. During the
weight loss phase, maintaining physical activity or minimizing the decrease in physical
activity improved insulin sensitivity. During weight maintenance, improved insulin sensitivity
was maintained better if physical activity returned to baseline or increased further. Physical
activity and body mass index (BMI) were higher in carriers of the FTO risk allele, whereas
homozygous carriers of the ADRB2 risk allele had a reduced resting energy expenditure and
a larger energy restriction induced adaptive thermogenesis. The energy restriction induced
decrease in physical activity was related to a decreased glycolytic capacity in adipose
tissue. The energy restriction induced adaptive thermogenesis was related to a change in
mitochondrial beta-oxidation in adipose tissue. Leptin analysis revealed a possible role of
this hormone in the underlying mechanism explaining adaptive thermogensis and improved
movement economy during weight loss.

Energy restriction induced adaptations in energy expenditure

Moderate weight loss induced a disproportional reduction in resting energy expenditure,
which agrees with results that have been described before (1-5). Additionally, subjects with
greater weight loss had more adaptive thermogenesis. Theoretically, adaptive thermogenesis
in response to energy restriction reduces weight loss, however, subjects with the greatest
adaptationhad the greatest weightloss. This suggests that weightlossis primarily determined
by the energy restriction itself and the compliance with the diet, while the amount of weight
loss determines the degree of adaptive thermogenesis (6).

Moderate weight loss also induced a decrease in physical activity. Reducing physical
activity can be seen as another biological mechanism to conserve energy storages. It was
shown that physical activity spontaneously decreased during the diet, where total daily
activity was measured with different techniques including measurement of total energy
expenditure using doubly labeled water and measurement of body movement using
accelerometry. There are many studies on energy restriction in combination with increasing
physical activity via exercise to increase the energy deficit. However, Wu et al. showed in a
meta-analysis that additional exercise will be compensated by a reduction of non-training
activity (7).

Energy restriction leads to a decrease of physical activity, while overeating does not
seem to lead to an increase in physical activity (8-13). Similarly, an exercise-induced increase
in energy expenditure will lead to energy intake that compensates for the additional
requirement, while a change from a physically active to a more sedentary lifestyle does

110



GENERAL DISCUSSION

not induce an equivalent reduction of energy intake (14). These interactions implicate that
eating less instead of moving more is the way to reduce body weight, and the best method
for weight maintenance is to prevent overeating.

During weight maintenance, there was no indication for a change in adaptive
thermogenesis up to one year after moderate weight loss, extending the knowledge about
sustained adaptive thermogenesis up to 6 years after severe weight loss or up to 7 weeks of
follow-up after 10% of weight loss (15, 16). Moreover, the same correlation between the lost
weight and adaptive thermogenesis that was observed after the diet was observed up to 44
weeks after weight loss. This indicates that when weight is still below the initial weight from
before the diet, adaptive thermogenesis is sustained. At the same time, this indicates that,
in case of unsuccessful maintenance of the lost weight and a return to the starting weight,
adaptive thermogenesis is no longer observed. In contrast, the results revealed that after
weight maintenance, physical activity returned to baseline levels when weight loss was
maintained in line with previous literature. This should not be confused with lower activity
induced energy expenditure (AEE) that comes along with a lower body weight after weight
maintenance even at the same level of physical activity.

In relation to insulin sensitivity, results showed that avoiding or minimizing the decrease
in physical activity during energy restriction had a beneficial effect on the improvement of
insulin sensitivity. Moreover, improved insulin sensitivity was maintained better if physical
activity returned to baseline or increased further during weight maintenance. These results
seem contradictory to studies showing no effect on insulin sensitivity of the addition of
aerobic or resistance training to an energy restricted diet (17-21). However, as described
above, energy restriction leads to a decrease in physical activity (22, 23) and addition of
exercise to an energy restricted diet is compensated by a reduction of non-training activity
(7). To overcome compensation of additional exercise, one might track daily physical activity
patterns with portable accelerometers (24), to avoid more sedentariness during weight loss.

Throughout evolution, conserving energy in case of starvation and dangerously low
energy supplies was a meaningful survival mechanism (25, 26). However, energy conservation
could be an important contributor to the low success of long-term weight loss maintenance
in our modern world where diet and exercise are the most applied strategies to counteract
the increasing prevalence of obesity and its comorbidities (27).

Underlying pathways of adaptations in energy expenditure

Adipose tissue metabolism

Energy restriction induced a decrease of AldoC in adipose tissue, indicating a reduced total
glycolytic capacity to preserve blood glucose levels and preserve the glucose supply for
glucose-dependent tissues such as the brain or red blood cells during energy restriction
(28). Additionally, the decrease in AldoC was related to the relative decrease in AEE, which
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can be explained by the decreased total body glycolytic capacity resulting from energy
deficiency. The preservation of glucose as an energy source for glucose-dependant tissues
might be driven by a reduction in physical activity and muscle usage. Indeed, the correlation
between the decreased AldoC and the decrease in fat free mass suggests that there may be
an increased use of muscle protein as an energy source in case of physical activity when
glucose availability is low.

The correlation between the change in HADHsc and adaptive thermogenesis after the
8-weeks VLED is described as less adaptive thermogenesis when there is more mitochondrial
beta-oxidation of long-chain fatty acidsin the adiposetissue. Thisimplies that if up-regulation
of the mitochondrial beta-oxidation is possible during the diet there is a smaller reduction in
resting energy expenditure. Or the other way around, a larger adaptation in REE is the cause
for lower up-regulation of HADHsc and delayed increase of the mitochondrial beta-oxidation
in fat cells during energy restriction. Previously, Bouwman et al. showed a positive correlation
between three enzymes of the beta-oxidation (HADHsc, Acetyl-CoA acetyltransferase and
Acyl-CoA dehydrogenase) and plasma free fatty acids (29). This is in line with the idea that
up-regulated beta-oxidation leads to less adaptive thermogenesis because of the adipose
tissue’s ability to increase free fatty acids in the circulation. Overall, the findings reveal a clear
link between changes on a physiological level and changes of the molecular metabolism
in fat cells. This shows the important role of adipose tissue in obese people. The molecular
changes in adipose tissue as a result of a negative energy balance could be the underlying
driver of adaptations in body composition and energy expenditure. The latter should be the
subject of future research.

Leptin

The results showed that the decrease in leptin in response to energy restriction is related to
adaptive thermogenesis. Previously, leptin had been shown to be correlated to the weight
loss induced decrease of REE (30, 31); our results specifically indicated a relation with
adaptive thermogenesis, in line with Lecoultre et al. and Knuth et al. (32, 33). It has been
shown that leptin concentrations are still decreased during weight maintenance proportional
to fat mass (34), however our research did not supply data that could clarify if reduced leptin
concentrations were correlated to adaptive thermogenesis during weight maintenance.
Rosenbaum et al. showed that leptin administration during a weight-reduced state (weight
maintenance) returned energy expenditure to pre-weight loss levels (16, 35).

Furthermore, the decrease in leptin is not correlated to the reduction in the amount of
physical activity, however leptin is independently correlated to the increased movement
economy. In accordance with our results, Doucet et al. described a relation between the
changesin leptin concentration and the difference between the predicted and the measured
fall in net exercise energy expenditure (36). This implies that leptin does not play a role in the
reduction of the amount of physical activity but that it points towards an effect on increased
movement economy during energy restriction.
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The combined results suggest a central role for leptin in the underlying mechanisms of
metabolic adaptation, where a leptin associated decrease in sympathetic nervous activity
seems an important mediator (37). That way, leptin could modulate sympathetic ouflow to
target organs with roles in the triglycerides metabolism like the liver (production), adipose
tissue (storage) and skeletal muscle (combustion to generate ATP), still the exact mechanism
remains speculative (38, 39).

Genetic predisposition

Higher physical activity wasfoundin subjects carrying therisk allele of the FTO polymorphism.
This seems to be conflicting with results from previous studies showing an association of the
FTO risk allele with higher body weight and BMI (40, 41) and additionally, between people
with a higher BMI and less physical activity (42). However, it does suggest that higher BMI in
people carrying the FTO risk allele is not caused by an inactive lifestyle. Besides the relation
between FTO and BMI, weight and energy expenditure, it is known that carriers of the FTO
risk allele have an increased food intake which is in line with the high expression of FTO in
the hypothalamic site of brain tissue that controls food intake (43). Carrying the FTO risk
allele could comprise a compensatory mechanism of physical activity and energy intake to
match each other. This would explain the higher BMI that is seen in people carrying the FTO
risk allele as the result of overcompensation of energy intake to increased physical activity,
which isin line with the increased energy intake to compensate for exercise-induced increase
in energy expenditure (14).

Results showed that subjects with the minor homozygous genotype of ADRB2 tend to
have lower resting energy expenditure. Moreover, obese men and women, homozygous
for the minor ADRB2 allele show a greater adaptive thermogenesis induced by energy
restriction. Several studies have suggested a link between the ADRB2 risk allele and the
metabolic syndrome (44, 45), while Ruiz et al. showed higher weight loss in women carrying
the common ADRB2 allele (46). ADRB2 is a member of the G-protein-coupled adrenergic
receptor superfamily and participates in the peripheral regulation of energy expenditure (47).
Expressed in subcutaneous adipose tissue, ADRB2 mobilizes lipids within human fat cells by
stimulating lipolysis. Experimental studies have shown that the minor ADRB2 allele reduced
the function of the B2-receptor. The association between REE, adaptive thermogenesis
and the altered function of the B2-adrenergic receptor suggests that the reduced ability to
mobilize lipids within adipose tissue through lipolysis has a central role. This is in line with
the results that showed that people with a reduced ability to increase B-oxidation of free fatty
acids had more energy restriction induced adaptive thermogenesis.
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Conclusions

- Energy restriction induces sustained adaptive thermogenesis when weight loss is
maintained.

- The larger the weight loss the larger the adaptive thermogenesis.

- Energy restriction induces a decrease in total daily physical activity.

- An energy restriction induced decrease in total daily physical activity is not sustained when
energy intake meets again energy expenditure.

- Avoiding or minimizing a decrease in physical activity during energy restriction has a
beneficial effect on the improvement of insulin sensitivity.
-Moremitochondrialbeta-oxidationinadiposetissueisrelated tolessadaptivethermogenesis
after energy restriction.

- A greater decrease in glycolytic capacity in adipose tissue following energy restriction is
related to a larger decrease in activity induced energy expenditure.

- The larger the weight loss induced decrease in circulating leptin concentration, the larger
the adaptive thermogenesis.

- The larger the weight loss induced decrease in circulating leptin concentration, the larger
the increase in movement economy.

- Subjects carrying the risk allele of the FTO polymorphism show higher physical activity.

- Subjects, homozygous for the minor ADRB2 allele show lower resting energy expenditure
before energy restriction and more adaptive thermogenesis after energy restriction

- FIGURE 8.1

Figure 8.1. Energy restriction leads to adaptive thermogenesis. More mitochondrial beta-oxidation
in adipose tissue is related to less adaptive thermogenesis after energy restriction. Additionally, more
beta-oxidation is correlated to more plasma free fatty acids (29). The larger the weight loss induced
decrease in circulating leptin concentration, the larger the adaptive thermogenesis. Subjects carrying
the homozygous minor ADRB2 allele show more adaptive thermogenesis after energy restriction.
Expressed in subcutaneous adipose tissue, ADRB2 mobilizes lipids within human fat cells by
stimulating lipolysis. Leptin promotes lipolysis and energy expenditure; as a result lower circulating
leptin concentration is related to less lipolysis (48). This could involve the beta-adrenergic receptor
(ADRB2); leptin is considered to be able to stimulate catecholamine synthesis in the adrenal medulla;
subsequently, catecholamines can bind to the to ADRB2 on adipocytes to stimulate lipolysis (49).

Perspectives for future research

Quantification of adaptations in energy expenditure following energy restriction is necessary
to understand the impact on the success of weight loss maintenance. Future research could
look into the quantification of adaptive thermogenesis during different amounts of energy
restriction. It seems plausible that a smaller negative energy balance causes less pronounced
adaptive thermogenesis. Therefore, it could be of use to quantify the energy gap that prevents
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or minimizes the development of adaptive thermogenesis. Additionally, establishing the
time schedule of the development of adaptive thermogenesis could increase the success
of weight loss and possibly minimize adaptations. It could be important to look deeper into
the sustained adaptive thermogenesis even long after initial weight loss. With a lot of people
being on constant weight loss and regain cycles it would be interesting to assess if multiple
weight cycles could add up to more adaptive thermogenesis and cause more severe and
permanent metabolic damage.

Unraveling underlying molecular pathways in adaptations in energy expenditure
following energy restriction will be of great importance to understand why there is a low
success of weight loss maintenance. It should give us the knowledge as well as therapeutic
targets important to increase success against the growing obesogenic epidemic that causes
a multitude of health problems. Possible mechanisms found in the adipocyte metabolism
are just the starting point for understanding the role of adipocytes not only in energy storage,
but especially their role in energy storage protection. In regard to adipocyte metabolism,
future research should also investigate the possible relation between cellular stress and
energy expenditure in response to weight loss (50). For the same reason, leptin can be a
focal point for future research as it represents a central role regulating energy intake and
energy expenditure. Leptin administration can reverse many adaptations caused by energy
restriction (16, 35, 51). In physique sports, periodic refeeding has become common during
longer periods of energy restriction. The goal of periodic refeeding is to temporarily increase
circulating leptin and stimulate energy expenditure (52, 53). More research is needed to
determine if leptin administration or acute bouts of refeeding are an efficient strategy to
decrease metabolic adaptations during energy restriction.

Effective methods to counteract decreased physical activity during energy restriction
could be assessed as maintained physical activity levels are shown to be more beneficial with
respect to insulin sensitivity. This probably causes difficulties since it is seen that increased
exercise is compensated by more sedentariness after exercise.

Concerning the understanding of the genetic contribution to adaptations in energy
expenditure as well as weight loss and weight maintenance, it is important to investigate
gene-gene and gene-environment interactions. More loci already associated with obesity
could be investigated in relation to adaptations in energy expenditure in longitudinal cohort
studies to gain insight to bolster the network of interactions involved in the regulation of
energy expenditure during weight loss.
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CHAPTER 8

The increasing prevalence of obesity and its association with impaired insulin homeostasis
are major health problems in our modern world; both are linked to the development of non-
communicable diseases as type 2 diabetes and cardiovascular diseases. Weight gain and
obesity occur when energy intake exceeds energy expenditure; this positive energy balance
results in the storage of excess energy as fat. The remedy to obesity is creating a negative
energy balance for a longer period of time by dietary intervention and/or increased physical
activity and although weight loss strategies target the intake as well as the expenditure side of
the energy balance, the success of long-term weight loss maintenance is low. Thus, measures
to improve the success of weight loss maintenance are warranted.

Weight loss as a result of energy restriction is counteracted by physiological adaptations
thatcan promote a positive energy balance like adaptive thermogenesis, i.e. a disproportional
reduction in resting energy expenditure beyond what can be predicted based on fat and
fat free mass loss, and a decrease in physical activity. In origin, these adaptations were a
meaningful survival mechanism to save energy in the face of starvation and dangerously low
energy supplies, nowadays these adaptations increase the susceptibility for weight regain
after intentional weight loss in overweight and obese subjects.

As an energy storingand releasing tissue and as an endocrine organ, adipose tissue could
play an important role in functionally responding to disturbances in energy balance. Leptin
is an adipocyte-derived hormone that is a critical mediator of energy balance. It functions
as a satiety hormone in a negative feedback loop regulating energy intake and has been
shown to be correlated to the weight loss induced decrease in resting energy expenditure.
Individuals respond differently to environmental changes and weight gain risk factors and
this inter-individual variation in the susceptibility to develop obesity is partly explained by
genetics; currently the genetic contribution is estimated at 40-70%.

Understanding how the body responds to energy restriction can lead to knowledge on, and
improve the success of, weight loss strategies and can improve the long-term results. The
first aim was to quantify adaptive thermogenesis and changes in physical activity before and
after a very low energy diet, and during 1 year of follow-up. Additionally, weight loss and
changes in physical activity were related to insulin sensitivity. The second aim was to examine
adaptive changes in energy expenditure in relation to: 1) changes in glucose and fatty acid
metabolism in fat cells, 2) plasma leptin levels and 3) single nucleotide polymorphisms
previously associated with obesity, in order to unravel part of the underlying pathways of
these adaptations.

More than 200 overweight and obese subjects followed a very low energy diet for 8
weeks, followed by 44 weeks of weight maintenance. First, they were characterized by six
genetic variants with shown associations with obesity-related traits. Then, measurements
took place before the diet and at 8, 20 and 52 weeks. Body composition was assessed using
3-compartment model based on body weight, total body water (deuterium dilution), and
body volume (BodPod). Resting energy expenditure was measured with a ventilated hood
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and compared with predicted values based on measured body composition; adaptive
thermogenesis was calculated as measured/predicted resting energy expenditure. Physical
activity measures were physical activity level (PAL), doubly labeled water assessed total
energy expenditure expressed as a multiple of measured resting energy expenditure, activity
induced energy expenditure divided by body weight, and body movement measured with a
triaxial accelerometer. Fasting plasma insulin, glucose and leptin were analyzed and protein
levels of markers for adipocyte glucose and fatty acid metabolism were determined from
adipose tissue biopsies.

Moderate weight loss, as a result of energy restriction, induced adaptive thermogenesis
and subjects with greater weight loss showed more adaptive thermogenesis. During weight
maintenance, there was no indication for a change in adaptive thermogenesis up to one year
of follow-up. Moreover, the relation between weight loss and adaptive thermogenesis was
unchanged during weight maintenance. Thus, in case of unsuccessful maintenance of the
lost weight and a return to or beyond the starting weight, adaptive thermogenesis was no
longer observed. Physical activity decreased during energy restriction. However, in contrast
with adaptive thermogenesis, physical activity returned to baseline levels when the lost
weight was maintained, which should not be confused with lower activity induced energy
expenditure that comes along with a lower body weight after weight maintenance, even at
the same level of physical activity. Avoiding or minimizing the decrease in physical activity
during energy restriction improved insulin sensitivity in addition to the effect of weight
loss. During weight maintenance, improved insulin sensitivity was maintained better when
physical activity returned to baseline levels or higher.

During energy restriction, changes in energy expenditure were linked to changes in
adipose tissue metabolism. Energy restriction induced a decrease in AldoC in adipose
tissue, indicating a reduced glycolytic capacity, which helps to preserve blood glucose
levels and preserve glucose supply for glucose-dependent tissues such as the brain or red
blood cells during energy restriction. The decrease in AldoC was related to the decrease in
activity induced energy expenditure, which could be explained by the decreased total body
glycolytic capacity. Thus, preservation of glucose as an energy source for glucose-dependent
tissues might be driven by a reduction in physical activity. The change in HADHsc was
correlated with adaptive thermogenesis after the diet and implies that up-regulation of the
mitochondrial beta-oxidation might reduce adaptive thermogenesis. Thisis supported by the
positive correlation between increased beta-oxidation and free fatty acids in the circulation.
Furthermore, the results showed that the decrease in leptin in response to energy restriction
was related to adaptive thermogenesis and an increase in movement economy. The results
suggest a central role for leptin in the underlying mechanism of metabolic adaptation, where
a leptin associated decrease in sympathetic nervous activity seems an important mediator.
Leptin possibly modulates sympathetic outflow to target organs with roles in triglyceride
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metabolism like the liver (production), adipose tissue (storage) and skeletal muscle
(combustion to generate ATP).

Higher physical activity was observed in subjects carrying the risk allele of the FTO
polymorphism, suggesting a higher BMI in people carrying the FTO risk allele is not caused
by an inactive lifestyle. Carrying the FTO risk allele is known to be associated with increased
food intake. Together, higher BMI in people carrying the FTO risk allele could be the result
of overcompensation of energy intake to increased physical activity, in line with increased
food intake to compensate for an exercise-induced increase in energy expenditure. Subjects
homozygous for the ADRB2 risk allele had lower resting energy expenditure and showed
greater adaptive thermogenesis following energy restriction. A reduced function of the p2-
receptor as a result of the homozygous ADRB2 risk allele suggests that the reduced ability to
mobilize lipids within adipose tissue through lipolysis has a role in adaptive thermogenesis.
Thisisin line with the results that showed that people with a reduced ability to increase beta-
oxidation of free fatty acids had more energy restriction induced adaptive thermogenesis.

In conclusion, energy restriction leads to metabolic adaptations promoting a positive
energy balance and increasing susceptibility for weight regain. The metabolic adaptations
as described are linked to metabolism changes in fat cells, the adipocyte-derived satiety
hormone leptin and obesity-related polymorphisms in FTO and ADRB2. This forms the
basis for further research and may lead to additional or improved weight loss and weight
maintenance interventions in overweight and obese subjects.
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CHAPTER 8

De huidige samenleving kent een groeiend aantal mensen met overgewicht en obesitas,
resulterend in gezondheidsproblemen zoals type 2 diabetes en hart- en vaatziekten.
Overgewicht en obesitas ontstaan wanneer de inname van energie groter is dan het
energiegebruik; waarbij de overtollige hoeveelheid energie wordt opgeslagen als vet. De
meest voor de hand liggende oplossingen zijn een verlaging van de energie inname door
minder te eten en een verhoging van het energiegebruik door meer lichaamsbeweging. Het
bereikte gewichtsverlies en het behoud daarvan op de langere termijn is echter meestal
teleurstellend.

Gewichtsverlies als gevolg van een negatieve energiebalans gaat gepaard met
fysiologische aanpassingen die herstel van de energiebalans bevorderen. Voorbeelden
zijn adaptieve thermogenese, dit is een daling van het rustmetabolisme die groter is dan
verwacht op basis gewichtsverandering door verlies van vet- en vetvrije massa, en een
vermindering van lichamelijke activiteit. Een adaptieve daling van het energiegebruik is een
belangrijk overlevingsmechanisme in tijden van voedselschaarste. Anderzijds vergroot een
adaptieve daling van het energiegebruik het risico op gewichtstoename na gewichtsverlies
bij personen met overgewicht en obesitas.

Een factor die een mogelijke rol speelt bij de beschreven adaptaties als gevolg van
veranderingen in de energiebalans is leptine. Leptine is een door de vetcellen geproduceerd
hormoon. Afname van het lichaamsvet veroorzaakt een afname van de leptine productie.
Voorheen is aangetoond dat daling van leptine gerelateerd is aan de daling van het
rustmetabolisme na een dieet. De gevoeligheid om overgewicht en obesitas te ontwikkelen
heeft gedeeltelijk te maken met genetische aanleg. Niet iedereen reageert hetzelfde op
omgevingsveranderingen en risico’s voor gewichtstoename. De genetische bijdrage wordt
op dit moment geschat op 40-70%.

Kennis over veranderingen in het energiegebruik als gevolg van een energie-beperkt dieet,
kan leiden tot betere strategieén voor gewichtsverlies en gewichtsbehoud om zo het lange
termijn succes hiervan te vergroten. Het eerste doel was om adaptieve thermogenese en de
verandering in lichaamsbeweging voor en na een energie-beperkt dieet te kwantificeren en
te volgen gedurende een jaar. De veranderingen in gewicht en lichaamsbeweging werden
ook gekoppeld aan insulinegevoeligheid. Het tweede doel was om de veranderingen
in het energiegebruik te onderzoeken in relatie tot: 1) veranderingen in het glucose en
vetzuurmetabolisme in vetcellen, 2) de leptine concentratie in het bloed en 3) genetische
varianten gekoppeld aan obesitas.

Meer dan 200 proefpersonen met een gewichtsindex hoger dan 28 kg/m? kregen 8
weken lang een energie-beperkt dieet en werden daarna nog 44 weken gevolgd. Zij werden
allereerst gekarakteriseerd wat betreft genetische varianten gekoppeld aan obesitas.
Vervolgens vonden metingen plaats voér de start van het dieet en na 8, 20 en 52 weken.
Lichaamssamenstelling werd bepaald met een 3-compartimenten model gebaseerd op
gewicht, totaal lichaamswater (deuterium-verdunning) en lichaamsvolume (BodPod). Het
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rustmetabolisme werd gemeten met indirecte calorimetrie en vergeleken met voorspelde
waardes gebaseerd op lichaamssamenstelling; adaptieve thermogenese werd berekend
doorvergelijking van gemeten rustmetabolisme met voorspeld rustmetabolisme. Parameters
voor lichamelijke activiteit waren: “physical activity level” (PAL), het totaal energiegebruik
gemeten met tweevoudig gemerkt water gedeeld door het rustmetabolisme; activiteit
geinduceerd energiegebruik; en lichaamsbeweging gemeten met een versnellingsopnemer.
Daarnaast werden in bloedmonsters glucose, insuline en leptine bepaald en in vetbiopten
markers voor het glucose en vetzuurmetabolisme.

Gewichtsverlies als gevolg van het energie-beperkte dieet leidde tot adaptieve thermogenese
en personen met meer gewichtsverlies hadden meer adaptieve thermogenese. Bij behoud
van gewichtsverlies veranderde de adaptieve thermogenese niet tijdens de 44 weken durende
vervolgperiode. Het verband tussen gewichtsverlies en adaptieve thermogenese bleef
hetzelfde als direct na het dieet. Dit betekent dat er na 1 jaar nog adaptieve thermogenese
was bij een lager gewicht dan het uitgangsgewicht en dat de adaptieve thermogenese
verdween bij terugkeer naar het uitgangsgewicht. De negatieve energiebalans door een
energie-beperkt dieet resulteerde bovendien in een vermindering van lichamelijke activiteit.
In tegenstelling tot het rustmetabolisme keerde het niveau van lichamelijke activiteit na
het dieet terug naar het uitgangsniveau. Gewichtsverlies resulteerde in een verhoging van
de insulinegevoeligheid, met name bij personen waarbij de lichamelijke activiteit minder
afnam tijdens het dieet. De verhoogde insulinegevoeligheid werd tijdens de vervolgperiode
beter behouden als de lichamelijke activiteit terugkeerde naar de oorspronkelijke waardes
of hoger werd.

De bevindingen lieten een verband zien tussen metabole adaptaties op lichaamsniveau
en veranderingen van het metabolisme in de vetcellen. Als gevolg van de negatieve
energiebalans daalde het niveau van AldoC in het vetweefsel. Dit duidt op een daling van
de glycolytische capaciteit (minder glucosegebruik) in het vetweefsel, die meehelpt om de
glucosespiegel in het bloed op peil te houden en glucose-afhankelijke weefsels zoals de
hersenen en rode bloedcellenvan voldoende glucose te voorzien. Uit de data bleek verder dat
de daling van AldoC gerelateerd was aan de relatieve daling van het activiteits-geinduceerd
energiegebruik. Dit kan betekenen dat de daling van het glucosegebruik in het vetweefsel
een marker is voor een vergelijkbare daling in andere weefsels en daarmee van de daling
van lichamelijke activiteit, waardoor de bloedglucosespiegel en de glucosevoorziening voor
onder andere de hersenen op peil worden gehouden. Er werd ook een verband aangetoond
tussen de verandering van HADHsc, een belangrijk enzym voor de vetzuur verbranding, en
de adaptieve thermogenese; hoe hoger de capacteit van de vetzuur verbranding in het
vetweefsel, des telagerwas de adaptieve thermogenese. Dit sluit aan bijeen eerder gevonden
verband tussen een hogere vetzuur verbranding in vetcellen en een hogere concentratie aan
vrije vetzuren in het bloed. Het idee hierbij is, dat de mate van vetzuurverbranding een marker
is voor de mate waarin vetzuren uit de vetcellen worden vrijgemaakt voor eigen gebruik en
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als energiebron voor andere weefsels. Hoe meer energie er beschikbaar komt in de vorm
van vrije vetzuren, des te minder hoeft het rustmetabolisme te dalen en des te geringer is de
adaptieve thermogenese. De resultaten toonden tevens aan dat er een verband is tussen de
daling van leptine, de adaptieve thermogenese en de gestegen bewegingsefficiéntie na het
dieet. Hieruit blijkt dat leptine mogelijk een centrale rol vervult bij de metabole adaptaties;
dit gebeurt dan waarschijnlijk via het sympathisch zenuwstelsel.

Uit de resultaten bleek dat dragers van het FTO risico allel een hogere lichamelijke
activiteit vertoonden. Aangezien het FTO risico allel geassocieerd is met een hogere BMI
lijkt dit tegenstrijdig maar het geeft in feite aan, dat de hogere BMI niet het gevolg is van
een minder actieve levensstijl. Verder is bekend dat het dragen van het FTO risico allel
geassocieerd is met een hogere voedselinname. Als zodanig kan de hogere BMI het gevolg
zijn van overcompensatie van de energie-inname ten opzichte van de verhoogde lichamelijke
activiteit. Homozygote dragers van het risico allel voor ADRB2, het gen voor de B2-receptor
die belangrijkis voordesignaal overdracht door het sympathische zenuwstelsel, hadden een
lager rustmetabolisme; daarbovenop werd het homozygote ADRB?2 risico allel geassocieerd
met meer adaptieve thermogenese. Aangezien het risico allel zorgt voor een verminderde
functie van de B2-receptor passen de waarnemingen bij een verminderd vermogen om
vetzuren uit vetweefsel vrij te maken. Dit past bij het bovenvermelde resultaat dat een
geringer vermogen om de verbranding van vrije vetzuren te verhogen, een verband laat zien
met een hogere adaptieve thermogenese.

Concluderend, een beperking van de energie-inname leidt tot adaptieve veranderingen
in het energiegebruik die herstel van de energiebalans bevorderen en zo een effect op
lichaamsgewicht verminderen of teniet doen. De metabole adaptaties zijn gerelateerd aan
veranderingen van het metabolisme in vetcellen, de daling van het verzadigingshormoon
leptine en aan obesitas gekoppelde genetische varianten van FTO en ADRB2. Dit vormt
de basis voor verder onderzoek en kan leiden tot nieuwe of verbeterde strategieén voor
gewichtsverlies en het behoud daarvan bij personen met overgewicht en obesitas.
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Overweight and obesity are defined as an excessive accumulation of body fat to the extent
thatit may impair health. Worldwide, obesity prevalence has doubled since 1980 and in 2008
more than 1.4 billion adults aged 20 years or older were overweight. More than 200 million
men and nearly 300 million women of these overweight people were obese. Overweight
and obesity are related to health problems such as type 2 diabetes, cardiovascular diseases
and certain forms of cancer, which makes it one of the leading risks for global deaths. Each
year, around 3.4 million adults die as a result of being overweight or obese. Currently, almost
50 million children under the age of 5 are overweight or obese and the rate of increase of
childhood overweight and obesity has been more than 30% higher in developing countries
with emerging economies compared to that of developed countries. Childhood obesity
is associated with a higher chance of obesity as well as an increased risk of related non-
communicable diseases later in life. The larger increase in developing countries has made
overweight and obesity a clear worldwide problem that can no longer be considered as a
typical Western disease. In addition to the health problems, overweight and obesity also
have a considerable economic impact and increase healthcare costs. In the Netherlands
where almost 50% of the adult population is overweight, it was responsible for an extra 2
billion euro on medical and social costs in 2010.

Weight gain and obesity occur when energy intake exceeds energy expenditure and the
positive energy balance will result in the storage of excess energy as body fat. The prevalence
of overweight and obesity coincided with technological developments like computers, cars,
washing machines and television, contributing to a sedentary lifestyle, suggesting a causal
link. However, doubly labeled water measurements showed that physical activity induced
energy expenditure did not decrease between 1983 and 2005 while obesity rates doubled
over the same period. The latter implies that an increased intake is responsible for the energy
imbalance resulting in the gain of weight and subsequently obesity. It is supported by the fact
that during the same period dietary habits changed, with increased portion sizes, changed
meal composition and eating out, plus the fact that palatable, energy-dense foods became
readily available. The change of our environment to an obesogenic risk factor cannot fully
explain the development of obesity at an individual level, since there are still many individuals
who manage to remain lean. In fact, the susceptibility to become obese also depends on
behavioral, social, cultural, economic, metabolic, physiological and genetic factors.

There is a simple remedy to obesity, i.e. losing weight by creating a negative energy balance
for a longer period of time. This can be realized by dietary intervention, increased physical
activity, or pharmacological and/or surgical treatment. Although weight loss strategies
target both sides of the energy balance, the success of long-term weight loss maintenance
is low. Thus, measures to improve the success of weight loss maintenance are warranted.
Understanding how the body responds to energy restriction can lead to important knowledge
on, and improve the success of, weight loss strategies and can improve the long-term results.
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Therefore, energy expenditure components and physical activity were measured before and
after weight loss and were followed up to one year of weight maintenance. The changes in
energy expenditure and physical activity as a result of energy restriction were linked to: 1)
changes in glucose and fatty acid metabolism in fat cells, 2) plasma leptin levels and 3) single
nucleotide polymorphisms previously associated with obesity, in order to unravel part of the
underlying pathways of these adaptations. In the next paragraphs, it is described how the key
findings can be translated to society to have an impact that goes beyond science.

Adaptive thermogenesis, a disproportional reduction in resting energy expenditure, was
observed and quantified during energy restriction and it was positively correlated to the
amount of lost weight. Historically, it was important to preserve energy when energy supply
was low; nowadays it is seen as undesirable during intentional weight loss since adaptive
thermogenesis canreduce the negative energy gap. Quantification of adaptive thermogenesis
can lead to more successful weight loss as it can be used for a better calculation of energy
requirements during energy restriction. It is plausible that a smaller negative energy balance
causes less pronounced adaptive thermogenesis. Therefore, a smaller negative energy gap
should be preferred over faster weight loss. Especially, since it was shown that adaptive
thermogenesis was sustained up to 44 weeks after the diet; after severe weight loss, adaptive
thermogenesis has even been observed up to 6 years. After energy restriction, adaptive
thermogenesis promotes a positive energy balance that can lead to weight regain. Since,
the success of long-term weight loss maintenance is low, increased knowledge about
impairing factors are important. The quantification of adaptive thermogenesis during weight
maintenance can lead to more successful weight maintenance as it provides improved tools
to calculate energy requirements after weight loss. As previously stated, a smaller negative
energy balance during weight loss could be a method to minimize or avoid adaptive
thermogenesis and consequently sustained adaptive thermogenesis. Additionally, adaptive
thermogenesis long after weight loss raises concern about weight loss and weight regain
cycles. It is not uncommon for people to regain weight after weight loss and then start
energy restriction again before reaching the initial body weight. Under these conditions,
adaptive thermogenesis could add up and may lead to permanently reduced resting energy
expenditure.

Energy restriction reduces body movement and activity induced energy expenditure. The
decrease in physical activity during weight loss decreases the negative energy balance and
can slow down weight loss. Therefore, it should be encouraged to maintain the level of
physical activity despite being in a negative energy balance. Additionally, the results showed
that avoiding or minimizing the decrease in physical activity during weight loss has an extra
beneficial effect on the improvement of insulin sensitivity. Improved insulin sensitivity will
require smaller amounts of insulin to keep blood glucose levels stable. Low insulin sensitivity
is associated with type 2 diabetes and the bodies’ response to produce more insulin is

131

(o]
e
(V]
ar}
Q.
©
=
O



CHAPTER 8

associated with a variety of health problems like damage to blood vessels, high blood
pressure, heart disease and heart failure. Monitoring physical activity during weight loss could
be a way to avoid the unintentional decrease of physical activity. Therefore, accelerometry
devices could be used; they are minimally obtrusive and just have to be carried along to have
a measurement of physical activity. Consequently, it can affect the success of weight loss and
improve insulin sensitivity.

Hormones and proteins involved in adipose tissue metabolism, revealed a link between
changes on a physiological level and changes of the molecular metabolism in fat cells and
these could be considered as a target for future research. In turn, this could lead to the
development of drugs that could help avoid the adaptations in energy expenditure and
improve the success of weight loss and weight loss maintenance. It was shown that the
decreasein leptin was related to adaptive thermogenesis and increased movementeconomy.
Together with previous results, it leads to the suggestion of a central role for leptin in the
underlying mechanism of metabolic adaptations. In physique sports, periodic refeeding has
become common during longer periods of energy restriction. The goal of periodic refeeding
is to temporarily increase circulating leptin and stimulate energy expenditure. This strategy
could be translated from sports to weight loss in general. Moreover, administration of
leptin during energy restriction could be a future method to minimize or reverse metabolic
adaptations. Additionally, results showed that metabolic adaptations were correlated to
obesity-related polymorphisms. Genetic profiling could lead to individualized intervention
and drug treatment programs with higher success rates of weight loss maintenance.

In general, the results can be translated to generate more successful weight loss and weight
loss maintenance. However, with regard to overweight and obesity, prevention cannot go
unmentioned. The results showed that there was a decrease in physical activity during energy
restriction; previously, it has been shown that there seems to be no increase in physical
activity induced by overeating. Similarly, an exercise-induced increase in energy expenditure
will lead to increased energy intake to compensate the additional requirement, while a
change from a physically active to a more sedentary lifestyle does not induce an equivalent
reduction in energy intake. These interactions implicate that eating less instead of moving
more is the way to reduce body weight, and that the best method for weight maintenance is
to prevent overeating.

The results described in this thesis are written in original articles that have been published
or submitted to scientific journals in the field of obesity, diabetes and nutrition. Moreover,
the articles can be found online and are accessible to scientists who are interested in this
topic. In addition, results have been presented on international conferences to colleagues
inside and outside the specific field and have been discussed for possible explanations
or innovative ways to look at certain associations or results. The present studies help to
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understand metabolic adaptations as a result of energy restriction and explore adipose

tissue for possible pathways.
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Het dankwoord, de afsluiting van een periode met veel gezichten maar vooral een tijd om
met voldoening en een brede lach op terug te kijken.

Allereerst wil ik mijn promotoren bedanken. Klaas, bedankt dat ik bij u de mogelijkheid
heb gekregen om te promoveren. Ik wil u bedanken voor het vertrouwen, de vrijheid en de
begeleiding tijdens mijn promotietraject. Daadkrachtig heeft u mij gestuurd en wanneer
nodig was u streng maar rechtvaardig zodat de tijd en grote lijn nooit uit het oog werden
verloren. U was altijd bereikbaar en ik heb veel van u kennis opgestoken. Met interesse heb ik
geluisterd naar uw verhalen over uzelf, vogels en uw bijen en ik hoop van harte dat u nog lang
van uw hobby’s kunt genieten. Edwin, bedankt om de “moleculaire” vlam in mij weer aan te
wakkeren. Van uw rust en kennis heb ik veel geleerd en door een open deur en een andere
kijk op onze resultaten hebben we deze van meer diepgang kunnen voorzien.

Next, | would like to thank all the members of the reviewing committee, Prof. dr. L.PA.J.
Schrauwen, Dr. A. Bonomi, Prof. dr. A.H. Kersten, Prof. dr M.S. Westerterp-Plantenga and Prof.
dr.M.P.A. Zeegers, for their time to review my thesis. Margriet, graag wil ik u ook bedanken uw
hulp, leerzame uitjes en interesse tijdens mijn promoveren.

Dan wil ik graag de proefpersonen die deelgenomen hebben aan de studies -misschien wel
de belangrijkste bijdragers aan dit proefschrift- bedanken. Daarnaast ook bedankt aan alle
stagiaires voor hun hulp.

Eerderzeiik al dat het een tijd was om met een brede lach op terug te kijken en dat komt door
dehele afdelingHumane Biologie. Met plezier kwam ik telkens naar het werk en dat komt door
iedereen die er nu werkt of de afgelopen jaren heeft gewerkt, bedankt allemaal! Misschien is
er de afgelopen jaren één en ander veranderd maar de mensen en daardoor de sfeer op de
werkvloer zijn hetzelfde gebleven. Jos, jij bent hierin één van de stuwmotoren. Je zorgt -naast
alle bloedanalyses, waarvoor dank!- voor de nodige ontspanning rond het werk en draagt bij
aan een plek waar collega’s vrienden worden! Antoine, je bent van alle markten thuis, serieus
en flauwekul, onvergetelijk is de borrel met de poes. .. Dr. Freek, met jou samenwerken in het
lab zou iedereen eens moeten doen, de perfecte dosis kennis, efficiéntie, zorgvuldigheid en
humor; succes bij je aankomende promotie! De secretaresses Claudia, Desiree en Yolanda,
altijd goedlachs maar belangrijker nog altijd hulpvaardig en vaak met een antwoord op een
heel scala aan vragen. Loek, Paul, Laurens en Marc, de uitleg en technische hulp bij omnical
metingen, alle computervragen, de vele analyses en de leuke anekdotes(!), zonder jullie had
dit proefschrift er niet gelegen. Ik wil jullie allemaal extra bedanken!

Dan zijn er veel (oud)collega’s en (oud)clustergenoten die ik wil bedanken voor de leuke tijd

op zowel de universiteit als erbuiten bij onder andere de vele congressen, wetenschappelijke
discussies, luchtige gesprekken, koffiepauzes, borrels, HB-weekenden, carnavals en
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kerstmarkten: Rick, Pilou, Sanne, Hanne, Guy, Giulio, Mieke, Eveline, Mathijs, Sofie, Mandy,
Tanja, Nuria, Givan, Gill, Femke, Siti, Jurriaan, Alberto, Stijn, Blandine, Emanuel, Jasper,
Bram, Jan, Dorien, Gabrielle, Dirk, Marlies, Rudi, Dennis, Roel, Mark, Emmani, Sophie, Simon,
Erik, Maarten, Nadia, Max, Sabine, Dorien, Gijs, Cyril, Charlotte, Peter, Jean en Bernard. Velen
ben ik als vrienden gaan zien en ik hoop dat ik jullie nog vaak zie en dat we een goed contact
mogen houden. Ik wens jullie allemaal veel succes en geluk toe in de toekomst!

Pilou, je bent een echte vriendin geworden en nadat we huisgenoten werden is onze band
enkel verbeterd. Samen boodschappen doen, spellen spelen, films kijken, Peter zoeken,
Sherlock Holmesen, “tuinieren”, whisky’s proeven en dan onze vaak ellenlange gesprekken
en discussies over wetenschap, liefde, muziek, familie, films en nog veel meer. Nooit is mijn
geklaag of gezeur jou te veel en ik wil je bedanken voor dit allemaal. Sanne, één van de eerste
vragen die je me stelde was of we onderling Nederlands gingen praten of dat we het lekker
bij het dialect zouden houden en natuurlijk is het 't plat geworden; toch ga ik het hier bij een
voor iedereen begrijpbare taal houden. Het was prettig om met jou samen te werken en ik
heb veelvan je geleerd. Als kamergenoot was je net een zus voor me en vond ik het fijn dat ik
met alles bij je terecht kon, dankjewel. Hanne, wat was ik trots dat ik paranimf bij jou mocht
zijn. Ik bewonder je voor je harde werken en wil je bedanken voor de vele fijne gesprekken.
Ik wens jou en Pieter heel veel plezier toe met jullie aankomende gezinnetje. Giulio, I liked
working together, appreciated all your help and loved your “dry humor”. Mieke, Duvel-maatje
en danspartner, ik kijk nog steeds uit naar je lasagne. Eveline, ik heb veel bewondering voor
jou, een roadrunner in zowel werk als sport. Mathijs, ik heb zo ongeveer al je puberjaren
meegemaakt en dat maakte het voor mij speciaal om collega’s en uiteindelijk zelfs nog
even kamergenoten te zijn. Je komst als verse aio heeft de sfeer zeker een impuls gegeven.
Dorien, wat mocht ik mezelf gelukkig prijzen met een “heel Holland bakt”-winnares in spe
als buurvrouw op de gang maar ook op de rest van de afdeling heb je een positieve invloed.
Guy, van jou als nog steeds jonge wetenschapper heb ik als jonge wetenschapper veel
geleerd. Zowel op het werk als erbuiten kunnen we goed met elkaar opschieten en ik wil je
erg bedanken voor de mogelijkheden die je mij geboden hebt. Het was een mooie zonnige
herfstavond op het terras bij de Walkabout en onder het genot van een Guinness vroeg je
mij of ik werken in Singapore zou zien zitten; ik zal het nooit vergeten. Via de Walkabout
kom ik vanzelf bij Bram en Jasper, van nachten op de bank en songfestivalavonden tot
waxinelichtjes en “risk”, momenten om niet te vergeten. Echter doe ik jullie tekort als ik niet
ookjullie serieuze kant belicht; carrieres, het onderzoek, de wetenschap, ook daarin zijn jullie
fijne gesprekspartners.

Rick,wat5jaar geledenrustig begon isinmiddels uitgegroeid tot een heel goede vriendschap!
In die jaren hebben we tijdens congressen vele hotelkamers gedeeld en als bij de rest de
energie al op was, gingen wij nog even door met het proeven van de lokale cultuur. Alhoewel
we ook op het lab samengewerkt hebben, gebeurde de meeste samenwerking toch bij het
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koffieapparaat en op de borrel. Ontelbare wetenschappelijke discussies hebben we gevoerd
bij de opkomende aroma’s van verse koffie als we weer eens aankwamen als de koffie bijna
niet helemaal op was of onder de klanken van Helene Fischer’s “Atemlos”. Waarschijnlijk zijn
er collega’s die ons nog nooit zonder elkaar hebben gezien en ik ben dan ook blij met jou als
ervaren paranimf aan mijn zijde. We hebben veel gelachen maar ik heb toch zeker ook veel
van jou geleerd! Ik kijk uit naar de vele dingen die we nog op de planning hebben staan en ik
wens jou en Eveline veel geluk toe met de kleine Ricky die eraan komt.

Emanuel, een goede buur en een fijne vriend; altijd geinteresseerd, een luisterend oor en
bereid tot een goed gesprek. Met plezier heb ik geluisterd naar je aanstekelijke verhalen over
vakanties, altijd geillustreerd met prachtig geschoten foto’s. Daardoor heb je me ook besmet
met het fotografievirus, al heb ik nog veel oefenen voorde boeg. We hebbenvaak gelachen om
je mengeling van Duits en Nederlands of omdat een busreis Maastricht — Aken toch eigenlijk
net te lang is. Inmiddels is je laatste jaar promoveren ook onderweg, wat ongetwijfeld gaat
zorgen voor iets meer stress maar ik weet zeker dat je goed gaat “klaar kommen”. Ik ben blij
dat je me als paranimf bijstaat en weet zeker dat we ook met een grotere reisafstand goede
vrienden zullen blijven.

Dan wil ik ook mijn vrienden bedanken die voor de broodnodige ontspanning hebben
gezorgd buiten het werk om en zo ervoor zorgden dat er genoeg momenten waren om de
gedachten te verzetten. Uiteraard horen hier de verenigingen Oranje Boys en Waardhof Boys
bij waar het naast de sport zeker ook om de gezelligheid ging. Ik ben dankbaar voor de vele
vrienden en vriendinnen die ik via school, studeren, sporten, uitgaan, bronken, carnavals en
meer heb leren kennen. Janneke, je weet als geen ander dat niet alles van het promoveren
altijd van een leien dak ging, maar telkens wist jij precies wat te zeggen. Ik ben blij dat we
nog steeds vrienden zijn. De vaste kern uit Mesch wil ik meer dan extra bedanken: René, Jim,
Dave, Mark, Philippe, Tim en Jordain. We hebben veel samen meegemaakt en ik vind het
heel mooi dat we een hechte groep zijn en bijna allemaal al sinds de basisschool heel goede
vrienden zijn! Jim, mijn beste vriend, we hebben al heel veel samen ondernomen maar nu ik
dit schrijf, zijn we bezig aan ons grootste avontuur tot nu toe. Over alles kunnen we praten en
met alles kan ik bij jou terecht, dankjewel!

René, zoals hierboven al te lezen ben ik blij met de ontspannende momenten die we samen
hebben maar zeker ook met de serieuze gesprekken. Ik weet dat ik altijd op je kan rekenen en
zou me geen betere broer kunnen wensen. Ik ben trots op wat je allemaal opgebouwd hebt
en je niet aflatende harde werken is een groot voorbeeld voor mel!

Totslot, mam en pap (en de restvan de familie), ik wil jullie bedanken voor de mogelijkheden
die jullie me gegeven hebben. Altijd waren jullie geinteresseerd ook al kon ik soms niet alles
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in een begrijpelijke taal uitleggen. Mede door jullie onvoorwaardelijke liefde en steun heb ik
dit punt kunnen bereiken, Ik ben jullie heel dankbaar!

Ik begon met een brede lach maar ik kan niet ontkennen dat er zich tijdens het schrijven van
dit dankwoord af en toe een traan liet zien in een ooghoek. Nogmaals, allen bedankt!
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Figure 8.1. Energy restriction leads to adaptive thermogenesis. More mitochondrial beta-oxidation
in adipose tissue is related to less adaptive thermogenesis after energy restriction. Additionally, more
beta-oxidation is correlated to more plasma free fatty acids (29). The larger the weight loss induced
decrease in circulating leptin concentration, the larger the adaptive thermogenesis. Subjects carrying
the homozygous minor ADRB2 allele show more adaptive thermogenesis after energy restriction.
Expressed in subcutaneous adipose tissue, ADRB2 mobilizes lipids within human fat cells by
stimulating lipolysis. Leptin promotes lipolysis and energy expenditure; as a result lower circulating
leptin concentration is related to less lipolysis (48). This could involve the beta-adrenergic receptor
(ADRB2); leptin is considered to be able to stimulate catecholamine synthesis in the adrenal medulla;
subsequently, catecholamines can bind to the to ADRB2 on adipocytes to stimulate lipolysis (49).
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