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Obesity and (metabolic) disease

“Obesity is not only a disease itself, but also the harbinger of others.” Hippocrates
(460 — 370 BC) was one of the first to recognize the threat to health that obesity
embodies.” He observed that the life expectancy of obese individuals is shorter
when compared to those who are lean.>® Obesity, derived from the Latin ‘obesus’:
one who has become plump through overeating, has not always been associated with
health risks.* For a significant part of the history of humankind, humans were living
in conditions in which food was scarce. Therefore, obesity was looked upon as a sign
of wealth, and in women, of fertility.” The first sculptures of humans ever created
(around 40.000 BC) depicted obese women, probably to emphasize the importance
of their fertility (Figure 1A).5 In the Middle Ages and during the Renaissance, obesity
was a sign of prosperity and was relatively common in the upper societal classes.
Again, this served as an inspiration for artists of whom Rubens (1577-1640) is most
famous for his paintings of full-bodied (‘Rubenesque’) women (Figure 1B).” Since the
18™ century, being obese has become less attractive as the health risks associated
with an excess of adipose tissue have become increasingly clear.”

Figure 1.A. One of the first human sculptures ever created: Venus von Willendorf (25.000 B.C)S;
1.B. Mars, Venus and Cupid by Peter Paul Rubens (1630-1635)®
A B




General introduction |

Nowadays, obesity is recognized as a major threat to public health. Its prevalence
worldwide is still increasing and tripled since 1975. Currently, more than 1.9 billion
adults are overweight (Body Mass Index (BMI)>25 kg/m2) and more than 650 million
adults suffer from obesity (BMI >30 kg/m2).° In the Netherlands, almost half of the
adult population (49.2%) is overweight and one in six adults suffers from obesity."
The causes of obesity are widely recognized as being multifactorial: besides genetic
predisposition,'"'? a lack of physical activity and caloric overconsumption play a
significant role in its etiology.""

The impact of obesity on health is based on the relation between obesity and
the development of metabolic and cardiovascular disease. Overwhelming
evidence shows that obesity is an independent risk factor for diabetes mellitus,
hypertension, coronary artery disease and stroke, but also for some types of
cancer, obstructive sleep apnea syndrome, osteoarthritis, fatty liver disease and
kidney disease.’'” Specifically for metabolic disorders, previous work found that
overweight and obesity play a central role in the pathogenesis of insulin resistance,
a crucial element in the etiology of type 2 diabetes mellitus.” Eighty percent of
patients suffering from diabetes mellitus is overweight or obese.'® Recently, data
from two large health surveys (National Health Interview Survey (NHIS; n = 282,322)
and National Health And Nutrition Examination Survey (NHANES; n =21,814)
identified diabetes mellitus as the 3™ cause of death in the United States.’ In 2019,
diabetes mellitus was the 9" cause of death globally, causing over 2 million deaths
worldwide anually.?®

Taken together, obesity contributes to the development of various non-
communicable diseases, but strong links are especially demonstrated between
obesity and metabolic disorders in general, and diabetes mellitus type 2 in
particular. This has been demonstrated with use of data from the Behavorial
Risk Factor Surveillance System (BRFSS; n=195,005) that showed that the odds
ratio (OR) for diabetes in subjects with obesity is 7.37, which is higher than for
other conditions (Hypertension: OR 6.38; Hypercholesterolemia OR 1.88).2' In the
published vision for Dutch healthcare from 2025 onwards (Medisch Specialist
2025), The Dutch Federation of Medical Specialists (FMS) advocates to place more
emphasis on prevention of disease by lifestyle interventions in daily medical
practice.?? Since the burden of type 2 diabetes mellitus for the general population
has risen to pandemic proportions,’®? it has become pivotal not only to aim at
treatment of diabetes mellitus type 2 but also to prevent it. This thesis specifically
focuses on this topic.

1
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The pathogenesis of insulin resistance in obesity

Crucial in the pathogenesis of diabetes mellitus type 2 is the occurrence of insulin
resistance: the body’s inability to respond to the presence of insulin at cellular
level.” Different mechanisms have been proposed to play a role in the pathogenesis
of insulin resistance in humans with obesity. As obesity is characterized by an
excess of adipose tissue, molecular processes in the adipose tissue are altered to a
large degree.?* Below, some of the most frequently discussed mechanisms are listed
to explain why obesity is related to insulin resistance.

1. An excess of visceral adipose tissue

The localization of excess adipose tissue plays a pivotal role in the development of
insulin resistance in obesity. Especially an excess of visceral adipose tissue (VAT)
is strongly related to metabolic health risks and all-cause mortality.?® This relation
might be explained by the fact that the drainage of VAT occurs in the portal vein.2#2¢
Adipose tissue is able to secrete metabolically active proteins (cytokines or more
specifically: adipokines) that have endocrine effects in various other tissues in
the body. Adipokines secreted by VAT reach the liver in a direct way, causing both
liver and systemic insulin resistance.?”” In addition to the abundance in VAT, fat
storage as a result of an excess in energy can also occur in other tissues, such as
the liver and the heart. This ectopic lipid deposition is also strongly correlated with
insulin resistance.®

2. Adipose tissue as an endocrine organ

Adipose tissue is able to exert endocrine effects in other organs that play a central
role in glucose homeostasis, such as the liver and skeletal muscle. This was first
discovered with the ability of adipose tissue to secrete free fatty acids (FFAs) into the
bloodstream. In obesity, the secretion of FFAs is increased. When FFAs reach skeletal
muscle, the organ responsible for 80% of insulin-stimulated glucose uptake, local
insulin actions are inhibited. In the liver, circulating FFAs inhibit insulin suppression
of hepatic glucose production, resulting in higher glucose concentrations. FFAs
therefore cause insulin resistance at both the hepatic and systemic level.?®

More recently, the ability of adipose tissue to secrete cytokines was described.?
In obesity, hypertrophy of adipocytes occurs when fat mass grows. This process
itself is associated with an alteration in homeostasis in adipose tissue, but also
contributes to diminishing oxygen supply as adipose tissue further expands,
leading to hypoxia. This elicits necrosis which causes a release of signaling factors
that contributes to the presence of inflammation in adipose tissue.*® In response
to an altered homeostasis and local inflammation, adipose tissue secretes pro-
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inflammatory cytokines, which contribute to a state of low-grade systemic
inflammation, which is characteristic for obesity. This inflammation has strongly
been linked to insulin resistance.’°*'

3. Altered gut microbiome

In recent years, the important role of gut microbiota in (metabolic) health and
disease has become increasingly clear.?? The human gut is occupied by at least 100
trillion different microorganisms that account for expression of 150 times as many
genes as the human genome: the gut microbiome. 333> The gut microbiome has
a vital function in energy homeostasis by influencing the way the body harvests
energy from (indigestible) food and how this energy is stored.>* Furthermore,
it plays a significant role in maturation of the human immune system and in
defense mechanisms against infections.?® In recent years, increasing evidence has
emerged showing that obesity is associated with an altered gut microbiome.?® Its
composition shows less alpha-diversity when compared to the gut microbiome of
lean humans. These alterations are believed to cause a change in how the body
digests food and stores energy obtained from food.3**” The altered gut microbiome
in obesity is believed to contribute to the pathogenesis of diabetes mellitus.
Targeting the gut microbiome, therefore, seems a potent strategy to decrease
obesity related health risks.**

Taken together, the different functions of different adipose tissue depots and
having a ‘healthy’ gut microbiome might explain why some obese humans are
metabolically healthy whilst others suffer from a number of diseases. Therefore,
targeting loss of body weight or fat mass alone may not lead to significant health
improvements in obesity. To accomplish a decrease in insulin resistance, alterations
in the location of fat storage, ability to secrete cytokines and release of FFAs need,
at least in part, be altered.

Exercise training in obesity and its effects on insulin sensitivity

In humans, exercise training has been proven to be an excellent non-
pharmacological tool to decrease all-cause mortality.?® Especially in unfit, obese
subjects, exercise training has enormous effects on cardiorespiratory fitness
levels.®® The beneficial effects of exercise in the management of obesity were first
observed by Indian surgeon Susruta (600BC), who linked the presence of diabetes
mellitus to being obese and sedentary. He was one of the first to prescribe physical
activity as treatment for diabetes mellitus.®® To support this strategy, increasing
cardiorespiratory fitness levels with an exercise intervention is still an often
prescribed and highly effective therapy for people with obesity and type 2 diabetes

13
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mellitus.*’ Aerobic exercise training has multiple beneficial effects on general
health and causes a decrease in insulin resistance, independent of weight loss. The
effects of exercise training on insulin sensitivity are multifactorial:

1.The effects of exercise on insulin sensitivity- effects on visceral adipose tissue
In obese humans, exercise contributes to a restoration of the energy balance, which
can, but not always does, result in loss of body weight. In general, by inducing a
negative energy balance, in which energy expenditure exceeds energy intake,
exercise training will cause a decline in adipose tissue mass.*> Aerobic exercise,
rather than resistance exercise, causes a decline in VAT mass.® This latter effect is
accompanied by an improvement in insulin sensitivity.

2. The effects of exercise on insulin sensitivity — cytokines and inflammation
The acute and chronic effects of exercise on inflammation seem to show a
paradoxical effect. During exercise training, when a negative energy balance is
induced, hypertrophy of adipocytes will decrease, as fat mass declines. This will
cause an improvement in adipose tissue health. In general, this will result in an anti-
inflammatory effect, as the secretion of pro-inflammatory cytokines will diminish
during chronic exercise training.* Intriguingly, an acute exercise bout causes a
pro-inflammatory response, which is for example demonstrated by the higher
risk of occurrence of fever after performing a marathon. Evidence suggests that
this is caused by an increase in the release of pro-inflammatory cytokines.*# The
difference between the pro-inflammatory effect of an acute exercise bout versus
the anti-inflammatory effect of training (i.e. repeated exercise bouts) suggests
the presence of adaptive mechanisms in the secretion of cytokines that mediate
inflammation. However, relatively little work explored these potential adaptive
responses. To examine adaptations in secretory organs such as adipose tissue
gene expression analysis can be used. This technique provides the opportunity
to study transcriptional responses to an exercise (training) stimulus and has been
used extensively to study exercise induced effects on different tissue types.*’#®
With this technique, novel adaptive signaling pathways can be discovered, that will
contribute to our understanding of how adaptation during exercise training occurs
and elicits its effects on improving insulin sensitivity.

3. The effect of exercise on insulin sensitivity — gut microbiome

To date, data in humans on the effects of exercise training on the gut microbiome
is scarce. A cross-sectional observational study in humans reported higher alpha-
diversity of the microbiome in elite rugby players compared to sedentary controls.*
A few prospective studies explored the potential benefit of exercise training on



General introduction |

gut microbiome but lacked outcomes about metabolic health.***" Insight into the
effects of exercise on insulin sensitivity in relation to effects on gut microbiome
may contribute to our understanding of how exercise elicits improvements in
insulin sensitivity.

Outline of this thesis

The general aim of this thesis is to obtain better insight in exercise-induced
mechanisms that contribute to a decrease in insulin sensitivity in obese individuals,
thereby reducing the risk of developing type 2 diabetes mellitus.

An excess of adipose tissue and more particular abundance of visceral adipose
tissue (VAT), is strongly associated with the pathogenesis of diabetes mellitus and
cardiovascular disease. Lifestyle interventions such as dietary caloric restriction
and exercise training provide powerful tools to reduce the amount of adipose
tissue. Previous meta-analyses revealed that caloric restriction is more effective in
reducing body weight when compared to exercise training. However, it is unknown
whether exercise training or caloric restriction causes a larger decrease in visceral
adipose tissue. Therefore, the aim of chapter 2 is to investigate the effect of caloric
restriction versus exercise training on visceral adipose tissue in overweight and
obese individuals with use of a systematic review and meta-analysis. Since previous
work showed that body weight is a poor marker for the quantity of visceral adipose
tissue, the second aim of this study is to examine the relation between changes in
body weight and changes in visceral adipose tissue.

Overweight and obesity is characterized by a chronic inflammatory state. An acute
exercise bout causes a transient rise in circulating pro-inflammatory cytokines
whilst exercise training has anti-inflammatory effects. This suggests the presence of
adaptive mechanisms that occur in repeated exercise sessions that cause a decline
in inflammation in obese individuals. In a study design of repeated exercise bouts,
adaptive mechanisms can be examined. Therefore, in chapter 3 we examine the
effects of repeated prolonged exercise on circulating cytokines and compare these
effects between lean and overweight individuals. We hypothesize that, in contrast
to lean healthy humans, overweight subjects show a larger pro-inflammatory
response to acute exercise with a blunted reaction to repeated exercise.

Exercise training causes improvement in insulin sensitivity via a number of
metabolic adaptations. Part of these adaptations may be related to changes in
circulating inflammatory cytokines, produced in contracting skeletal muscle. In
Chapter 4 we examine circulating levels and changes in RNA-expression in skeletal

15
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muscle of novel and traditional cytokines after a 6-month aerobic exercise program
in obese, insulin resistant women and lean controls and whether these changes
correlate with improvements in insulin sensitivity.

In addition to skeletal muscle, adipose tissue plays a crucial role in glucose
homeostasis. Exercise training elicits numerous effects in both tissues that
eventually cause an improvement in insulin sensitivity. In chapter 5 we investigate
changes in gene expression levels in adipose tissue after an 8-week aerobic exercise
intervention in obese, insulin resistant humans. This analysis allows us to illuminate
molecular signaling pathways in and between both tissues that contribute to an
improvement in insulin sensitivity during an aerobic exercise intervention.

Obesity is characterized by an altered gut microbiome composition and content.
Lack of gut microbiome diversity is believed to contribute to the pathogenesis
of type 2 diabetes mellitus in obese humans. Based on cross-sectional data in
humans and prospective data in rodents, we hypothesize that exercise causes an
improvement in insulin sensitivity by means of changing the gut microbiome.
Therefore, in chapter 6 we examine the effects of an 8-week aerobic exercise
intervention in obese humans on gut microbiome diversity and composition and
relate these effects to changes in insulin sensitivity.

Finally, in chapter 7 a general discussion of the findings of this thesis and
perspectives for future research will be provided.
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ABSTRACT

Exercise training (“exercise”) and hypocaloric diet (“diet”) are frequently prescribed
for weight loss in obesity. Whilst body weight changes are commonly used to
evaluate lifestyle interventions, visceral adiposity (VAT) is a more relevant and
stronger predictor for morbidity and mortality. A meta-analysis was performed to
assess the effects of exercise or diet on VAT (quantified by radiographic imaging).
Relevant databases were searched through May 2014. 117 Studies (n=4,815) were
included. We found that both exercise and diet cause VAT loss (P<0.0001). When
comparing diet versus training, diet caused a larger weight loss (P=0.04). In contrast,
a trend was observed towards a larger VAT decrease in exercise (P=0.08). Changes
in weight and VAT showed a strong correlation after diet (R>=0.737, P<0.001), and a
modest correlation after exercise (R>=0.451, P<0.001). In the absence of weight loss,
exercise is related to 6.1% decrease in VAT, whilst diet showed virtually no change
(1.1%). In conclusion, both exercise and diet reduce VAT. Despite a larger effect of
diet on total body weight loss, exercise tends to have superior effects in reducing
VAT. Finally, total body weight loss does not necessarily reflect changes in VAT and
may represent a poor marker when evaluating benefits of lifestyle-interventions.
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INTRODUCTION

The worldwide prevalence of obesity, characterized by an excess in adipose tissue,
has grown to pandemic proportions.” 2 Multiple reviews have demonstrated that
accumulation of adipose tissue in general, and in the visceral area in particular, is
strongly and positively correlated with all-cause morbidity and mortality.® Since
obesity is an important, but also modifiable, risk factor for cardiovascular and
metabolic diseases #° the WHO has recommended lifestyle interventions to aim at
5-10% reduction in body weight as treatment for obesity.®

Caloric restriction and exercise training cause a reduction in body weight by
inducing a negative energy balance in which energy expenditure exceeds caloric
intake. When comparing hypocaloric diet and exercise training, previous meta-
analyses revealed that dietary restriction has superior effects on weight reduction.”
& However, a growing body of evidence shows that excess visceral adipose tissue
(VAT) may result in more detrimental obesity-related health effects than excess
body weight.? Indeed, increased VAT is strongly associated with insulin resistance,
atherogenic dyslipidemia, and cardiovascular disease.* ' Moreover, a reduction
in VAT improves cardiovascular and metabolic risk.> > Hence, changing VAT is
considered to be more important than weight reduction in the management
of obesity.

In patients with obesity, physical exercise training leads to a healthier metabolic
and cardiovascular phenotype.’*' Whilst exercise training does not always aim to
reduce body weight, exercise training in general and aerobic exercise training in
particular, have potent effects on reducing VAT.'®'® Previous meta-analyses have
evaluated only the effects of caloric restriction and aerobic exercise on weight loss.
The effects of these interventions on VAT have not yet been compared. Therefore,
we aimed to conduct a systematic review and meta-analysis to investigate the effect
of caloric restriction versus aerobic exercise training on visceral adiposity loss in
overweight and obese adults. For this purpose, we included studies that examined
VAT after: 1. Caloric restriction only, 2. Exercise training only, and 3. Aerobic exercise
training versus caloric restriction. We hypothesize that, in marked contrast to body
weight loss, caloric restriction and exercise training have comparable effects on
reducing VAT. With the use of a meta-regression analysis we aim to further explore
the impact of intervention (e.g. duration, intensity, frequency) and subject (e.g. age,
sex, baseline body weight) characteristics on the magnitude of changes in VAT.
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Several international guidelines recommend lifestyle interventions aimed at a
reduction in body weight of at least 5% as treatment for obesity.® ' 2° Previous
work, however, demonstrated that a reduction in body weight is a poor marker
for VAT change.’ Accordingly, changes in VAT may occur irrespective of changes
in body weight. A hypocaloric diet causes a reduction in skeletal muscle mass,
which along with a reduction in fat mass, contributes to weight loss.?" 22 Aerobic
exercise training, however, may be associated with an increase in lean body mass
and/or plasma volume.??% Assuming that fat mass decreases with exercise training,
training may still not lead to weight loss.?* 26 Therefore, we hypothesize that the
relation between changes in body weight and changes in VAT differs between
caloric restriction and exercise interventions.

METHODS

Data sources and searches

The systematic literature search and documentation of literature was performed
with the use of the Preferred Reporting Items for Systematic Reviews and Meta-Anal-
ysis (PRISMA) statement .’ Databases systematically searched were Pubmed, Co-
chrane, Web of Science and Embase. The following search strategy was used, with
adaption for each database: (("Energy Intake"OR"Diet Therapy"OR"(calori*AND re-
strict*)"OR(low AND calori*)OR"dietary intervention*"OR"diet intervention*)"AND
("Overweight"OR"obes*")AND("Abdominal Fat"OR("Adipose Tissue"AND("intra-ab-
dom"*ORintraabdom*ORabdom*ORvisceral*))OR"Body = Composition"OR"abdom-
inal adipos*ORvisceral adipos*ORintra-abdominal fat"OR"abdominal fat"OR"total
body fat"OR"adipose tissue distribution))OR(("Overweight"OR"obes*")AND("Motor
Activity"OR"Exercise"OR"Running"OR"Swimming"OR"Walking"OR"Warm-Up  Exer-
cise"OR"Exercise Therapy"OR"Motion Therapy, Continuous Passive"OR"Sports"OR
"Athletic Performance"OR"Bicycling"OR"Physical Exertion"OR"running" OR"bicy-
cling"OR"cycling"OR"walking"OR"swimming"OR"training"OR"physical activity"OR"
exercis*"OR"cardio-training")AND("Abdominal Fat"OR("Adipose Tissue" AND (in-
tra-abdom*OR"intraabdom*"OR"abdom*"OR"visceral*"))OR"Body Composition" OR"
abdominal adipos"*OR"visceral adipos"*OR"intra-abdominal fat"OR"abdominal
fat"OR"total body fat"OR"adipose tissue distribution")). Randomized Controlled Tri-
als (RCTs), Non-randomized Controlled Trials (non-RCTs) OR Clinical Trials (CT) pub-
lished in English, German and Dutch were included from January 1th, 1987 to May
5th, 2014. Reference lists of included articles were manually checked by RV for pos-
sible eligible studies that were missed during the literature search (Figure 1). This



A systematic review and meta-analysis on the effects of exercise training versus hypocaloric diet |

represents a valid and frequently used method to further increase the number of
potentially eligible studies.

Study selection

To standardize the selection procedure by two independent reviewers (RV and
MM), investigators received a standardized protocol previous to the selection of
studies,. After the elimination of duplicates, one investigator (RV) screened study
titles for eligibility with use of the in- and exclusion criteria in the review protocol,
which are listed below. Two reviewers (RV, MM) independently screened the
abstracts of the remaining studies. 389 studies were assessed in full text (Figure 1).
Inter-reviewer disagreements were resolved through consensus or by consulting a
third reviewer (MH). When study characteristics or viable information was missing,
an attempt was made to request missing information from the authors by email
(n=6 studies; authors of n=2 studies provided requested information). Studies were
included when the mean age at entry was >18 years and mean BMI was >25 kg/m”.
Studies of HIV-infected individuals were excluded because of the interference of
anti-retroviral drugs with abdominal adipose tissue.'® Because spinal cord injuries
are associated with changes in body composition, studies conducted in spinal cord
injured individuals were also excluded.?® Studies with one or more arms assigned
to an aerobic exercise intervention or a hypocaloric diet were eligible for inclusion.
For the first aim, Clinical Trials and Randomized Controlled Trials (RCTs) with one
arm assigned to exercise or caloric restriction were selected. Furthermore, in order
to directly compare duration- and energy deficit- matched exercise training with
caloric restriction, RCT’s with an exercise- and a diet-arm were included. To identify
exercise and subject characteristics that predict the magnitude of change in VAT
using the meta-regression analysis, clinical trials and RCT’s with one arm assigned
to exercise or caloric restriction were selected. Finally, diet and exercise studies that
provided baseline and post-intervention results for VAT and weight were included
for the correlation analysis. Exercise training was defined as a program including
voluntary aerobic exercise at a low to vigorous intensity for at least two times per
week during a minimum period of four weeks and with a minimum duration of
20 minutes per session. Caloric restriction was defined as a daily reduction in
energy (caloric) intake of at least 10% of the habitual intake (2000 kcal for women,
2500 kcal for men) during a minimum period of four weeks. Interventions combining
exercise and diet therapy or adding resistance exercise or bariatric surgery to an
intervention arm were excluded. Studies in which a pharmacological dietary
supplement was used were excluded from our analysis. Studies were eligible when
VAT was measured with the use of Computerized Tomography (CT) or Magnetic
Resonance Imaging (MRI). which are both considered to be the gold standard for
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the quantitative measurement of VAT?. Studies that used another measurement
technique were excluded.

Figure 1. PRISM Flowchart of outcomes of search strategy
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Data extraction and Quality assessment

Baseline and post-intervention mean VAT area or volume and standard deviation or
standard error was independently recorded by two authors (RV, MM). When VAT was
measured at multiple sites, the measurement at the 4" and/or 5" lumbar vertebrae
was recorded for further analysis, since this region is most strongly correlated
with body adiposity.?® Based on changes in visceral abdominal fat area or volume,
percentage change in VAT for each study was calculated by one of the authors (RV)
for the correlation analysis. Percentage weight loss was also calculated based on pre-
and post-intervention values. Furthermore, publication year, journal, study design,
sample size, age, sex, weight, BMI, and intervention details (duration, intensity and
frequency (exercise studies), caloric deficit (diet studies) were extracted from all
included studies. When results were depicted in figures only (n=14 studies), data
were extracted with the use of GetData Graph Digitizer. A request by email was send
to the authors, when key information was not included in the published manuscript
(n=6 studies). Two out of six authors responded to our repeated email requests, thus
the remaining 4 studies were excluded from further analysis.

The quality of each eligible study was independently assessed by two authors
(RV and MM), with the use of a modified version of The Critical Review Form for
Quantitative Studies, from Law et al.**. One item (“contamination was avoided”)
was not applicable for the studies included in this meta-analysis and was therefore
removed for analysis. Only studies with a minimum score of 10 out of 14 items were
eligible for inclusion (Figure 1).

Data synthesis and analysis

To account for potential heterogeneity between studies, a random-effects model
(specified a priori) was used to determine the overall effect size of the intervention
(exercise training or hypocaloric diet) on VAT. Effect sizes for RCTs and clinical trials
were calculated as the standardized mean difference (SMD) with corresponding
95%-Cl. A correlation of 0.5 between the outcomes measured in each study arm
(i.e. exercise, diet, or control) was assumed. When a study contained multiple study
arms, all were included in the statistical analysis, whereby the different intervention
groups were individually compared against the control group. Analyses to assess
the following comparisons: (1) diet versus control; (2) exercise versus control;
(3) diet versus exercise were performed. The Cochrane’s Q statistic and I were
calculated to assess the degree of heterogeneity across studies. Publication bias
was assessed using visual analysis of the funnel plot asymmetry using the ‘trim and
fill’and the ‘Classic fail 'n safe’algorithms. All calculations and plots were performed
in CMA-2 (Comprehensive Meta-Analysis 2nd version, Biostat, Englewood, NJ, USA).
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Meta-regression analysis

To assess the effects of subject and intervention characteristics on VAT loss,
random-effects meta-regression analysis with SMD as dependent variable was
calculated. The weighted inverse variance (with correction for total n) was used
as weight factor. For the purpose of meta-regression analysis, the aerobic exercise
arms (n=86) were separated from the hypocaloric diet arms (n=87). In both study
types, duration of the exercise training or diet intervention (weeks), measurement
technique (CT or MRI), body weight at baseline, age and sex were defined as a
covariate. Duration was assessed as a categorical variable (duration <16 weeks
versus duration of >16 weeks). In the exercise studies, intensity of the intervention
was examined as a covariate. Intensity was categorized in ‘vigourous intensity’
(i.e. largely performed at 70% of maximal heart rate (maxHR) or >55% of maximal
oxygen uptake (VO2max) or 60-80% of the heart rate reserve (HRR)), ‘moderate
intensity’ (60-70% of maxHR, 45-55% of VO2max or at the lactate threshold), and
‘low intensity’ (<60% of HRmax or <45% of VO2max) based on previous work.'®
This categorization is somewhat different from the often used and more practical
categories based on METs as proposed in the ACSM and AHA guidelines (i.e. light
<3.0 METs, moderate (3.0-6.0 METs), vigorous (>6.0 METs).?" 32 Only two studies
included in our meta-analysis provided data on METs. Therefore, we adopted the
aforementioned strategy to divide studies based on intensity. In hypocaloric
diet studies, “intensity” was divided in ‘very low calorie diets’ (VLCDs; reduction
to maximal 800 kcal/day) and ‘low calorie diets (LCDs; caloric restriction to 800-
2000 kcal/day). Lastly, frequency (times spent in training per week) was added as
covariate in exercise studies.

Correlation analysis

To examine correlations between weight loss and VAT improvement a Pearson
correlation coefficient was calculated. The formula of the corresponding trend
line was retrieved with the use of linear regression. Meta-regression analyses and
correlation analysis were conducted with use of SPSS version 20.0.

RESULTS

Selection of studies for the meta-analysis

The original search resulted in 15,964 studies. Eleven more studies were found
from the reference lists of the included full text papers. After removal of duplicates
and elimination of papers based on the eligibility criteria and quality assessment,
50 aerobic exercise studies and 59 hypocaloric diet studies were included (Figure 1).
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For the analysis of a direct comparison between caloric restriction and exercise
training, 8 studies were included. (Table 1; see below) One study, which directly
compared exercise training with caloric restriction was excluded as duration and
energy deficit did not match between the two intervention arms. This study was
included for the separate analysis of diet or exercise training only.

Cohort characteristics

A total number of 4,815 individuals (2,404 in the exercise studies, 2,411 in the
hypocaloric diet studies) participated in the interventions. (Table 1) In the
8 RCT’s that directly compared exercise training and caloric restriction, a total of
400 individuals were included (200 in the exercise arm, 200 in the diet arm).
(Table 2) 28 studies exclusively included male subjects, whereas in 39 studies females
were exclusively included. 55 studies included both sexes. Some studies recruited
specific populations, which included older (aged 50-80 years) individuals (n=4);
patients with type 2 diabetes (n=11), impaired glucose tolerance (n=3) and metabolic
syndrome (n=3). (Table 1)

Meta-analysis

The SMD of change in VAT after exercise training was -0.47 (95%CI -0.56 to -0.39,
P<0.0001). (Figure S1, see below) Heterogeneity analysis showed significant
heterogeneity (Cochran’s Q=265.4; I’=68.0). Through a funnel plot of standard error
by Hedge’s g and the Trim 'n Fill algorithm, publication bias was assessed. With the
use of the Classic Fail ‘n Safe approach, it became clear that there was no significant
publication bias since 7427 missing studies would be required to achieve a p-value
above 0.05. The SMD of change in VAT after caloric restriction was -0.63 (95%Cl
-0.71 to -0.55, P<0.0001) (Figure S2, see below), whilst significant heterogeneity
was present (Cochran’s Q= 236.0; I’= 63.6). In these studies, no publication bias was
present since there would be 4096 studies required to achieve a p-value above 0.05.

Based on the studies that directly compared exercise training and caloric restriction,
exercise training caused a non-significantly larger decrease in VAT (-0.59, 95%Cl
-1.248 to 0.071; P=0.08), whilst caloric restriction caused a significantly larger
weight loss than exercise training (SMD 0.308, 95%CI| 0.02 to 0.60; P=0.04) (Figure 2).
Heterogeneity analysis showed significant heterogeneity (Cochran’s Q=51.9;
1°=86.5). Publication bias was assessed with the Trim ‘n Fill method and showed
no change in SMD when adding trimmed studies, for both the weight loss as VAT
loss data.
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Figure 2. Forest plot of the effect size (SMD) of (A) exercise training versus caloric restriction on weight
loss and (B) exercise training versus caloric restriction on VAT loss. The effect size (SMD) and 95%Cl
for individual studies and the pooled estimate (assessed with the use of Random Effects Model)
are depicted.
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Meta-regression analysis

No effect of measurement technique on the SMD was observed for studies that
performed exercise training or diet (data not shown). In the exercise studies,
univariate analysis revealed that the SMD for VAT improvement was significantly
influenced by sex (R’=0.11; 95%Cl 0.06 - 0.472; P=0.012); duration (R’=0.073;
95%Cl -0.449 to -0.055; P=0.013) and frequency (R*>=0.084; 95%Cl -0.157 to -0.030;
P=0.004). The multivariate regression analysis, which included the factors that
revealed a significant impact in the univariate analysis, identified an impact of male
sex on SMD (R?=0.20; 95%Cl 0.066 to 0.467; P=0.01). In hypocaloric diet studies,
univariate analysis showed a significant effect of male sex only (R?=0.09; 95%Cl
0.116 to 0.632; P=0.005).

Correlation analysis

For exercise studies, a moderate correlation was found between changes in weight
versus changes in VAT after exercise training (R=0.453, P<0.001), whilst diet-
interventions showed a strong correlation between the change in weight versus
change in VAT (R*=0.737, P<0.001) after caloric restriction. Exercise training showed
a somewhat steeper slope compared to diet (-3.04x versus -2.41x, respectively), and
a larger Y-axis intercept (-6.1 versus -1.1, respectively, Figure 3).
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Figure 3. Correlation between %VAT improvement and %weight loss for exercise studies (R*=0.4531,
P<0.001; trendline: y = -3.03x - 6.1), and caloric restriction studies (R*=0.737, P<0.001; trendline:
y =-2.46x-1.1).
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DISCUSSION

The present work is the first meta-analysis to compare the effect of caloric
restriction and aerobic exercise training on visceral adipose tissue (VAT) loss in
overweight and obese individuals. We present the following findings. First, our
results confirm that both caloric restriction and exercise training successfully reduce
VAT. Second, in studies that provided a direct comparison of caloric restriction
and exercise training, a hypocaloric diet resulted in significantly larger weight
loss. Interestingly, these studies reveal a different story for VAT. Exercise training
tends to show a larger decrease in VAT compared to caloric restriction. The distinct
effects of both interventions on total body weight and VAT are supported by the
correlation analysis. Only a moderate correlation was found for the exercise training
cohort between changes in weight and VAT. Furthermore, in the absence of weight
loss, exercise training results in a 6.1% decrease in VAT, whilst a hypocaloric diet
leads to virtually no change (1.1%). This suggests that evaluating only total body
weight changes could lead to spurious conclusions when evaluating the efficacy
of a lifestyle intervention in overweight and obese individuals since health benefits
occur independent of body weight changes. Indeed, even in the absence of weight
loss after exercise training, health benefits such as a reduction in VAT are present.
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In line with previous meta-analyses, we found caloric restriction to have a larger
effect on weight loss than exercise training.”® We extended this finding by a direct
comparison of studies with matched duration and energy deficit in order to more
accurately compare the impact of both interventions. In marked contrast to the
superior effect of caloric restriction on weight loss, no difference in VAT reduction was
observed between caloric restriction and exercise training. In fact, exercise training
tended to have a superior effect on VAT reduction compared to caloric restriction.
A possible mechanism underlying these different effects on weight and VAT could
relate to distinct changes in body composition during these lifestyle interventions.
During caloric restriction, both muscle mass and fat mass are lost, resulting in a
marked decline in weight.?" 22 During exercise training, however, lean body mass and
circulating plasma volume increase, whilst fat mass decreases.?! % 252633 Previous
work that directly measured these factors indeed showed that an increase in lean
body mass counteracts loss of fat mass after 8 weeks of exercise training.>* These
opposing effects resulted in the absence of total body weight loss.>* Appreciating
and understanding these effects are important to acknowledge that exercise training
effectively reduces VAT, despite the absence of a reduction in body weight.

In this meta-analysis, a large number of studies were included. Multivariate
meta-regression analysis on these data showed that male sex is associated with
a larger decrease in VAT, in both exercise and diet interventions. Other subject
and intervention characteristics did not influence the magnitude of VAT loss in
the multivariate model. A possible explanation that underlies the larger effect of
exercise training and caloric restriction on VAT in men is that men typically have
larger VAT stores than women. As a result, this makes male participants more likely
to lose VAT than female participants.*> However, our meta-regression analysis
showed no effect of baseline VAT area on the magnitude of VAT decrease. The exact
underlying mechanisms should be subject for future research.

The distinct effects of diet and exercise training on weight and VAT suggest the
presence of a different correlation between changes in body weight and VAT
after caloric restriction in comparison to exercise training. Indeed, whilst a strong
correlation between changes in body weight and VAT was found after caloric
restriction, this correlation was only moderate for exercise training studies. This
means that a change in weight after hypocaloric diet predicts a substantial effect
on VAT, whereas changes in weight after exercise training only modestly predict the
change in VAT. Furthermore, the trend lines for these correlations show important
differences. The Y-intercept for the correlation of exercise studies is 6.1%, meaning
that the absence of weight loss after exercise training is still correlated with a
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significant and meaningful reduction in VAT of 6.1%. In marked contrast, studies
examining the impact of hypocaloric diet revealed a Y-intercept of only 1.1%, which
means that in the absence of weight loss only 1.1% of VAT is lost. Furthermore,
the steepness of the correlation for exercise training is slightly higher than that
observed after hypocaloric diet. Taken together, these data strongly indicate that a
change in weight, which is currently recommended by international guidelines for
the management of obesity, does not necessarily reflect changes in VAT.

Limitations

The presence of heterogeneity of the included studies may represent a potential
limitation when interpreting the results of this review. However, to correct for
this heterogeneity a random effect approach was selected to perform the meta-
analyses, which was specified a priori. Furthermore, analysis of publication bias
with use of the Classic Fail ‘'n Safe method showed that an unrealistically large
number of studies is needed to influence the significant results obtained in our
meta-analyses. Therefore, we are confident that the heterogeneity observed in the
studies included in this analysis does not impact the major conclusions of our study.
Another limitation might be that our study provides no insight into the potential
impact of ethnicity on our observation, since this subject information was often
lacking in the included studies. However, our analysis is not biased by the inclusion
of a single ethnic group only, since we included studies that were conducted on
all continents.

Clinical relevance

As treatment for obesity, international guidelines including WHO and ACSM
guidelines, recommend a minimum of 5% loss of body weight loss.* 2% Although
in common clinical practice a combination of training and hypocaloric diet is
often prescribed, it is highly relevant to understand the separate effects of these
interventions. Indeed, our study reveals that effects on weight loss and VAT loss are
different in training and diet interventions. For example, a 5% reduction in body
weight after hypocaloric diet has a different effect on VAT than a similar reduction
in body weight after exercise training. Indeed, 5% loss in body weight is associated
with 21.3% reduction in VAT after exercise training, but only with 13.4% reduction
in VAT after a hypocaloric diet. To reduce VAT by 13.4% after exercise training,
weight loss of only 2.4% is needed. Moreover, the absence of a reduction in body
weight after exercise training may lead physicians to incorrectly conclude that the
intervention has failed. This is in accordance with the ACSM position statement on
appropriate physical intervention strategies for weight loss, which also emphasized
that exercise training entails health benefits beyond the effects on body weight.?
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In fact, it is likely that a clinically relevant VAT reduction (of 6.1%) is present in
the absence of weight loss after exercise training, which may lead to reductions
in cardiovascular risk and improvement in metabolic health. Therefore, it seems
incorrect to recommend a 5% weight loss for all lifestyle interventions.

In conclusion, our systematic review and meta-analysis provide evidence that
exercise training, despite smaller effects on reducing body weight, tends to have
superior effects on reducing visceral adipose tissue compared to diet interventions
in overweight and obese subjects. This suggests that changes in body weight
represent a poor marker for adaptation in visceral adipose tissue, especially when
performing exercise training. Our data therefore strongly indicate that, in clinical
practice, caution should be taken when interpreting (lack in) changes of body
weight after exercise training interventions. Incorrect conclusions can potentially
lead to recommendations or suggestions that the exercise intervention was
unsuccessful, despite the presence of a marked effect on body composition. Setting
the correct targets for evaluating the health benefits of lifestyle interventions is
therefore recommended.

Table 1 Overview of the characteristics of the included Exercise training (n=50) and Hypocaloric
diet (n=59) studies.

Data depicted as: Mean * standard deviation or Mean (standard error). Post value —(x) represents
absolute decrease in VAT or weight (unless stated otherwise).

Abbreviations: M=male; F=female; BMI=body mass index; NR= not reported; maxHR = maxium heart
rate; HRR = heart rate reserve; min = minutes; CT = Computed Tomography; MRl = magnetic resonance
imaging; LCD=low calorie diet; VLCD = very low calorie diet; IGT = impaired glucose tolerance
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Table 1. Overview of the characteristics of the included Exercise training (n=50) and Hypocaloric diet

(n=59) studies.

Exercise Training Studies

Reference Groups N (M/F) Age (years) BMI (kg/m?) Intensity
Baria et al.>® Centre-based exercise 10 (10/0) 521+114 30.8+5.1 Personal
Home-based exercise ventilatory
Control 8(8/0) 508+7.7 309+39 treshold
10 (10/0) 534+9.6 29.£1.9
Boudou etal.?”  Exercise 8 (8/0) 429+52 283+39 75% of VO2peak &
5x2 min 85%
of VO2peak
Control 8(8/0) 47.9+8.35 30.85+5.2 alternated by 3x
50% of VO2peak
Cho et al.3® Low-intensity exercise 15 (0/15) 424+76 25.6+1.7 40-50% of
High-intensity exercise VO2max
Control 15 (0/15) 456 4.6 25.1+£20
70-75% of
15 (0/15) 49.2 +£8.7 26.1+£2.7 VO2max
Cuff et al.>® Aerobic exercise 9(0/9) 59.4+1.9 325+14 60-75% maxHR
Control 9(0/9) 60.0+£29 36.7 £2.0
Davidson et al.*® Aerobic exercise 37 (17/20) 68.8+6.0(m) 29.9+3.0 60-75% of
69.1£6.5 (f) 29.2+37 VO2peak
Control 28 (11/17) 67.4+3.8(m) 30520
66.7 +3.7(f) 304+3.2
Dekker et al.*! Obese with T2D 8(8/0) 51.0(3.0) 29.9(1.2) 60% VO2max
Obese 8(8/0) 47.1(3.1) 32.4(0.6)
Despres etal.*>  Aerobic exercise 13 (0/13) 38.8+5.3 345+43 55% of VO2max
Dipietro etal.*  Aerobic exercise 9(2/7) 72(1) 27.5(2.7) 55% of maxHR
during 1 month
75% during
3 months
Control 7(1/6) 73(1) 26.8 (1.5)
Donges et al.* Aerobic exercise 13 (13/0) 45.4(1.7) 32.0(1.3) 75% of age-
predicted maxHR
during first 4
weeks, thereafter
80% of maxHR
Control 8(8/0) 49.5 (2.6) 29.6 (2.1)
Donges et al.* Aerobic 41 (16/25) NR 30.0+55 70-75% of max HR
Control 26 (13/13) 283 +4.1
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Frequency/ Duration Assessment Results VAT Weight (kg)
duration per session (weeks) VAT (pre / post) (pre/post)
3x/week / 12 CT L4-L5 (mm) 113.1+£24.1/ 86.2+19.4/
30-60min 106.6 +22.8 86,1 +£20.7
115.2+20.5/ 909+12.4/
107.4+17.0 89.3+11.9
92.1+£259/ 84.8+7.8/+1.5kg
97.0+ 239
2x/week / 45 min & 8 MRI L4-L5 (cm?)  153.25+ 38.55/ 86.90 + 13.4/
1x/week / 19 min 84.20+21.30 85.00+13.8
156.85+23.40/ 85+13.75/
150.35£23.3 88.75+1.30
3/week 12 CTL4-L5(cm® 9941/ 64.4+6.0/
(duration depending on 79 + 40 62.3+5.5
energy expenditure) 90 +26/ 63.2+64/
83+30 60.4 £ 6.4
106 £33/ 63.0+7.8/
103 +28 645+7.0
3x /week / 75 min 16 CT L4-L5 (cm?) 215.7 (25.8) / 81.2+3.8/
-8.8(5.4) -1.2(0.7)
225.8(8.9)/ 95.6+6.5/
-04(120 +2.0(1.2)
7x/week / 30 min 26 MRI (kg) -11.0(1.9)% NR/-2.7 (3.1)%
NR/-0.1(0.7)%
-0.7 (2.5)%
5x/week / 60 min 12 MRI L4-L5 (kg) 3.8(0.3)/3.1(0.4) 93.5(2.9)/
93.9(3.2)
4.0(0.4)/3.4(0.4) 97.6 (3.4)/
97.2(0.6)
4-5x/week / 12 CT L4-L5 (cm?) 124.7 +48.6/ 90.0+11.8
90 min 121.3+455 / 86.3+9.6
4x/week / 17 CT L4-L5 (cm?) 116 (31) /106 (24) 65 (5)/ 64(4)
40-60min
136(28) /118 (27) 69 (4) / 69(4)
3x/week / 12 CT L4 (cm?) 1371 (113)/ 103.1(4.6)/
40-50min 1222 (100) -1.9 (0.7)%
1383 (164)/ 92.2(6.9)/
1349 (145) +0.1(0.6)%
3x/week / 10 DEXA (kg) 149 +0.55/ 848+ 186/
30-50min 1.38+£0.58 -08+19
1.44+£043/ 83.2+13.4/
1.44 +0.45 +0.6 + 1.3kg
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Table 1. Continued

Exercise Training Studies

Reference Groups N (M/F) Age (years) BMI (kg/m?) Intensity
Donnelly etal.*  Exercise Group men 16 (16/0) 22+4 29.7+£29 60% of HRR
Control Group men with a gradual
Exercise group women 15 (15/0) 24+ 4 29.0+3.0 increase to 75%
Control group women at 6 months
25 (25/0) 24+5 28.7+3.2
18 (18/0) 21+4 293+23
Friedenreich Aerobic exercise 160 (0/160) 61.2£5.4 29.14.5 70-80% of maxHR
etal.V 160 (0/160)
Control 60.6+5.7 293+43
Gan et al.*® Aerobic exercise 18(0/18) 37.4(1.3) 30.9(0.7) 55-70% VO2max
Giannopoulou Aerobic exercise 11(0/11) 57 (entire study)  35.9(2.2) 70% HRR
etal.”
Halverstadt Aerobic exercise 83 (34/49) 579+0.6 360+ 1.1 (% 50% of VO2max
etal.®® body fat) with a gradual
increase to 70%
of VO2max (for
at least 14 w)
Haus et al.>’ Aerobic exercise 16 (5/11) 65+ 1 33+1 60-65% max HR
with a gradual
increase to
80-85% week 4
Heydari et al.>? Aerobic exercise 25 (25/0) 247 +4.8 284+05 80-90% of max
HR during 8 sec
sprint, whereafter
12 sec recovery
Control 21(21/0) 25.1+39 29+09
Hutchison etal.>®* Obese 8(0/8) NR 36.9(2.1) 75-85% of maxHR
ORHIIT:6-8 x5
minutes at 95-
PCOS 14 (0/14) 100% of maxHR
- 1-2 min recovery
Irving et al.>* Low-intensity exercise 11 (0/11) 51+ 9 (entire 347+75 At lactate
group) threshold
High-intensity exercise 347+68 Midway between
9(0/9) lactate threshold
Controls and VO2max (3
days) ; lactate
7(0/7) 32.7+38 threshold (2 days)
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Frequency/ Duration Assessment Results VAT Weight (kg)
duration per session (weeks) VAT (pre / post) (pre/post)
S5x/week / 65 CT L4-L5 (cm?) 97.9+£225/ 94.0+12.6
20-45min 755+183 / 88.8+9.5
91.7+29.7/ 94.1+11.4/
854 +39.7 93.16+11.6
60.6 +25.5/ 77.0+11.4/
574+284 776+128
62.9+21.8/ 799+8.1/
66.0+13.9 82.8+9.2
3.6x/week / 52 CT umbilicus 101.4+554/ 75.6+13.0/
45min (cm?) -16.5 -2.3
103.2+56/ 7631127/
-1.6 -0.5
4-5x/week / 9.7 MRI 2.23(0.12)/2.11(0.12)  94.1(2.0)/
40min L4-L5 (1) 92.8 (2.0)
3x/week / 12 MRI (cm?) 5204 (598) / 92.9(6)/
60-75min 4675 (550) 91.2(5.6)
3x/week / 24 CT (cm?) 127.8 (4.5)/ 80.6+1.6/
20-40min and addition -14.4 (2.4) -1.1(0.3)
of one extra low intensity
exercise session
5x/week / 50-60min 12 CT (cm?) 1824 +215/ 95.7+4.1/
1345+ 15.9 91.9+38
3x/week / 20min 12 CT L4/L5 (9) 62.6(6.2)/ 87.8+27/
51.8(5.1) 86.3+2.7
69.7 (9.7)/ 89+29/
67.3(8.4) 89.4 (3.1)
3x/week / 60 min 12 CT L4-L5 (cm?) 135.1(15.7)/ 99.4 (5.4)/ 96.9 (4.5)
(alternating between 132.7 (18.1)
HIIT and continuous) 96.9 (4.8) /
119.5(16.1)/ 95.3 (4.8)
107.6 (15.1)
5x/week / duration 16 CT L4/L5 (cm?) 153+£51/ 97.2+22/
depended on energy 146 + 49 95.1+19.3
expenditure
173+73/ 93.5+18.3/
148 + 59 90.0+15.6
157+71/ 89.6+11.2/
155+ 71 88.7 +10.6
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Table 1. Continued

Exercise Training Studies

Reference Groups N (M/F) Age (years) BMI (kg/m?) Intensity
Irwin et al.® Exercise 87 (0/87) 60.7 +6.7 304 +4.1 Start 40% of
maxHR with a
gradual increase
Control 86 (0/86) 60.6 +6.8 30.5+3.7 to 60-75%
by week8
Janssen et al.>® Aerobic exercise 84 (84/0) Not depicted for 27.0+4.8 75% of VO2max
in black men entire groups
Aerobic exercise 255 (255/0) 26.7+4.9
in white men
Aerobic exercise 160 (0/160) 28.2+6.1
in black women
Aerobic exercise 243 (0/243) 249+48
in white women
Johnson etal.”  Aerobic exercise 12 (N.R) 49.1 (2.3) 32.2(0.8) Week 1: 50%
of VO2p Week
Stretching control 7 (N.R) 47.3(3.6) 31.1(1.1) 2:60% VO2p
Week 3 and 4:
70% VO2p
Jung et al.*® Moderate intensity 8(0/8) 56.8+8.2 255+15 Goal: intensity
Vigorous intensity at 3.5- 5.2 METs
Control 8(0/8) 484 +6.1 259+16 Goal: intensity
at > 5.3 METs
12(0/12) 555+7.6 27.7+34
Karstoft etal.>®  Continuous 12 (8/4) 60.8+2.2 299+1.6 >55% of
walking group peak energy
expenditure
Interval walking group 12 (7/5) 57.5+24 29.0+1.3 Walking at 70%
of peak energy
Control group expenditure
8(5/3) 57.1+3.0 29.7+19 for 3 minutes,
alternated with
3 minutes of
slow walking
Kim et al.®° Aerobic exercise 24 (24/0) 49.4+9.6 30.7+3.3 Gradual increase
of 50-60% of
maxHR to 60-70%
Ku et al.%' Aerobic exercise 15 (0/15) 557+7.0 27.1+£24 40-50% of
maximal exercise
Control 16 (0/16) 57.8+8.1 274+28 capacity
Kwon et al.5? Aerobic exercise 13 (0/13) 555+75 27.0+25 Anaerobic
threshold
Control 14 (0/14) 575+86 275+30
Lee et al.®® Obese 8(8/0) 47.1+8.1 324+16 ~60% of VO2peak
T2D 9(9/0) 51.0+8.0 299+3.2
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Frequency/ Duration Assessment Results VAT Weight (kg)
duration per session (weeks) VAT (pre / post) (pre/post)
5x/week / 45min 52 CT L4-L5 147.6 (134.3-161) /-85 81.4+14.1/
(g/cm?) -1.3%
147.6 (135.4-
159.8) / +0.1 81.7+12.1/0.1%
3x/week / 50 min 20 CT L4-L5 (cm?) 775+5.1/ 839+16.3/
71.9+52.2 -05+24
109.5+63.6/ 843 +16.3/
1024 +61.2 -03+2.1
69.1 +40.8/ 73.8+16.3/
65.4+37.9 -04+3.0
754+527/ 67.0+13.6/
722 +49.1 -0.1+2.1
3x/week / 4 MRI L4-L5 (cm?) 154.3(18.3)/ 94.4(3.8)/
30-45 min (interval:15 143.6 (18.7) 94.1 (4.0)
min training, 5 min rest) 154.3(21.2)/ 98.8 (6.0) /
158.6 (23.9) 98.6 (6.3)
5x/week / 60min 12 CT L4-L5 (cm?) 15784.6+4662.7 / 63.7+5.0/
(moderate intensity) 13262.5 +3217.8 -2.9% + 2.5%
vs. 30min (vigorous 13726.6+3011.8/ 629+44/
intensity) 12447.4 +2252.6 -2.5% +2.3%
17790.2+5621.7 / 673+9.8/
17372.7 £ 5235.7 -1.5% £ 1.6%
5x/week / 60min 17 MRI, below 45+03/ 88.2+47/
diaphragm (I) 42+04 87.5+48
47+08/ 849+49/
42+0.7 80.7 +4.1
47+04/ 885147/
46+04 89.2+5.2
3x/week / 60min 12 CT L4-L5 (cm?) 197.1+61.9/ 87.7+11.2/
165.7+£57.0 -4.2%
5x/week / 60min 12 CT (9) 15890 + 4593/ 66.3+6.0/
15038 + 3369 -1.9+1.2
17530 £ 4747/ 676+75/
17362 £ 4728 -0.6+0.7
5x/week / 60min 12 CT L4-L5 16291.5+4808/ 66.3+6.5/NR
14682.7+3494 68.0+7.9/NR
17204.5+4674/
17216.3£4560
5x/week / 60min 13 MRI 5cm below  9.2+1.2/ 97.6+89/
to15cmabove 83+ 1.1 97.2+89
L4-L5 (kg) 75+13/ 935+76/
6.7+ 1.5 939+85
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Table 1. Continued

Exercise Training Studies

Reference Groups N (M/F) Age (years) BMI (kg/m?) Intensity
Liao et al.®* Aerobic exercise 32(9/23) 55.8(1.8) 25.6 (0.8) 50% of HRR,
with a gradual
Stretching 32(17/15) 52.2(1.8) 26.6 (0.8 increase to 70%
control group
Malin et al.® Aerobic exercise 35(16/19) 66.8+0.8 35.1+0.7 60-65% of maxHR
first four weeks,
thereafter 80-85%
Malin et al.® Impaired fasting 12 (8/4) 65.1+0.6 338+1.0 60-65% of
glucose (entire group) maxHR first four
IGT 9 (4/5) 327+1.1 weeks, thereafter
increase to
Combined glucose 22(7/15) 356+ 1.0 80-85%
intolerance
Normal glucose
tolerant 15 (4/11) 323+1.2
Type 2 diabetes
18(7/11) 34113
McKenzie et al.’ Males, GG genotype 29 (29/0) 58+1 28.7+0.7 50-70% of HRR
Males, GT+TT
genotype 21(21/0) 61+1 273+08
Females, GG genotype
Females, GT + 38(0/38) 57+1 27.7+0.7
TT genotype
20 (0/20) 58+1 279+1.0
McTiernan Women, aerobic 49 (0/49) 544 +7.1 289+55 60-85% of maxHR
etal.®® exercise
Women, controls 51(0/51) 53.7+5.6 285+45
Men, exercisers
51(51/0) 56.2 +6.7 29.7 £3.7
Men, controls
51(51/0) 56.6+7.6 30.1+4.8
Miyatake et al.®® Aerobic exercise 25 (25/0) NR 285+23 60% of maximum
HR and walking
of an extra 1000
steps/day
Moghadesi Aerobic exercise 8(8/0) NR 303+2.1 Walking 2 miles
etal.”® on 40-59%
Control 8(8/0) 32.0+5.3 VO2max
O’Leary et al.” Aerobic exercise 16 (5/11) 63 (1) 33.2(1.4) Start at 60-65%

of maxHR with a
gradual increase
to 80-85%
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Frequency/ Duration Assessment Results VAT Weight (kg)
duration per session (weeks) VAT (pre / post) (pre/post)
3x/week / 60min 26 CT (cm?) 86.3(8.1)/ 66.1(2.9)/
-16.1 -2.7 (0.4)
112.3(9.9)/ 69.7 (2.6) /
-14.5 -0.9(0.3)
5x/week / 12 CT (cm?) 151.4 (14)/ 99.0+2.4/
50-60min -30.6 -8.1+0.7
5x/week / 12 CT (cm?) 139.9+16.8/ 100/89.9
50-60min 86.6 + 14.4
2159+76.6/ 94.5/87.3
1409 +45.2
187.7+19.1/
172.2+19.9 96.9 /90.1
1374+239/
90.5+21.2 90.1/84.5
139.9+23.7/
109.0+18.1 94 /90.4
3-4x/week / 24 CT (cm?) 150 (129-175) 91.1+£27/
20-40min / -20.1 (5.6) -1.3
131 (110-156) 86.7 3.1/
/-29.9 (9.2) -2.3
110 (100-121)/-7.9(3.1) 73.8+2.0/
111(97-127)/ -04
-0.2(5.6) 76.0+28/
-1.1
6x/week / 60min 52 CT L4-L5 (cm?) 105.9+60.8/ 78+17.8/
100.1 +58.8 -14+-1.8%
102.6 +55.8/ 779+128/
104.2 +£59.6 +0.7 £ 0.9%
161.8+66.3/ 948+ 149/
149.6 £ 76.6 -1.8£-1.9%
176.7 +£79.1/ 974+182/
170.5+733 +0.7 £ 0.9%
1x/week supervised 52 CT (cm?) 109.8+57.2/ 813179/
and daily walking 82.7+426 78174
/ duration NR
4x/week / 30min 12 MRI L4-L5 (cm®) 651.1+31.8/ 86.1+4.6/
602.2+13.7 84.1+43
688.4+106.2/ 90.4+13.9/
692.2+108.8 90.6 + 14.1
5x/week / 12 CTL4-L5(cm?)  175.6(20.2)/ 94.1(4.3)/
50-60min 136.2 (16.9) 90.9 (4.0)
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Table 1. Continued

Exercise Training Studies

Reference Groups N (M/F) Age (years) BMI (kg/m?) Intensity
Park et al.” Aerobic exercise 10 (0/10) 42.2+1.91 253+ 174 60-70% of maxHR
Control 10 (0/10) 43.1+£1.67 25.5+0.86
Prior et al.” Aerobic exercise 34 (34/0) 62+1 28.9+0.7 50-70% of
VO2max
Pritchard et al.”*  Aerobic exercise 14 (14/0) 21.0+0.8 262 +55 50-55% of
VO2max
Redmanetal.’>  Aerobic exercise 8(0/8) 25+1 320+£1.6 55% of VO2max
Reichkendler Moderate dose 18 (18/0) 30+2 286+04 VO2max > 70%
etal.’s aerobic exercise
High dose aerobic 18 (18/0) 28+1 27.6+0.3 VO2max 50-70%
exercise
Control 17 (17/0) 311 28.0+0.6
Sasai et al.”” Moderate intra- 33(33/0) 529+106 29.2+3.1 Anaerobic
abdominal fat treshold
High intra- 24 (24/0) 535+95 30.3+3.1
abdominal fat
Sasai et al.”® Low volume exercise 19 (19/0) 49.7£8.2 31.0+ 41 65-80% of maxHR
High volume exercise
18 (18/0) 454 +8.6 293+20
Schwartzetal.” Young men 13 (13/0) 282+24 26.0+3.5 50-60% of HRR
with a gradual
Older men 15 (15/0) 67.5+58 262+27 increase to 85%
Shojaee- Aerobic exercise 10 (10/0) 47 +3 276+0.6 60-85% of
Moradie et al.®® VO2max
Control 7(7/0) 55+4 27.6+09
Sigal et al.*’ Aerobic training group 60 (39/21) 53.9+6.6 35.6+10.1 60-75% of max HR
Control
63 (41/22) 548+7.2 35.0+95
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Frequency/ Duration Assessment Results VAT Weight (kg)
duration per session (weeks) VAT (pre / post) (pre/post)
6x/week / 60min 24 CT umbilicus 195.0 +12.55/ 63.7 £2.58/
112.4+10.50 -4.7 kg
1829+16.81/ 65.2+1.87/
190.4+£15.74 +0.6kg
3x/week / 26 CT L4-L5 (cm?) 154 (13)/1383 91.4+24/
20-45min -1.6%
7x/week / 57min 13 CT L4-L5 (cm?) 80.8+19.0/52.1+224 82.1+19.9/
77.1+£19.0
5x/week / 23min week 16 MRI (kg) 1.3(0.9-1.9)/ 846+58
1-4; gradual increase 1.2(0.7-1.7) -1+2%
to 58min week 12-16
3x/week 11 MRI L4-L5 (kg) 22+08kg/ 93.2+19/
1.9+ 0.6 kg 89.6 £2.0
4x/week / (duration 2.0+0.7kg/ 91.3+17/
depended on EE) 1.6+0.4kg 88.8+1.6
2.0 +0.6kg / 92.8+2.1/
2.1+0.6 kg 929+2.1
3x/week / 90min 12 CT (cm?) 149.7 +354/ 80.9+10.1/
134.6 +43.1 -23+22
2424+344/ 88.8+11.3/
199.1 £39.7 -3.2+3.0
3x/week / 12 CT (cm?) 188.1+53.9/ 89.8+13.4/
30-60min 170.3 £ 46.6 -2.7+3.1
167.9+443/ 85.7+9.6/
137.9+40.6 -34+26
5x/week / 45min 27 CT (cm?) 66.3 +37.1/ 85.1+15.0/
54.8 +33.6 846+134
1445+494/ 796179/
109.0 £ 44.9 77.1+78
3x/week / >20min 6 CT L4-L5 (cm?) 169.8+13.1/ 874+28/
139.2+10.0 87.6 £2.6
197.0+ 256/ 84.1+25/
181.4 +26.7 833+24
3x/week /15-45min 22 CT L4-L5 (cm?) 257 +161/ 103.5+31.0
244 + 161 /100.9 +30.2
252+ 147/ 101.3+£28.6
250 + 147 /101.0 +£27.8
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Table 1. Continued

Exercise Training Studies

Reference Groups N (M/F) Age (years) BMI (kg/m?) Intensity
Slentz et al.®? Low Amount, 40 (22/18) 54.0+5.5 29.8+3.2 40-55% of
moderate intensity VO2max in order
to reach walking
19.2km/week
Low Amount, 46 (23/23) 53.0+7.0 29.7 £3.1 65-80% of
vigorous intensity VO2max in order
to reach jogging
19.2km/week
High amount, 42 (23/19) 515+53 29.1+£24 65-80% of
vigorous intensity VO2max in order
to reach levels of
jogging 32.0km
Control 47 (23/24) 52377 29.8+3.0 per week
Solomon etal.®®*  Aerobic exercise and 10 (2/7) 67 (2) 34.9(1.1) ~85% of
low glycemic index maximum
isocaloric diet heart rate
Aerobic exercise and
high glycemic index 12 (5/7) 64 (1) 34.1(1.1)
isocaloric diet
Yassine et al.?* Aerobic exercise 12 (NR) 64 +2 353+58 Initially 60-65 of
maxHR with a
gradual increase
to 80-85%
Yoshimura High liver fat group 13 (5/8) NR 302+57 Lactate treshold
etal.®®
Low liver fat group 14 (6/8) 255+3.2
Hypocaloric diet studies
Reference Groups N (M/F) Age (years) BMI (kg/m?)
Alvarez etal.®®  Obese, old 6 (6/0) 60 (2.7) 28.9(1.1)
Obese, young
6(10/0) 32.9(2.3) 30.4(1.0)
Banasik etal.®Z VLCD 15(2/13) 396+134 36.2+6.3
Bosy-Westphal LCD 30 (0/30) 314+6.0 35.5+49
etal.®
Brochuetal® LCD 71(0/71) 58.0+ 4.7 322+46
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Frequency/ Duration Assessment Results VAT Weight (kg)
duration per session (weeks) VAT (pre / post) (pre/post)
Duration and frequency ~ 34-39 CT atL4 pedicle 173+72/ 88.0+16.3/
depended on set goal +1.7+£19.7% -0.7%
for distance/intensity
154 +55/ 85.0+13.4/
+2.5+21.3% -0.8%
168 + 64/ 85.7+12.2/
-6.9 + 20.8% -2.6%
165+ 68/ 869+14.2/
+8.6+17.2% -1.0%
5x/week / 60min 12 CT (cm?) 106.9(12.7)/78.7 (12.1) 97.4(3.8)/
89.6 (3.4)
117.5(26.3)/
73.0(18.5) 94.7 (4.4)/
85.7 (4.1)
S5x/week / 12 CT (cm?) 192.3+104.3 99.7+£15.7/
50-60min /1584 +87.0 959+ 14.6
3/week / 60min 12 CT L4-L5 (cm?) 213+63/ 783+17.1/
187 + 66 -3.6%
139+59/ 66.0+11.8/
116+ 61 -3.3%
Caloric restriction Duration Assessment Results VAT Weight (kg)
(weeks) VAT (pre / post) (pre/post)
Reduction of 13 CT (cm?) 184 (27)/ 91.2(4.1)/
500-800 kcal/day 140 (31) 83.9(4.0)
135(17)/ 97.9(4.3)/
107 (14) 90.2 (3.8)
Restriction to 4 CTL4-L5(cm? 139.8+82/ 104.1 +26.8/
800 kcal/day 120.8+85.9 9731264
Restriction to 800- 14.2 MRI (cm?) 1757 £ 826/ 101.0 £ 18.3/
1000 kcal/day 1530+ 755 91.2+174
Reduction of 500- 26 CTL4-L5(cm? 186+56/ 83.6+14.4/
800 kcal of baseline -23+30 -51+4,7

resting metabolic
rate (determined by
indirect calorimetry)
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Table 1. Continued

Hypocaloric diet studies

Reference Groups N (M/F) Age (years) BMI (kg/m?)
Chan et al.® Hypocaloric diet 20 (20/0) 46 + 8 (entire 35+1.0
group)
Isocaloric diet 15 (15/0) 31+0.7
Colles et al.2* VLCD 32(19/13) 47.5+83 473 +£55
Collins et al.22 LCD 30(3/27) 53 56.0(1.0)
Conway etal.22 VLCDandLCDin 8(0/8) 348+7.2 40.0+£5.0
black women
VLCD and LCD in 10 (0/10) 38616.3 38.2+8.1
white women
Cooperetal® LCD (2/43) 475+6.2 440+6.6
Dengo et al.® LCD 36 (15/11) 61.2(0.8) 30.0 (0.6)
(combined
Control groups) 66.1(1.9) 31.8(1.4)
Trussardi LCD only 18 (6/12) 30.1+55 347+24
Fayh et al.%®
Fisher et al.” LCD 29 (0/29) NR 28+ 1
Fujioka etal.®®  LCD in visceral 14 (0/14) 39.6+94 343+3.2
fat obesity
LCDin 26 (0/26) 37.1+£99 36.0+5.7
subcutaneous
fat obesity
Gasteyger LCD in women 85 (0/85) Median Median
etal.®2 43 (21-67) 37.3(31.4-48.8)
LCD in men 26 (26/0) 41 (20-61) 36.6 (33.5-41.9)
Giannopoulou LCD 11(0/11) 57 (no SE) 359(2.2)

et al.®?
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Caloric restriction Duration Assessment Results VAT Weight (kg)
(weeks) VAT (pre / post) (pre/post)
reduction in energy 16 MRI (kg) 7.1(0.5)/ 109 (2)/
intake by ~33% 5.4(0.4) 96 (3)
6.9(0.4)/ 105 (3)/
6.7 (0.4) 109 (2)
Restriction to 12 CT and MRI 346.3+103.3/ 139.8+11.0/
456-680 kcal/day L2-L3 (cm?) 285.1+89.3 125.0+11.7
Restriction to 9 CT (cm?) 388.0(31.2)/ NR
800kcal/day 342.1 (23)
During first twelve 24 CT L4-L5(cm? 105 (25)/ NR
weeks: restriction 74 (23)
to 800 kcal/day
During week 12-24: 160 (70) /
restriction to 1200- 105 (63)
1500 kcal/day
Restriction to 1200- 52 CT (cm?) 186.9+629/ 118.6 + 16.6/
2100 kcal/day -28.7 £ 46. -88+59
Restriction to 1200- 12 CT (cm?) 177 (15)/ 84.6(2.6)/
1500 kcal/day 133(12) 77.5(2.2)
188(18)/ 91.0 (4.8)/
186 (17) 90.4 (4.9)
Reduction of 500- 11.4 CTL4-L5(cm? 136.1+64.0/ 95.8+13.7/
1000 kcal/day 1125+ 54.0 915+ 14.2
Restriction to 8 CTL4-L5(cm?) 93+35/ 78+8/
800 kcal/day 58+ 26 66+7
Gradual decrease 8 cT() 69+3.1/ 83.9+128/
over 8 weeks 43+29 71.9+104
to 800 kcal/day 3917/ 876+173/
restriction, and rise 26%1.1 753 +£15.1
to ~1100 kcal/day
before discharge
Restriction to 800- 8 MRI L4-L5 123 (44-288) / Only %loss:
1000 kcal/day (cm?) -23.7% -6+ 5%
162 (73-265) / 0+2%
-38.4%
Reduction of 14 MRI (cm?) 4785 (480) / 92.4(5.9)/
600 kcal/day 4425 (435) 88.8(5.7)
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Table 1. Continued

Hypocaloric diet studies

Reference Groups N (M/F) Age (years) BMI (kg/m?)
Goss et al.1® High glycemic 29 (14/15) 346 8.1 30.9+45
load LCD
Low glycemic 40(17/23) 35.6+4.3 324+4.1
load LCD
Gray et al.!2 VLCD 10(0/10) 37+4 35.1+2.1
Gu et al.\2 VLCD 46 (27/19) NR 326+0.6
Haufe et al.’® Reduced 52 (8/44) Subgroups: Subgroups:
carbohydrate LCD 42 +9and 32.0+3.3and
45+8 35.6x4.7
Reduced fat LCD 50 (10/40) 44+9and 46 +9 31.9+3.9and
339+3
Ibanezetal® LCD 12 (0/12) 51455 346+34
Control 9(0/9) 50.2+6.8 350 +36
Jang et al.\® LCD 177 (NR) 40.0 (1.04) 27.1(0.22)
Janssen Men, LCD 10 (10/0) 456 (2.1) 31.6(0.9)
et al.l%
Women, LCD 10 (0/10) 39.6 (2.4) 34.5(1.4)
Kanai et al./Z LCD 26 (0/26) 50+13 33.7+3.1
Kim et al.’® LCD in wild type 224 (144/110) 52.7 (1.31) 25.9(0.29)
(entire study)
LCDin only 52.4(1.05) 25.8(0.29)
Kim et al.’® UCP3 variant
LCD in only 55.4(1.52) 25.9(0.64)
3-AR variant
LCD in both 54.3 (1.65) 25.4(0.51)
variants
Kim et al.’® LCD 27 (27/0) 45.8(1.7) 30.5(0.7)
Kockx et al.l® LCD 50 (25/25) 38455 313145
Laaksonen VLCD 20(9/11) 46.7 £ 8.7 358+95

etal.l!
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Caloric restriction Duration Assessment Results VAT Weight (kg)
(weeks) VAT (pre / post) (pre/post)
8 weeks 8 CTL4-L5(cm? 80.6+483/ 94.3 +20.4/
eucaloric diet 824 +57.9 89.4+20.9
8 weeks hypocaloric
diet with a 1000 89.5+46.3/ 98.4+17.9/
kcal-deficit 81.5+494 929+ 18.1
Restriction to 10 MRI (cm?) 96+36/ 90.6 £8.1/
650 kcal/day 70+ 26 -10.6 £3.8
Restriction to < 8 MRI L4-L5 113.9(5.8)/ 96.1(2.7)/
800 kcal/diet (cm?) 79.8 (3.7) 87.4 (2.5
Reduction of ~30% 26 MRI (kg) 1.8+1.1/ 95.0+15.9/
baseline food 1.4+09 89.5+14.9
(to a minimum
of 1200 kcal)
19+1/ 93.6+17.3/
1.5+£09 89.4+17.0
Reduction of 16 MRI (cc) 3340+977/ 88.0+15.2/
500 kcal/day 2724 £ 1052 823+ 14.0
3175+1122/ 889+11.4/
3157 £1073 88.8+10.5
Reduction of 12 CT L4 (cm?) 88.3(2.81)/ 71.1(0.69) /
300 kcal/day 77.8(2.58) 67.8 (0.58)
Reduction of 16 MRI5 cm 188 (22)/ 98.1(3.5)/
1000 kcal/day below L4-L5 -58(10) -12%
from baseline to 15cm 142(17)/ 929 (5.0)/
isocaloric diet above L4-L5 -51(7) -12%
(cm?)
Restriction to 12 CT umbilicus 168+12/ 81.3+12.1/
1200 kcal/day (cm?) 124 + 65 71.9+10.0
Reduction of 12 CT L1 (cm?) 274.1(10.4)/ 69.3(1.17)/
300 kcal/day 254.0 (10.6) 65.9(1.17)
296.8 (10.5)/ 69.4(1.06) /
276.7 (9.6) 66.1(1.04)
281.9(10.5)/ 67.4(1.69)/
273.2(9.6) 63.9 (1.68)
281.0(10.5)/ 70.0 (2.13)/
272.3(10.5) 66.7 (2.09)
Average restriction 12 CT umbilicus 195.1(14.2)/ 89.4(2.4)/
to 1547 kcal/day (cm?) 129.4(10.9) 79.9 (2.7)
Reduction of 13 MRI (cm?) 98+31/ 85.9+8.8/
1000 kcal/day 66 + 26 74989
Restriction to 9 CT L4 (cm?) 216 +49/ 101.3+£12.0
800 kcal/day 148 + 31 /86.4+9.6
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Table 1. Continued

Hypocaloric diet studies

Reference Groups N (M/F) Age (years) BMI (kg/m?)
Langendonk VLCD in lower 8(0/8) 35.0(1.7) 33.2(1.6)
et al.l2 body obese
VLCD in upper 8(0/8) 38.3(2.9) 33.9(1.1)
body obese
Larson-Meyer  Control 11 (5/6) 37(7) 27.8(2.0)
etall:
LCD 12 (6/6) 39(5) 27.8(1.4)
Lee et al.n4 LCD 33(0/33) 32485 271123
Leenen etal.l’> LCDinwomen 33(0/33) 39+5 31.3+22
LCD in men 27 (27/0) 40+ 6 30.7+22
Maki et al.1 LCD with 65 (25/40) 499+11.4 345+37
diacylglycerol
supplements
LCD with 62 (25/38) 48.1+11.2 33.9+37
triacylglycerol
supplements
Murakami LCD 18(10/8) 48.2(1.9) 27.8(0.5)
et al.lz
Ng et al.8 LCD 20 (20/0) NR 35.2(1.0)
Nicklas etal.’2 LCD 34 (0/100) 584+6.0 33.9+40
Okhawara LCD 9(9/0) 50.1+129 279+23
et al.l®
Okura et al.’2! LCD in intra- 31(0/31) NR 294+3.2
abdominal
fat obesity 34 (0/34) 278+20
LCDin
subcutaneous
fat obesity
Pierce et al.'22 LCD 26 (15/11) 49,5 (2.5) 29 (1)
Control 14 (9/5) 40.8 (3.3) 31(1)
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Caloric restriction Duration Assessment Results VAT Weight (kg)
(weeks) VAT (pre / post) (pre/post)

Restriction to 17 MRI L4-L5 303 (37)/ 93.4(5.0)/
478 kcal/day (cm?) 155 (25) 79.2(4.7)

583(77)/ 94.1 (3.0)/

359 (47) 79.7 (2.3)
Reduction of -25% 24 CTL4-L5(kg) 2.9(0.4)/ 81.8(2.8)/
from baseline energy 2.8(0.4) 81.9(2.8)
requirements 3.2(0.5)/ 81.0(3.3)/

2.3(0.4) 72.6(3.1)
Restriction to 12 CTL4-L5(cm?) 79.6+283/ 702+82/
1200 kcal/day 769 +29.1 68.2+6.4
Reduction of 13 MRI (cm?) 103+£35/ 869+7.6/
1000 kcal/day -33+£21 -124+£43

155 + 38/ 97.4+8.0/

-61+£26 -13.5+35
Individual diet 24 CTL4-L5(cm? 1504 +10.7/ NR
with reduction of -38+3
500-800 kcal/day

160.6 £9.9/

-17+£8
Restriction to 12 CT (cm? 130.6 (16.1) / 72.5(2.2)/
1000-1500 kcal/day 97.9(11.4) 66.4
(women); 1500-1700 71.5(2.0)/
kcal/day (men) 62.9(1.8)
Restriction to 14 MRI (kg) 7.1(0.5)/ 109.3(2.3)/
1467 kcal/day 5.4(04) 96.0 (2.7)
Reduction of 20 CT L4-L5 (cm®) 2369+870/ 91.8+104/
400 kcal/day -612 +338 -11.8+£4.1
Restriction to 13 CT umbilicus 186 +41.9/ 81.1+5.6/
1680 kcal/day (cm?) 97 +17.7 694 +4.4
Restriction to 14 CTL4-L5(cm?) 148+41/ 715+88/
1130 kcal/day -37+19 -70+24

68 +24/ 67.5+5.9/

-23+£17 7936
Individualized 12 CTL4-L5(cm? 128(10)/ 85(3)/76(2)
diet with pre-set 84(7)
weight loss goal 150(19)/ 94 (3) /95(3)
(minimum calories 154 (19)

1200 kcal/day)
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Table 1. Continued

Hypocaloric diet studies

Reference Groups N (M/F) Age (years) BMI (kg/m?)
Purnell etal.’2 LCD 21(21/0) 65 (60-75) 31(27-37)
Purnell etal.’* LCD 13 (5/8) NR 35+48
Richesetal.’>> LCD 12 (12/0) NR 34.1(1.0)

Isocaloric diet 14 (14/0) 34.6(0.7)
Ross et al.2® LCD 11 (11/0) 46.8+7.6 31627
Rossi et al.12¢ LCD 24 (13/11) 46.7 £ 143 354+45
Ryan et al.'ZZ LCD in NGT 29 (0/29) 60 (1) 32.8(0.9)

LCD in IGT 17 (0/17) 65 (2) 32.7(1.2)
Ryan et al.122 LCD 23(0/23) 56 (1) Range: 25-48
Saiki et al.'2 LCD 22(16/6) 53.6+84 304+53
Shin et al.’3® LCD in MAO 106 (0/106) 39.8+12.2 28.0+26

23 (0/23)

LCD in MHO 364+11.2 27.2+1.94
Snel et al.’>! VLCD 14 (8/6) 53(2) 35.2(1.1)
Stallone LCD 11(0/11) 52 (no SD) 37.0+t45
et al.2
Svendsen VLCD 10 (0/10) Median (range) NR(minimum for
etal.!s 34 (28-27) each subject: 28)
Tchernof LCD 25 (0/25) 57255 353+40

et al.>
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Caloric restriction Duration Assessment Results VAT Weight (kg)
(weeks) VAT (pre / post) (pre/post)

Restriction to 13 CT umbilicus 201 +51/ 9%6+11/

1200 kcal/day (cm?) 153 +49 86+ 11

Restriction to 1000 13 CT umbilicus 146 + 57/ 99 (no SD) / 82

kcal/day for 3 (cm?) 77 +47

months, thereafter

gradual transition

during 2 weeks

to a solid diet

Restriction to 14 MRI L3 (cm?) 322.8(23.4)/ 106.3 (4.1)/

1200 kcal/day 222.1(22.1) 95.9 (4.0)
309.6 (20.3)/ 108.2 (2.4)/
296.7 (15.1) 109.1 (2.6)

Reduction of 16 MRI (1) 47+1.6/ Only %loss

1000 kcal/day -1.5+0.8 -11.5%

Reduction of 500 13-26 MRI L4-L5 1748+94.7 / 98.4+15.9/

kcal below daily (cm?) 1189+76.3 89.7+14.8

energy expenditure

Reduction of 26 CTL4-L5 (cm?) 146.9 (12.6)/ 88.3(2.8)/

500 kcal/day 127.1 (11.7) 81.9(2.9)
148.7(11.6) / 84.4(3.7)/
126.5 (9.7) 77.0 (3.3)

Reduction of 26 CTL4-L5(cm? 1404 (12.1)/ 88.8(3.8)/

250-350 kcal/day 115.1(11.5) 83.6(3.7)

Restriction to 740 4 CT L4-L5(cm? 233.1+66.5/ 85.2+17.0

or 970 kcal/day 191.0+67.0 79.0+17.2

Reduction of 12 CT L4 (cm?) 95.1+34.0/ 71.2+83/

300 kcal/day 89.5+33.4 -3.16+4.08%
69.0+18.5/ 70.5+5.1/
636+ 155 -2.83+£2.74%

Restriction to 16 MRI L5 (ml) 553(47)/ 107 (4)/

450 kcal/day 228 (46) 83 (4)

3 months restriction 26 CT L4 (cm?) 148 +75.4/ 94.8+10.8/

400-800 kcal/day, 2 -52.9+38.0 -188+6.9

months refeeding,

1 month 1200-

1500 kcal/day

Restriction to 8 CTumbilicus ~ 125.9+115.2/ Only %loss:

500-600 kcal/day (cm?) 109.8 £90.3 -11%

Restriction to 13.9 CTL4-L5(cm?) 202+73/ 93.0+10.7/

1200 kcal/day 128 £57 79.5+11.0
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Table 1. Continued

Hypocaloric diet studies

Reference Groups N (M/F) Age (years) BMI (kg/m?)
Tiikainen Women with 11(0/11) 37 (1) 33(1)
etal.* high liver fat
Women with 12(0/12) 37(2) 32(10)
low liver fat
Toledo etal.*® LCD 7(3/7) 46.1(2.0) 33.4(1.2)
Van Dam VLCD in ovalutory ~ 9(0/9) 30(2.5) 37.5(1.6)
et al.lZ responders
VLCD in ovalutory 6 (0/6) 30(1.8) 419 (3.6)
non-responders
Van der Kooy = Obese women 40 (0/40) 39+6 31.3+23
et al.l8
Obese men 38(38/0) 406 30723
Viljanen VLCD 16 (4/12) 45 (2.5) 33.3(1.1)
et al.®
Vissers etal.’® LCD 20 (5/15) 455+ 13.1 329+3.1
Control 21 (5/16) 448+ 114 30.8+34
Wahlroos VLCD (n=13) 13(0/13) 45+7
et al.
Weinsier LCD in white 23(0/23) 37.0+59 29.0+1.5
et al.'#2 women
23(0/23) 355+59 28.7+1.8
LCD in black
women
Zamboni VLCD and LCD 16 (0/16) 388+ 14.1 38.2+69

etal.®
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Caloric restriction Duration Assessment Results VAT Weight (kg)
(weeks) VAT (pre / post) (pre/post)
Reduction of 18-19 MRI (cm?) 1665+ 141/ Only %loss:
600-800 kcal/day -383 £ 67 -8.4(0.2)%
1497 £ 167/ -8.3(0.2)%
-441 £ 122
Reduction of 25% 19.2 CTL4-L5(cm?) 207.9 (24.7)/ 95.0 (4.3)/
of calorie intake 172.1(32) 84.4(2.7)
(both groups)
Restriction to 8 MRI L4-L5 138(17)/ NR
470 kcal/day (cm?) 91(18)
166 (29) /
114 (217)
Reduction of 13 MRI (cm?) 106 + 50/ 86.5+8.7/
1000 kcal/day -37+£29 -126£3.9
154 +40/ 983+7.2/
-61 + 25 -13.3+£3.0
Restriction to 6 MRIL2/L3 (kg) 1.6(0.2)/ 95.7 (3.3)/
550 kcal/day 1.2(0.1) 84.6 (2.9)
Reduction of -600 26 CTL4-L5(cm? 134.8+57.3/ 921 +11.1/
kcal/day (for all -26/3 +29.2 -6.1+4.6
diet groups) 111.5+47.6/ 88.6+15.9/
-3.6+20.5 +09+34
Restriction to 6 MRI L4-L5 22400+11300/ 118.8 + 16.6/
450-800 kcal/day (mm?) 18300+8700 1100+ 17.5
Restriction to 22 CTL4-L5(cm? 113.0+39.2/ 79.1+5.0/
800 kcal/day 67.0+ 238 66.0 + 4.8
67.6+18.0/ 782+89/
41.8+16.9 65.6+7.7
First two weeks 16 CT L4 (cm?) 167 +80.3/ 1043 +18.1
restriction to 307 933+61.6 88.1£11.6

kcal/day (VLCD)

LCD for a mean
duration of 14 weeks
with restriction to
1003 kcal/day
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Table 2. Characteristics of included studies (n=8) that directly compared exercise training with

hypocaloric diet

Reference Groups N(M/F)  Age BMI (kg/ Intensity (exercise
(years) m?) studies)Caloric restriction
(hypocaloric diet studies)
Christiansen Aerobic exercise 19(9/10) 37.2+7 333+4 70% of HRR
etal.'* LCD 19(10/9) 356+7 353+4 Restriction to 600 kcal
during 8 weeks
Coker etal.' Aerobic exercise 6 (2/4) 55(2) 32(1) 50% of VO2peak
LCD 6(3/3) 58 (2) 30 (0) Reduction of 1000 kcal/
Control 5(3/2) 59(2) 31 (1) week in week 1,and a
further addition of 500
kcal each week until a
reduction of 2500 kcal/
week was reached
Koo et al.'*® LCD 19(0/19) 57+8 27.1(no  Restriction 1200 kcal/day
Aerobic exercise 13(0/13) 59+4 SD) Depending on energy
Control 18(0/18) 57+8 255 expenditure
28.5
Nordby et al.'"”  Aerobic training 12(12/0) 28(1) 28.3(0.3) 65% HRR, alternated with
LCD 12(12/0) 32(2) 28.0(0.4) HIIT (bouts at 85% HRR)
Control 12(12/0) 31(2) 28.0(0.4) Reduction of 600 kcal/day
Oh et al.'*® Aerobic exercise 108 NR 29.2(0.3) 60-85% of maxHR
LCD (108/0) (adults) 29.4(0.4) Restriction to 1680 kcal/day
104
(104/0)
Racetteetal.'® LCD 19(7/12) 55.6(0.8) 27.2(0.6) Reduction of 16% of
Aerobic exercise 19(7/12) 58.8(0.6) 27.2(0.4) caloricintake 3 months,
Control 10 (4/6) 56.0(0.9) 27.9(0.4) reduction of 20% 9 months
Depending on energy
deficit (same reduction
as diet groups)
Ross et al.'® LCD 15(0/15) 43.9+49 319128 Reduction of 500 kcal/day
Aerobic exercise  17(0/17) 43.2+5.1 328+3.9 ~80% maxHR
Control 10(0/10) 43.7+64 324+28
Ross et al.™ LCD 14 (14/0) 42.6+9.7 30.7+1.9 Reduction of 700 kcal/day
Aerobic exercise 16 (16/0) 450+7.5 323+1.9 ~75% maxHR
Control 8(8/0) 46.0£10.9 30.7%1.6

Data depicted as: Mean * standard deviation or Mean (standard error). Post value —(x) represents

absolute decrease in VAT or weight (unless stated otherwise).

Abbreviations: M=male; F=female; BMI=body mass index; NR= not reported; maxHR = maxium heart
rate; HRR = heart rate reserve; min = minutes; CT = Computed Tomography; MRl = magnetic resonance
imaging; LCD=low calorie diet
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Frequency/duration per Duration Assessment  Results VAT(pre / Results
session (for exercise only) (weeks) VAT post) weight (kg)
(pre / post)

60-75 min per session, 3x/week 12 MRI 3038.3+1086.1/ 100.9/

12 (4 weeks -18.4% + 2.8 -3.5kg
mainte- 3437.5+1516.2/ 107.8/
nance) -30.2% + 3.2 -12.3

Depending on energy 12 CT (cm?) 245 (31)/ 91(3)/91(3)

expenditure (week 1: 1000 228 (24) 86(2)/81(2)

kcal with a gradual increase 199 (12)/ 89 (4)/91 (4)

to 2500 kcal/week) 170(11)

198 (17)/
170(11)

7 days/week, 120 minutes 12 CTL4-L5 (cm?) 157.8/151.7 67.4 (no
162.4/146.9 SD)/ 62.4
172.4/163.4 64.0/ 62.4

66.0/65.8

7 days/week, duration depended 12 MRIT11-L5(L) 1.60(0.12)/ 94.5(2.3)/

on energy expenditure -0.53 88.6(2.3)

(600 kcal per session) 1.83(0.18)/ 91.2(1.8)/
-0.25 85.9 (2.2)%
2.12(0.21)/ 922 (2.7)/
-0.02 92.1 (2.5)

3 days/week, 40-60 minutes 12 CT (cm?) 178.1 (5.5)/ 85.2(1.0)/
156.4 (5.0 82.6 (1.0)
159.0 (6.2) / 84.9(1.3)/
123.3(5.2) 777 (1.2)

7 days /week, duration 52 MRI (cm?) 824.7 +143,4/ 78.5(2.3)/

depending on energy deficit 633.5+95.6 70.5(2.3)
1123.5+131.5/ 77.5(2.4)/
513.9+107.6 71.0 (2.4)
1159.4+203.4/ 81.93.7)/
1004 = 155 80.0 (3.7)

7 days/week, 63 minutes 14 MRI (kg) 24+12/ 86.6 +10.9/
19+1.0 80.1+11.2
23+0.8/ 86.8 +10.9/
1.6+0.7 80.9+10.8
23+09/ 88.1+8.2/
22+09 88.6+7.4

7 days per week, 60.4 minutes 14 MRI L4-L5 (kg) 3.2+1.0/ 96.1+8.7/
-25.2(2.0)% -7.7 (0.2)%
39+1.0/ 101.5+7.7 /
-27.5(1.9)% -7.5(0.3)%
41+1.7/ 96.7 £9.0/
-1.9 (2.7)% -0.2 (0.4)%

59
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Supporting Information

Figure S1. Forest plot of the effect size (SMD) of exercise training on VAT loss. The effect size (SMD) and
95% Cl for individual studies and the pooled estimate (assessed with the use of Random Effects Model)

are depicted.

Exercise Training
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Figure S2. Forest plot of the effect size (SMD) of hypocaloric diet on VAT loss. The effect size (SMD) and
95% Cl for individual studies and the pooled estimate (assessed with the use of Random Effects Model)
are depicted.
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ABSTRACT

Objectives. Obesity is characterized by a pro-inflammatory state, which plays
a role in pathogenesis of metabolic and cardiovascular disease. An exercise bout
causes a transient increase in pro-inflammatory cytokines, whilst training has
anti-inflammatory effects. No previous study examined whether the exercise-
induced increase in pro-inflammatory cytokines is altered with repeated prolonged
exercise bouts and whether this response differs between lean and overweight/
obese individuals.

Design. Lean (n=25, BMI 22.9+1.5kg/m?) and age-/sex-matched overweight/obese
(n=25; BMI 27.9+2.4kg/m?) individuals performed walking exercise for 30, 40 or
50 km per day on four consecutive days (distances similar between groups).

Methods. Circulating cytokines (IL-6, IL-10, TNF-q, IL-1 and IL-8) were examined at
baseline and <30 minutes after the finish of each exercise day.

Results. At baseline, no differences in circulating cytokines were present between
groups. In response to prolonged exercise, all cytokines increased on Day 1 (IL-10:
P=0.02; other cytokines: P<0.001). IL-6 remained significantly elevated during the
4 exercise days, when compared to baseline. IL-10, TNF-q, IL-13 and IL-8 returned
to baseline values from exercise day 2 (IL-10, IL-1(, IL-8) or exercise day 3 (TNF-a)
onward. No significant differences were found between groups for all cytokines,
except IL-8 (Time*Group Interaction P=0.02).

Conclusion. These data suggest the presence of early adaptive mechanisms in
response to repeated prolonged walking, demonstrated by attenuated exercise-
induced elevations in cytokines on consecutive days that occurs similar in lean and
overweight/obese individuals.
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INTRODUCTION

In individuals with obesity, a chronic state of low grade-inflammation is present
which is characterized by elevated circulating levels of cytokines.” This chronic
inflammation is associated with the pathogenesis of cardiovascular and metabolic
diseases, which are strongly associated with obesity.>? Exercise training represents
a potent non-pharmacological intervention with strong anti-inflammatory effects,
leading to lower levels of circulating pro-inflammatory cytokines and increased
expression of anti-inflammatory cytokines.* Paradoxically, an acute exercise bout
elicits a pro-inflammatory response, characterized by a transient rise of pro-
inflammatory cytokines.>® The response of cytokines to acute exercise seems dose-
dependent, as higher cytokine levels are observed after exercise of higher intensity
and/or longer duration.® To support these observations, flu-like symptoms have
been reported in relation to an exhaustive acute exercise bout, such as a marathon,
which are accompanied by a (transient) rise in circulating cytokines.® Even exercise
bouts of lower intensity have shown to cause a rise in pro-inflammatory cytokines.®

The pro-inflammatory effects of acute exercise versus the anti-inflammatory effect
of regular exercise training imply the presence of an adaptive mechanism. Repeated
exposure to the pro-inflammatory effects of acute exercise may induce an adaptive
response, leading to an attenuated exercise-induced release of cytokines, as was
previously demonstrated for Interleukin-6 (IL-6) in trained cyclists performing
repeated exercise bouts of prolonged duration and moderate intensity (~72% of
maximal heart rate).” In recent years an increasing number of voluntary exercise
events, characterized by repeated prolonged exercise on consecutive days (e.g.
walking, swimming, hiking, cycling), is organized. Since the release of cytokines
in response to acute exercise seems to increase with longer duration and higher
intensity,® it is highly relevant to examine physiological responses of cytokines to
repeated prolonged exercise during such events.

Obesity is characterized by the presence of low grade inflammation.® Accordingly,
the acute changes in cytokines in response to prolonged exercise may be affected
in overweight individuals because of the presence of higher circulating cytokine
levels in resting conditions.

Therefore, the aim of this study is to examine differences in the effect of repeated
moderate-intensity prolonged exercise (i.e. prolonged walking 30, 40 or 50km on
four consecutive days during the Nijmegen Four Day Marches, a voluntary walking
event) on circulating cytokine levels (IL-6, IL-10, Tumor necrosis factor (TNF)-a, IL-1(3,
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and IL-8) and between lean and overweight/obese individuals. We hypothesize that
the presence of low-grade inflammation at baseline in overweight/obese subjects
leads to exaggerated increases in pro-inflammatory cytokines in response to
prolonged exercise when compared to lean individuals.

METHODS

A total of 50 adult participants of the Nijmegen Four Days marches were included.
Subjects were recruited form a cohort of participants in the Nijmegen 4 Day Marches
that filled out a questionnaire as part of the Nijmegen Exercise Study. Subjects with a
chronic inflammatory disease (e.g. inflammatory bowel disease, rheumatoid arthritis)
and participants that used anti-inflammatory drugs (non-steroidal anti-inflammatory
drugs, corticosteroids) were excluded from participation since these conditions can
cause a change in circulating cytokines independent from overweight/obesity. All
participants completed a distance of 30, 40 or 50 km per day on four consecutive
days at a self-selected pace. Every participant was assigned to an individual distance
(30, 40 or 50 km) and completed the same distance on the four consecutive exercise
days. To answer our research question, subjects were allocated either to a lean (BMI
<25 kg/m?) or overweight/obese (BMI >25 kg/m?) cohort. Furthermore, subjects were
individually matched based on age, sex and walking distance and were selected
for recruitment accordingly. Since exercise intensity is known to influence cytokine
levels, participants were also matched based on exercise intensity, calculated based
on individually recorded heart rate during the walking event. Written informed
consent was obtained from all participants prior to the start of the study. This study
was approved by the Medical Ethical Committee of the Radboud University Nijmegen
Medical Center, and was conducted in accordance with the declaration of Helsinki.

Baseline data (subject characteristics and blood sample; day 0) were collected 1 or
2 days prior to the start of the event after a minimum resting period of 24 hours.
During Day 1, exercise intensity was assessed with the use of a 2-channel chest band
system (Polar Electro Oy, Kempele, Finland). At baseline, height and body weight
(Seca 888 scale, Hamburg, Germany) were measured to calculate body mass index
(BMI). Waist and abdominal circumference were measured with a measuring tape
(Seca 201, Chino, USA) to calculate waist-to-hip ratio. A four-point skinfold thickness
measurement (biceps, triceps, sub-scapular, supra-iliac) was obtained by a well-
trained, experienced researcher to calculate the body fat percentage as previously
described.® Resting heart rate and blood pressure were measured in supine position,
after a 5 minute rest period.
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Habitual daily energy intake, macronutrient and anti-oxidant intake were assessed
with use of an online validated 180-item semi-quantitative Food Frequency
Questionnaire (FFQ).° The FFQ reference period was one month, and portion sizes
were estimated using standard portions. Intake of total energy and nutrients was
calculated using the Dutch Food Composition Database.®

At baseline, physical activity levels were assessed with the use of the Short
QUestionnaire to ASsess Health-enhancing physical activity (SQUASH), a validated
tool to assess physical activity levels in the Dutch population.™

Heart rate was measured with a 2-channel ECG chest band system (Polar Electro
Oy, Kempele, Finland) at every 5 km point during Day 1. Exercise intensity was
calculated for each measurement by dividing the mean heart rate during exercise
by the maximal predicted heart rate (208-0.7*age).’? By calculating the mean of
these percentages of maximal heart rate, the mean intensity for the exercise bout
was recorded for each participant.

Venous blood was sampled at baseline (between 9.00 AM to 4.00 PM after a
minimum resting period of 24 hours) and at each walking day within 30 minutes
after completion of the exercise bout by venepuncture. Blood was centrifuged
at 3000 RPM for 15 minutes and plasma was stored at -80°C until analysis.
Cytokines (IL-6, IL-10, TNF-q, 1I-13 and IL-8) were simultaneously analyzed using
the ultrasensitive MesoScale Discovery (MSD) QuickPlex SQ 120 Instrument with
Multi-spot assay (Human Proinflammatory Panel 1, K15049D, MSD) according to the
manufacturer’s recommendations. The lower detection limit varied per plate and
was 0.029-0.159 (IL-6), 0.025-0.051 (IL-8), 0.021-0.042 (IL-10), 0.008-0.061 (IL-1B),
and 0.034-0.079 (TNF-a) pg/ml. 34 of the 250 (<15%) samples for IL-13 were below
the lower detection limit. These samples were excluded from further analysis. The
other cytokines were all above the detection limit.

Statistical Analysis. Data were checked for normality with use of the Shapiro-Wilk
test and visual inspection of Q-Q plots. Baseline characteristics were normally
distributed and therefore assessed with use of a one-way ANOVA. Cytokine
data that was not normally distributed was transformed with use of square root
transformation (IL-6 and TNF-a) or inverse transformation (IL-10). Cytokine data
were analyzed using a time (exercise day) X group (lean vs. overweight) linear
mixed model analysis. Post hoc analysis (Bonferroni) per group was performed
when a significant effect was found. The level of statistical significance was defined
at a=0.05. Data are presented as mean%SD, unless stated otherwise. The statistical
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analyses were conducted in SPSS 25 (Statistical Package for Social Sciences 25.0,
SPSS Inc., Chicago, lllinois, USA)

RESULTS

Subject characteristics are presented in Table 1. We found significant differences
between the lean and overweight/obese subgroups for weight, BMI, body fat
percentage and waist-hip-ratio, whilst no differences in age and sex distribution
were present due to selective matching. Furthermore, the groups reported
comparable habitual physical activity levels, daily energy intake and intake of
macronutrients and anti-oxidants (Table 1).

Table 1. Physiological characteristics

Lean subjects (n=25) Overweight/Obese P-value*
subjects (n=25)

Baseline characteristics

Age (years) 56.4+ 144 584+119 0.60
Male sex (%) 56% 56% 1.00
Weight (kg) 693 +7.7 84+12.6 <0.0001
Body mass index (kg/m?) 229+15 279124 <0.0001
Body fat percentage (%) 273+6.6 335+6.7 0.002
Waist-to-hip ratio 0.89+0.1 0.95+0.1 0.02
Systolic blood pressure (mmHg) 139+ 21 142+16 0.59
Diastolic blood pressure (mmHg) 86+ 12 89+9 0.92
Resting heart rate (bpm) 62+8 63+7 0.54
Daily physical activity levels

Total SQUASH score 6342 + 3974 7397 £ 4687 0.41
METmin/day 968 + 522 1130 £ 629 0.32
Habitual dietary intake

Caloric intake (kJ) 9592 +2516 9570 + 3441 0.98
Total protein (g) 82+ 21 87 +30 0.48
Total fat (g) 93+34 89+35 0.72
Saturated fat (g) 31+13 31+15 0.87
Total carbohydrates (g) 249 + 64 244 +101 0.86
Fibre (g) 277 25+10 0.34

Dietary anti-oxidant intake

Retinol (pg) 616 + 369 655 + 446 0.74
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Table 1. Continued

Lean subjects (n=25) Overweight/Obese P-value*
subjects (n=25)

Vitamine E (mg) 165 16+7 0.71
Vitamine C (mg) 121+ 54 115+ 59 0.71

Exercise characteristics

Exercise intensity (%HR ) 66+ 5 69+5 0.11
Exercise distance 30 km 5 5 -
(n)40 km (n)50 km (n) 15 15 -

5 5 -
Exercise duration day 1 (minutes) 510+ 129 444 + 167 0.12
Exercise duration day 2 (minutes) 534 + 83 522+98 0.64
Exercise duration day 3 (minutes) 508 + 140 509+ 114 0.97
Exercise duration day 4 (minutes) 565+ 112 540 + 124 0.46

*One-way ANOVA between lean and overweight subgroups

All subjects successfully completed the four exercise days. No group differences
were present for exercise intensity and exercise duration (Table 1). At baseline,
circulating levels of IL-6, IL-10, IL-8, IL-13 and TNF-a were not significantly different
between the lean and overweight groups (Figure 1).

Repeated prolonged exercise resulted in a significant change of all cytokines
(Figure 1). For all cytokines, except for IL-8 (interaction effect P=0.02), we found
no differences in the post-exercise levels between lean and overweight/obese
subjects (all P>0.05, Figure 1). Specifically, IL-6 showed a significant increase that
remained elevated on all exercise days (P<0.001), with no differences between
groups. In contrast, IL-10 increased significantly on exercise day 1(lean group:
P =0.005; overweight/obese group: P=0.003), but post-exercise levels were similarly
declined to baseline on subsequent exercise days in both groups (interaction-effect
P>0.05). For TNF-q, a significant effect of exercise was only present at exercise day
1 and 2 in the overweight/obese group (P<0.001 day 1, P = 0.02 day 2), whilst the
lean group exhibited no change after exercise on any of the exercise days. IL-13
was significantly higher on day 1 (P=0.04) in the overweight/obese group, whilst
no post-exercise increases were found in the lean group. For IL-8 a significant
Time*Group Interaction effect (P=0.02) was found. Both groups showed an increase
in IL-8 on day 1 that returned to baseline on subsequent days. The lean group
demonstrated a significantly larger decline resulting in below-baseline levels on
day 4 (P=0.001). (Figure 1)
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DISCUSSION

This study presents the following findings. First, prolonged exercise induced an
immediate increase in pro- and anti-inflammatory cytokines, and the magnitude
of this response was not different between lean and overweight/obese individuals.
The exercise-induced elevation in cytokine levels was attenuated following exercise
on consecutive days. Except for IL-8, no differences in cytokine responses between
lean and overweight/obese individuals were found. Our data suggest the presence
of early adaptive mechanisms in inflammatory cytokines in response to repeated
prolonged exercise bouts performed on consecutive days, which did not markedly
differ between lean and overweight/obese individuals.

In contrast to our hypothesis, no differences in plasma cytokines between the lean
and overweight/obese group were present at baseline. In this study, relatively
fit subjects were included since all subjects participated in a 4-day walking
event. Previous work has shown that overweight and obese subjects with higher
cardiorespiratory fitness levels, as a result of higher levels of physical activity,
demonstrate lower levels of circulating pro-inflammatory cytokines, compared to
unfit individuals.”® Furthermore, we included subjects with only modest obesity
(range BMI: 25-32.9 kg/m?). Higher levels of BMI are significantly related to higher
levels of inflammation.™ Last, the individuals in the overweight/obese cohort
report similar caloric and macronutrient intake when compared to the individuals
in the lean cohort, despite being overweight/obese. It can be hypothesized that
the reported dietary intake of the overweight/obese cohort is relatively healthy
because these are fit individuals who perform exercise on a regular basis. Therefore,
the relatively high level of fitness, modest level of obesity and similar dietary intake
when compared to lean controls in our study may explain the absence of differences
in baseline levels of cytokines between the overweight/obese and lean group.

To our knowledge, this is the first human study that examined responses of
different cytokines to repeated exercise bouts on subsequent days and whether
these responses differ between lean and overweight/obese individuals. We found
no differences between lean and overweight/obese individuals in responses of IL-
6, IL-10, TNF-a and IL-13 to repeated exercise. Exercise caused a subsequent rise
in circulating IL-6 across the four consecutive exercise days in both groups. Of all
known cytokines, IL-6 shows the largest response to exercise.'” This might explain
why IL-6 plasma levels remain elevated throughout the four-days of walking.
Furthermore, previous work has shown that expression and circulating levels of IL-6
remain elevated at least 24 hours after cessation of an exercise bout, which might
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also have contributed to the persistent rise of circulating IL-6 in our study and why
no group differences were found.'® Anti-inflammatory IL-10 showed a significant
rise after the first exercise day. The release of IL-10 into the circulation is induced
by the presence of IL-6, which was previously observed in both in vitro and in vivo
work."”-'® This might explain the rise in IL-10 we observed after the first exercise
day in both groups. However, IL-10 returns to baseline levels after the subsequent
exercise days in both groups, despite the elevated levels of IL-6 on all 4 exercise
days. It has been hypothesized previously that IL-6 levels have to reach a certain
threshold to cause IL-10 production by leukocytes.'” Possibly this threshold was not
reached on exercise day 2-4, since IL-6 levels are lower on exercise day 2-4 when
compared to exercise day 1, which may explain the return to baseline of IL-10 levels
from exercise day 2 onwards.

We observed a significant change in cytokines on day 1 (IL-8, TNF-a and IL-13) and
day 2 (TNF-a in the overweight/obese cohort) when compared to baseline, that was
no longer present on the consecutive exercise days. This suggests an attenuated
acute response to exercise of pro-inflammatory cytokines (TNF-a, IL-8 and IL-1(3)
after repeated bouts of prolonged exercise. In discordance with our hypothesis,
we found no differences in this attenuation between lean and overweight/obese
individuals, except for IL-8. Our time-effects results show a transient rise in IL-1B
on day 1 in the overweight/obese group, whilst IL-1f3 in the lean group shows no
change. The modest response of IL-1p to exercise might relate to the presence of
a persistent rise in IL-6. Previous work postulated that under influence of IL-6, the
presence of IL-1receptor antagonist (IL1-ra) in the circulation is induced,* ™ which
subsequently causes a decrease in IL-13 by competitively binding to the IL-1re
ceptor.” The presence of elevated levels of IL-6, therefore, may contribute to the
attenuated exercise-induced increase in IL-13 in the overweight/obese group.

IL-8 is a cytokine involved in chemotaxis and phagocytosis. IL-8 is elevated in
individuals with obesity and related to constitutes of the metabolic syndrome,
such as waist circumference and insulin resistance (i.e. HOMA-IR). ?° The difference
between the lean and overweight/obese group in IL-8 response to repeated
prolonged exercise seems to be caused by the decrease in IL-8 in the lean cohort
on exercise day 4 when IL-8 decreases below baseline. This attenuated response
of IL-8 suggests the presence of early adaptations to repeated bouts of prolonged
exercise. This is in line with previous work that found a decrease in IL-8 after
exercise training, although the exercise stimulus in our study is different due to the
prolonged duration.”
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Based on our data, one may speculate that the shift from the pro-inflammatory
effects of a single bout of prolonged exercise to the known anti-inflammatory
effects of exercise training is mediated by a change in cytokine secretion in response
to repeated prolonged exercise bouts. During acute prolonged exercise, cytokines
are secreted from adipose tissue?? and skeletal muscle.” Exercise training is known
to change gene expression in these tissues, which eventually results in altered
secretion patterns of cytokines.?** Gene expression in skeletal muscle is altered
during each prolonged exercise bout because of altered contractile activity,? but
is also believed to be influenced by the increased respiratory capacity in skeletal
muscle that occurs by aerobic exercise training.?® These adaptive responses, where
responses to acute bouts of exercise relate to subsequent adaptation, have been
referred to as hormesis: a biological process in which exposure to a low amount
of a damaging factor leads to an adaptive beneficial effect in the organism.? Pro-
inflammatory cytokines, i.e. the pro-inflammatory state which occurs during and
after a single bout of exercise could be classified as a “hormesis stimulus”, where the
acute responses to exercise mediate an adaptive response contributing to health
benefits when performed repeatedly.® The attenuated response of cytokines we
observed in our study fits well in this hypothesis. This is further supported by a
study that examined responses of IL-6 mRNA expression in skeletal muscle after a
3-h exercise protocol, before and after 10 weeks of exercise training in untrained
men. A decrease in IL-6 mMRNA expression levels in response to prolonged exercise
from 76-fold (before training) to 8-fold (after the training period) was observed.?”?”
Although it is important to emphasize that our design does not resemble the
typical exercise training response, our data support the presence of an attenuated
magnitude in exercise-induced changes in circulating cytokines when subjects
repeat the same exercise stimulus on subsequent days.

Some limitations must be considered. Due to practical reasons, it was impossible
to measure cytokines directly before the start of the walking exercise on the four
consecutive days. Baseline levels were measured one or two days prior to the start
of the walking event. Therefore, we were unable to assess potential adaptations
in resting levels of cytokines (prior to each exercise bout). However, the primary
goal of this study was to investigate differences between overweight and lean
individuals in cytokine responses to repeated prolonged exercise bouts, which
were therefore assessed immediately after cessation of such a bout. In our study, a
prolonged exercise stimulus was used to examine cytokine responses to repeated
exercise. Because of the duration of the exercise bouts (8.6 £ 2.1 hours) this design
is not intended as a training study but rather as a model to examine physiological
changes in response to repeated exercise stimuli.
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CONCLUSION

This study demonstrated that prolonged exercise induces an immediate increase
in pro- and anti-inflammatory cytokines in lean and overweight/obese individuals
while repeated bouts of prolonged exercise lead to an attenuated exercise-
induced cytokine response. Our data suggest that overweight/obese subjects,
when matched for sex, age and fitness, largely show comparable exercise-induced
changes in levels of cytokines across consecutive days of prolonged walking
exercise. Therefore, our data suggest the presence of early adaptive mechanisms in
circulating cytokines in response to repeated exercise bouts..

Practical Implications

. Cytokines are circulating factors that play a role in inflammation in the
human body. Inflammation contributes to the development of metabolic and
cardiovascular disease. Our study reveals that a prolonged walking exercise
results in a rise in these cytokines that attenuates when this exercise bout
is repeated.

« Our study demonstrates that both lean and overweight individuals largely show
comparable exercise-induced changes of cytokines across four days of repeated
prolonged walking.

« The attenuation of cytokine IL-8 occurs delayed in overweight individuals when
compared to lean controls.
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ABSTRACT

Purpose. The benefits of aerobic exercise training on insulin sensitivity in subjects
with the metabolic syndrome (MetS) are, at least in part, associated with changes
in cytokines. Recent studies identified novel cytokines (e.g. fractalkine, omentin
and osteopontin) that are strongly involved in glucose homeostasis and therefore
potentially contribute in the exercise-induced changes in insulin sensitivity.
Therefore, we aim to examine changes in skeletal muscle RNA expression and
plasma levels of novel cytokines after exercise training, and correlate these changes
to the exercise-induced changes in insulin sensitivity.

Methods. Women with the metabolic syndrome (MetS, n=11) and healthy women
(n=10) participated in a 6-month aerobic exercise training intervention (3/week,
45min per session at 65%-85% of individual heart rate reserve). Before and after
training, we examined insulin sensitivity (M-value during hyperinsulinemic
euglycaemic clamp), circulating blood levels of cytokines (venous blood sample;
leptin, adiponectin, omentin, fraktalkin, osteopontin). Skeletal muscle RNA-
expression of these cytokines (muscle biopsy) was examined in two subgroups
(MetS n=6; healthy women n=6).

Results. At baseline, plasma levels of omentin (85.8+£26.2ng/ml) and adiponectin
(5.0+£1.7ug/ml) levels were significantly higher in controls compared to MetS
(51.1£27.1; 3.6£1.1 respectively), and leptin levels were lower in controls
(18.7£11.5ng/ml vs 53.0+23.5). M-value was significantly higher in controls
(8.1£1.9mg/kg/min) than in MetS (4.0+1.7). Exercise training significantly improved
M-values in both groups (P<0.01). Exercise training did not alter plasma and skeletal
muscle RNA-expression levels of cytokines, whilst no correlation was observed
between changes in cytokine level/RNA-expression and M-values (P>0.05).

Conclusion. Whilst exercise training successfully improves insulin sensitivity in
MetS and healthy women, we found no change in plasma and mRNA expression
levels of novel cytokines.
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INTRODUCTION

The metabolic syndrome (MetS) comprises a set of interrelated risk factors
resulting in an increased risk for development of type 2 diabetes mellitus and
cardiovascular diseases."? The pathophysiology of MetS is characterized by the
presence of peripheral insulin resistance, which is caused by a low physical activity
level and excessive central adiposity.> Several previous intervention studies have
demonstrated that exercise training is a powerful, non-pharmacological tool to
improve insulin sensitivity via a number of metabolic adaptations.*® Part of these
adaptations may be related to exercise-induced alterations in cytokines. These
pro- and anti-inflammatory factors play a pivotal role in the presence of low-
grade inflammation that underlies a decline in insulin sensitivity.5” Therefore,
the measurement of cytokines prior to and after exercise training may provide
potential insight in the mechanisms underlying the benefits of exercise training on
insulin sensitivity.

Recent studies have identified novel cytokines, which may play an important role
in glucose homeostasis and the presence of inflammation. Fractalkine is secreted
in both adipose tissue and skeletal muscle,®® and plays a role in the regulation of
pancreatic islet B cell function. In humans, fractalkine has been proven to modulate
monocyte adhesion in adipose tissue, thereby influencing chronic inflammation
processes,” and is independently associated with markers of insulin resistance
(HOMA-IR)." Omentin is a cytokine mainly secreted by visceral adipose tissue.
Circulating omentin levels are negatively correlated with insulin resistance and
are decreased in obesity and type 2 diabetes.” Osteopontin is biosynthesized in
numerous cell types including macrophages and myoblasts in skeletal muscle.” In
rodents, osteopontin influences macrophage recruitment in adipose tissue and
thereby contributes to the inflammatory state. In obesity models in mice, circulating
osteopontin levels are increased, whilst mice with a lack in osteopontin display
improved insulin sensitivity.” Finally, vaspin is a cytokine that is mainly secreted in
visceral adipose tissue and is reported to have insulin-sensitizing effects in rodents. '
Currently, it is not known whether the benefits of exercise training on insulin
sensitivity are related to changes in these novel cytokines.

The first aim of this study was to examine whether 6 months of aerobic exercise
training alters circulating levels as well as RNA-expression levels in skeletal
muscle of a set of selected novel (i.e. fractalkine, omentin, osteopontin, vaspin)
and traditional (i.e. adiponectin, leptin and interleukin-6) cytokines, and whether
these changes are associated with exercise training-induced adaptations in insulin
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sensitivity in subjects with MetS and healthy controls. We hypothesize that the
benefits of aerobic exercise training on insulin sensitivity in MetS may be associated
with alterations in levels of these cytokines.

METHODS

Subjects

Eleven women with MetS and ten lean, age-matched, sedentary control women
were included in this study. Metabolic syndrome was defined as having at least
three out of five criteria as defined in the Joint Scientific Statement for Harmonizing
the Metabolic Syndrome, including waist circumference >88 cm, triglycerides
>1.7 mmol/l, High Density Lipoprotein (HDL)-cholesterol <1.3 mmol/l, blood
pressure >130/85 mmHg and/or the use of antihypertensive medication, and
fasting glucose levels >6.1 mmol/I.'® Lean women were defined as having a body
mass index (BMI) <25 kg/m2 and the absence of all metabolic syndrome criteria.
Pre-, peri- and postmenopausal women were included. Women were considered
peri-menopausal when they experienced a persistent change in menstrual cycles of
at least seven days, or a period of amenorrhea of 60 days or more. Post-menopause
was defined as a period of amenorrhea of 12 months or more.'” We excluded women
with a medical history of known diabetes mellitus and/or cardiovascular diseases,
liver or renal diseases, smoking, who consume more than two units of alcohol (10 g)
a day, or perform regular physical activity >2 hours a week. Before participation,
written informed consent was obtained. This study was approved by the Medical
Ethical Committee of the Radboud university medical center, and was conducted in
accordance with the Declaration of Helsinki (2000).

Study design

All subjects who participated in this study were engaged in a six month aerobic
exercise training intervention. Before and after the intervention, a venapunction,
hyperinsulinemic, euglycemic clamp, vastus lateralis muscle biopsy and a maximal
cycling test was conducted in each participant.

Exercise training

During this training study, all women trained three times a week under the
supervision of an experienced researcher. Training consisted of cycling exercise
on an ergometer (Lode, Groningen, the Netherlands) starting with a 10 minute
warming-up, followed by 30 minutes of exercise at 65% of the individual heart
rate reserve (HRR) and ending with a cooling-down of 5 minutes. Workload was



Exercise improves insulin sensitivity in the absence of changes in cytokines |

increased based on improvements in physical fitness level across the six month
intervention. Exercise intensity was monitored and documented with the use of
heart rate monitors (Polar). Women had to attend at least 90% of the training session
during this six month period to be eligible for inclusion of the statistical analysis.

Measurements

Insulin sensitivity. Peripheral tissue sensitivity to exogenous insulin was measured
using a hyperinsulinemic euglycemic clamp as previously described.’ The clamp
was performed at least 48 hours after cessation of the last exercise bout. After
an overnight fast (10 hours), the subject was placed in the supine position in a
quiet, temperature controlled (22 — 24 °C) room. Insulin (Actrapid, Novo-Nordisk,
Copenhagen, Denmark) was infused intravenously in a dose of 430 pmol-m2min™
(60 mU - m2- min™') for 120 minutes. Insulin 50 U - mI"" was diluted in 48 ml NaCl
0.9% with the addition of 2 ml blood from the subject to a concentration of 1 U-ml.
Venous plasma glucose concentrations were clamped at 5.0 mmol-L" by a variable
glucose 20% infusion rate, adjusted depending on venous plasma glucose level
measured at 5-minute intervals. Venous plasma glucose was measured in duplicate,
in samples that were immediately centrifuged during 10 seconds, with use of the
glucose oxidation method (Beckman Glucose Analyzer 2, Beckman Instruments Inc,
Fullerton, CA 92634, USA). Insulin was measured in duplicate conform international
standard 83/500 by an in-house radio-immunoassay (RIA) with the use of an anti-
human insulin antiserum raised in guinea pig and radio-iodinated insulin as a
tracer. Bound/free separation was carried out by addition of sheep anti-guinea-pig
antiserum and precipitation by means of polyethylene glycol (PEG). Between and
within-run coefficients of variation were 4.6% and 5.8% respectively, at a level of
33mU-L". Whole body glucose disposal during the last 30 minutes of the euglycemic
clamp was calculated as the M-value.

Plasma cytokine levels. Fasting venous blood samples collected prior to the start
of the hyperinsulinemic euglycemic clamp were used to determine glucose,
cholesterol and triglycerides via standard laboratory methods. Fasting venous
blood was sampled at least 48 hours after cessation of the last exercise bout.
Adiponectin and leptin were measured in duplicate by using DuoSet ELISA
development system kits (R&D systems, Minneapolis, USA), free fatty acids (FFA)
using Cobas Mira Plus (Roche Diagnostics Ltd., Basal, Switzerland), inflammatory
marker C-reactive protein by Dako high-sensitivity ELISA (Glostrup, Denmark) and
fractalkine, omentin. osteopontin, vaspin and interleukin 6 (IL-6) by Luminex assay
(Austin, Texas, USA).
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Skeletal muscle cytokine RNA gene expression. Before and after the six month
training period, biopsies from the vastus lateralis muscle were taken after a
standardized 250 kcal breakfast (79% carbohydrates, 11.2% protein, 9.8% fat). The
muscle biopsies after the exercise training period, were taken at least 48 hours after
the last exercise session. From muscle biopsies of six women of each group total
RNA was isolated and purified. The physiological characteristics of these subgroups
were representative for the whole group (Table, Supplemental Digital Content 1).
RNA concentration and purity were measured with a Nanodrop spectrophotometer
(Thermo Scientific, Waltham, MA,USA). RNA integrity was analyzed on an Agilent
Bioanalyser (Santa Clara, CA, USA). RNA gene expression profiling was performed
using Affymetrix GeneChip Human Gene 1.0 ST arrays (Affymetrix Inc., Santa Clara,
CA, USA), according to the manufacturer’s instruction. The average fluorescence
intensity of all genes was calculated using the Robust Multiarray Analysis (RMA)
Algorithm, including a quantile normalization and using a background correction
for GC-content.” Microarray analysis was performed using MADMAX pipeline for
statistical analysis of microarray data.?® Quality control was performed and all arrays
met our criteria, except arrays from three participants. Data of these participants
was excluded from further analysis. Microarray data were filtered, and probe sets
with expression values higher than 20 on more than 5 arrays were considered to be
expressed and were selected for further statistical analysis. Significant differences
in expression levels were assessed using Intensity-Based Moderated T-statistics
(IBMT).?" Gene expression was defined as significantly changed when the p-value
was <0.01, an alpha that is commonly used in gene expression studies.®?' The
protocol used was compliant with the MIAMI guidelines, and data have been
submitted to the Gene Expression Omnibus (GEO) repository under no. GSE43760.

Anthropometry. Before and after six months of endurance training we examined
height and body weight (Seca 888 Scale, Seca, Hamburg) to calculate body mass
index (BMI). Waist and abdominal circumference were measured with a measuring
tape (Seca 201, Chino, USA) to calculate waist-to-hip ratio. Plasma cholesterol,
triglyceride and glucose were determined in fasting venous blood samples using
standard laboratory methods. Before and after the training period a total body
Dual-X-ray Absorptiometry (DXA) scan was performed to determine lean body
mass, total fat mass and trunk fat mass (QDR 4500 densitometer, Hologic Inc.
Waltham, MA).

Daily activity levels. At baseline, daily activity levels were assessed with an
accelerometer (SenseWear Pro3 Armband, Body Media Inc., Pitssburgh, PA, USA).
From each 24 hour interval, data were analyzed from 0700 to 2300 h with a



Exercise improves insulin sensitivity in the absence of changes in cytokines |

minimum on-body time of 85%. At least three days had to fulfill these criteria to be
used for analysis. Time per day spent in vigorous intensity activities (>6.0 METs) and
time per day in very vigorous intensity activity (>9.0 METs) were calculated.?

Dietary intake. During the training intervention, women were instructed not to
change their caloric intake. To assess potential changes in daily food intake, women
were asked to record 3-day dietary intake records before and in the last week of
the training intervention. Dietary records were analyzed with Eetmeter Software
(Voedingscentrum, the Hague, Netherlands). Only data of women who completed
the dietary records on at least three days before and at the end of the training
period was included for analysis.

Cardio-respiratory fitness level. Women performed a maximal exercise test on
an electrically braked leg-cycling ergometer (Lode, Angio 300, Groningen, the
Netherlands) using an incremental protocol, to assess their cardio-respiratory fitness
level. Workload increased by 10 W per minute, starting at 10 W, until exhaustion.
A gas-analyzer was used to measure oxygen consumption continuously (Jaeger

Benelux BV, Breda, the Netherlands). Maximal oxygen consumption (VO, ) was

2max
analyzed as the mean of the last minute of the exercise bout. During the test, heart
rate was measured continuously. Two minutes after cessation of the test, capillary

blood lactate level (Roche Diagnostics GmbH, Mannheim, Germany) was measured.

Statistical analysis

All statistical analyses were conducted in SPSS 20 (Statistical Package for Social
Sciences 20.0, SPSS Inc., Chicago, lllinois, USA). The sample size calculation to
achieve statistical power were based on data from previous research published on
the effects of exercise training on circulating leptin levels in obese individuals.”
The estimated sample size was 10 participants in order to detect a difference of
4.1 ng/ml in leptin levels after training (a=0.05, $=0.85). Baseline characteristics of
the groups were compared with the use of an unpaired t-test. A Two-way repeated
ANOVA was used to examine the impact of exercise training on VO, , insulin
sensitivity and cytokines. Correlations between circulating levels of cytokines and
the M-value were assessed with the use of Spearman’s correlation coefficient. The
level of statistical significance for data except the microarray data was defined at
0a=0.05. In the microarray analysis, genes were defined as significantly changed at
a=0.01. Data are presented as mean + SD, unless stated otherwise.
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RESULTS

Subject characteristics

The physical characteristics of the women with the MetS and the lean sedentary

controls are presented in Table 1. In both groups pre-, peri- and post-menopausal

women were included (Table 1). None of the included women used hormone

replacement therapy, since this is known to directly influence circulating

cytokine levels?*, As a consequence of the selection procedure, women with

MetS demonstrated a significantly higher body weight, BMI, blood pressure and

triglycerides at baseline (Table 1). Analysis of physical activity data at baseline

demonstrated that the women with MetS spent 10 minutes per day in vigorous

intensity activities and 0 minutes per day in very vigorous intensity activities. Lean

controls spent on average 19 minutes per day in vigorous intensity activities and 0

minutes per day in very vigorous intensity.

Table 1. Physiological characteristics before and after exercise training.

Women with MetS Lean control women P-value

(n=11) (n=10)

Pre Post Pre Post Time Group Interaction
Age (years) 53.2+7.2 48.5+10.2 - 0.24 -
Body composition (anthropometry)
Weight (kg) 96.4+11.3 94.84+9.6 67.0+6.6" 66.916.2 0.18 <0.001  0.201
Body mass 34.5+3.2 34.0£2.9 22.8+1.7% 22.7£1.5 0.18 <0.001 0.23
index (kg/m?)
Waist (cm) 108.6+£9.4 105.0+8.3  80.4t6.4* 78.7£4.7 0.03 <0.001 0.97
Waist-to-hip ratio 0.91+0.08  0.90+0.07 0.80+0.05* 0.78+0.04 0.57 <0.001 0.22
Body composition
(DXA)
Lean body 56.6+7.2 55.9+6.4 47.2+4.3%  47.4+4.1 0.62 0.002 0.24
mass (kg)
Total fat mass (kg) 38.6+6.5 37.6£5.8 19.2+4.3" 18.7£3.9 0.08 <0.001 0.61
Trunk fat mass (kg) 20.2+4.0 19.543.1 8.4+2.8* 8.0+2.4 0.09 <0.001 0.54
Trunk fat 52.4+5.1 52.0+4.8 429+7.1%  42.6+7.0 0.47 0.002 0.91
percentage (%)
Blood markers
Fasting glucose 5.5+0.6 5.7+0.8 4.5+0.3* 4.7+0.4 0.10 <0.001 0.85
(mmol/l)
Insulin (mE/I) 1744104 154452 8.9+3.0* 10.0+3.8  0.76 0.013 0.24
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Table 1. Continued

Women with MetS Lean control women P-value

(n=11) (n=10)

Pre Post Pre Post Time Group Interaction
HDL-cholesterol 1.21+0.30 1.38+£0.29 1.59+0.29 1.58+0.19 0.49 0.007 0.29
(mmol/l)
Triglycerides 1.98+0.84 1.83+0.66 0.87+0.27* 0.92+0.22 0.61 <0.001 0.22
(mmol/l)
Free fatty acids 0.58+0.15 0.45+0.18 0.52+0.16  0.43+0.23 0.01 0.86 0.69
(mmol/l)

Blood pressure & heart rate

Systolic blood 138+11 132411 120+£9* 114+9 0.02 <0.001  0.99
pressure (mmHg)

Diastolic blood 84+5 80+7 76+5* 736 0.03 0.001 0.90
pressure (mmHg)

Resting heart 68+5 59+7 60+7* 58+5 0.003 0.03 0.06
rate (bpm)

Physical fitness

VOZmax(mll 22.8+4.5 25.3+3.8 32.0+4.7* 35.6+£5.5 <0.001 <0.01 0.32
min/kg)

VO, max (ml/ 38.6+6.5 42.6£5.6 455+7.1*  50.4+7.8 <0.001 0.023 0.48
min/kg FFM)

Power (Watt) 158+28 185+23 180+21 205+27 <0.001 0.05 0.83

Menopausal status

Pre-menopausal (n) 2 - 3 - - - -
Peri-menopausal 4 - 4 - - - -
(n)

Post-menopausal 5 - 4 - - - -

(n)

Exercise training intervention

Eleven women with MetS and ten lean control women all successfully completed
the exercise intervention, with a training compliance of 92%. Cardio-respiratory
fitness, determined as the peak oxygen uptake, improved significantly in both
MetS and the lean control women, but improvement did not differ between the
two groups (Table 1). Waist circumference improved significantly in both groups,
whereas other body composition measurements showed no change over time, but
remained different between the two groups. Analysis of the dietary records in a
subgroup of women (MetS n = 4; lean control women n =5) showed no significant
change in caloric intake during the training intervention (pre: 7.6 = 1.2 MJ/day;
post: 7.2 £ 1.2 MJ/day; p = 0.12). Circulating markers of glucose homeostasis (i.e.
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fasting glucose and insulin) and lipids showed no change over time in both groups,
whilst blood pressure decreased (Table 1). Insulin sensitivity (M-value) improved
significantly in both groups, with no differences in the magnitude of improvement
between both groups (Figure 1). Three out of eleven women with the metabolic
syndrome (27%) did not meet the criteria for the metabolic syndrome anymore
after six months of cycling training.
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Figure 1. Insulin sensitivity (M-value) in women with the metabolic syndrome (MetS) before () and
after (M) exercise training in women and in lean control women (Controls) before (O) and after (@)
training. * P-value < 0.05

Cytokines

Plasma cytokine levels. At baseline, plasma levels of omentin and adiponectin were
significantly higher in healthy control women, whilst leptin levels were lower in
healthy women compared to women with MetS. No differences between the groups
were found for the other cytokines (Figure 2). Exercise training did not change
plasma levels of cytokines in both groups (Figure 2). At baseline, circulating vaspin
did not reach the minimum detecting value of 0.16 ng/ml in n=8 women with the
metabolic syndrome and in n=6 lean control women. Plasma levels of IL-6 did not
meet the minimal detection value of 3 pg/ml at baseline in all lean control women
(n=10) and in most women with the metabolic syndrome (n=9). After the training
period, levels of both vaspin and IL-6 remained below our minimal detection limit
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in these subjects. Since a large proportion of the individuals included in this study
did not show detectable circulating IL-6 and vaspin levels, data on both IL-6 and
vaspin were excluded from further analysis.

Skeletal muscle mRNA expression. Skeletal muscle gene expression levels of novel
and known cytokines were compared before and after the training intervention in
five women with the metabolic syndrome and four lean control women. In both
groups, no differences were found in gene expression levels of the cytokines before
and after exercise training (Table 2).

Table 2. Micro-array results for gene-expression in skeletal muscle.

Women with MetS (n=5) Healthy control women (n=4)
P-value Corrected Fold P-value  Corrected Fold
P-value Change P-value Change

Fractalkine (ng/ml) 0.492269 0.997875 -1.16 0.544348 0.957122 -1.13
Omentin (ng/ml) 0.970832  0.999025 -1.02 0.930327  0.99287 1.00
Osteopontin (ng/ml) 0.514872 0.997875 1.06 0.40586 0.941683 -1.07
Vaspin (ng/ml) 0.778275 0.997875 1.02 0.727007 0.974637 1.03
Leptin (ng/ml) 0.0950706 0.997875 -1.20 0.485465 0.952995 1.03
Adiponectin (pg/ml) 0.145784 0.997875 -1.91 0.973873  0.996383 1.02

Correlation analysis

At baseline we found a significant inverse correlation between insulin sensitivity
(i.e. M-value) and circulating levels of leptin (R=0.65, P=0.002), whereas no
correlation was found between the M-value and adiponectin (R=0.35, P=0.124),
fractalkine (R=-0.22, P=0.33), omentin (R=0.38, P=0.09), or osteopontin (R=0.14,
P=0.55). When exploring the exercise training induced changes in insulin sensitivity
(AM-value) and the changes in cytokines (AFractalkine (R=-0.36, P=0.18); AOmentin
(R=0.22, P=0.34) ; AOsteopontin (R=-0.13, P=0.59), AlLeptin (R=-0.24, P=0.29),
AAdiponectin(R=0.37, P-0.10)), no significant correlations were found. Furthermore,
no correlation between weight change (Aweight) and changes in AFractalkine
(R=-0.20, P=0.40) ; AOmentin (R=-0.25, P=0.27); AOsteopontin (R=0.10, P=0.68),
Aleptin (R=-0.22, P=0.34) or AAdiponectin (R=0.06, P =0.79) was present.
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Figure 2. Circulating levels of cytokines before () and after (M) exercise training in women with the
metabolic syndrome (MetS) and in lean control women (Controls) before (O) and after (@) training.
A. Fractalkine; B. Omentin. C. Osteopontin. D. Vaspin (only baseline values shown). E. Leptin. F.
Adiponectin. * P-value < 0.05.
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DISCUSSION

Our results confirm that exercise training successfully improves insulin sensitivity,
in both women with the metabolic syndrome and lean, sedentary controls. The
improvement in insulin sensitivity after exercise training was not accompanied by
changes in circulating levels of novel (i.e. fractalkine, omentin, osteopontin and
vaspin) and traditional (i.e. leptin, adiponectin and IL-6) cytokines. Furthermore,
gene expression levels of these cytokines in skeletal muscle did not change after
exercise training. Taken together, these results suggest that cytokines are not
associated with exercise-induced improvements in insulin sensitivity in women.

Baseline

In this study, we confirmed with use of the M-value as a gold standard technique,
that insulin sensitivity in women with the MetS is significantly lower compared to
age-matched lean controls. Furthermore, we found that lean controls show lower
leptin levels, and higher omentin and adiponectin levels than women with MetS.
Whilst previous research showed that omentin is lower in subjects with obesity
and type 2 diabetes, this study is the first to show that omentin is also lower in
women with MetS compared to controls.'"?* Previous studies found that fractalkine,
osteopontin and vaspin are associated with insulin resistance and obesity.?'%™
However, no baseline differences in circulating levels of cytokines were found
between women with MetS and controls in our study. Furthermore, we found no
correlation between insulin sensitivity and levels of these cytokines. One important
difference with previous studies is that we used the gold standard to measure insulin
sensitivity rather than the less invasive, but also less reliable oral glucose tolerance
test (OGTT). Such measures for insulin sensitivity, that use fasting levels of glucose
and insulin have clear limitations,® and should therefore be interpreted with
caution to examine the relationship between cytokines and insulin sensitivity. With
the use of M-value, our study tempers the results of previous work that suggested
an association between serum levels of fractalkine, omentin, osteopontin, vaspin
with insulin sensitivity.

Training

Six months of aerobic exercise training significantly improved VO, _ in both women
with MetS and sedentary control women. In both groups, no changes in body mass
and waist to hip ratio were observed. Furthermore, circulating levels of cytokines
and their gene expression in skeletal muscle did not change after training. The
effect of aerobic exercise training on leptin and adiponectin is not clear and

conflicting results have been reported.””® Some studies showed a decrease in
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leptin levels after aerobic exercise training in obese women,?*?°3° whilst others
demonstrated no change.? Some studies have shown that adiponectin increases
after exercise training in obese subjects,?'3? but also an absence of a response has
been reported.?®* In our study we found no change in leptin and adiponectin
both in circulating serum levels and on gene expression level in skeletal muscle,
despite the significant improvement in M-value. Furthermore, our correlation
analysis was unable to demonstrate an association between changes in leptin and
adiponectin and changes in M-value. Taken together, it is unlikely that leptin or
adiponectin play a pivotal role in the mechanisms underlying a change in M-value
by exercise training.

The response of omentin, fractalkine and osteopontin to exercise training in humans
have scarcely been studied and evidence is inconclusive. Omentin has been studied
most extensively in relation to exercise training of non-diabetic individuals and
in combination with parameters of glucose homeostasis. Saremi et al. reported an
increase in circulating omentin levels after 12 weeks of aerobic exercise (5x/week,
50-60 minutes), which was accompanied by a significant decrease in HOMA-IR and
significant weight loss.*® Another study reported no effect of 3 months (3x/week, 30
minutes) of exercise on circulating omentin levels women, whilst BMI and HOMA-
IR decreased significantly.*** One previous study by Catoire et al. examined the
response of fractalkine to combined exercise training (2x/ week endurance exercise;
1x/week resistance exercise; 45 minutes each) of 12 weeks and found no change in
RNA expression levels and circulating levels of fractalkine.® Our study confirms these
findings after a 6 month endurance training intervention in women. Two previous
studies investigated circulating osteopontin levels before and after an aerobic
training intervention, without assessing measurements of insulin sensitivity and
both found no change. * ¥ In line with previous work our study demonstrates that
omentin, osteopontin and fractalkine do not change after training. An important
difference between studies that did find an effect on cytokines versus those who did
not is the presence of weight loss. It has been suggested in previous reviews that
considerable weight loss (of at least 5%) is needed to achieve a change in cytokine
expression,®*” and thereby circulating levels. However, in exercise training studies
the relation between weight loss and change in cytokines seems less clear. In some
exercise studies significant weight loss is present, whilst no change in cytokines
occurred.?3*** Furthermore, endurance training does not necessarily result in weight
loss. During endurance training adipose tissue depots may decrease, whilst lean
body mass and/or circulating blood volume may increase.?**° These counteracting
processes may result in the absence of weight loss during exercise training. Indeed,
in our study no correlation was present between weight change and change in
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circulating cytokines. Furthermore, we demonstrated significant and clinically
relevant improvements in VO, _ and insulin sensitivity in the absence of weight
loss and changes in plasma cytokine levels and skeletal muscle RNA expression.
This suggests that exercise-induced improvements in glycemic control are not
accompanied by a change in cytokines.

Another explanation for the differences between training studies on cytokine
responses might be related to training frequency and intensity*' Whilst we
implemented a training frequency of three times per week, Saremi implemented
a frequency of five training sessions per week and found a significant increase in
omentin levels.? Urbanova et al. implemented a 3x/week protocol and found no
change in omentin levels.>* Several studies that investigated leptin and adiponectin
applied similar training frequency and found conflicting cytokine responses.?3032
Possibly, a higher training frequency may be needed to cause a change cytokines.

A more plausible explanation for the absence of changes in circulating cytokines
and their expression in skeletal muscle in our study relates to a difference in time-
dependent responses of cytokines and M-value to exercise training. Each training
bout elicits acute changes in energy metabolism and homeostasis, and also in
circulating cytokine levels and their expression. Some acute changes in cytokines
and their expression will persist for hours, whilst others quickly disappear after
cessation of exercise.** Potentially, the cytokine response to an acute bout
of exercise can influence metabolic adaptations that contribute to a change in
insulin sensitivity. However, with our study design acute changes in cytokines after
exercise were not examined. In the discussed exercise training studies, blood (and
tissue) samples were collected at 24 hours,3*%* 48 hours®3° or 72 hours? after the
last exercise session, whilst the majority of the authors did not report the timing
of sampling. Considering the responses of cytokines to an acute exercise bout, this
heterogeneity among study designs might be an explanation for differences found
in the response of cytokines to training. Very little is known about the specific time
course of expression levels and circulating levels of well-investigated and recently
discovered cytokines after an exercise bout. This knowledge is needed to interpret
each study on its merits.

Limitations. Microarray analysis was performed in a subgroup of nine women,
which limited statistical power. Both circulating levels and mRNA expression
levels of cytokines in skeletal muscle were analyzed. Since these subgroups were a
good representation of the whole group, we do not expect larger numbers would
have altered the main outcomes of our study. In this study pre-, peri- and post-
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menopausal women were included, which provides a well representation of the
entire female population in this age category. Although the menopause affects fat
distribution, its effects on cytokines is less clear.***> We therefore do not believe that
the main outcome of this study is influenced by menopausal status. In this study we
explored cytokine expression levels in skeletal muscle, whilst adiponectin, omentin
and vaspin might not be expressed in this tissue. However, gene expression analysis
allows us to examine the potential role of skeletal muscle as source for circulating
cytokines. Since white adipose tissue is also an important source for circulating
cytokines, future work should examine expression changes in this tissue.?®

CONCLUSION

In conclusion, this study shows that exercise training successfully improves insulin
sensitivity and physical fitness in both women with the metabolic syndrome and
lean controls. The improvement in insulin sensitivity after exercise training was not
accompanied by or correlated with changes in circulating levels or gene expression
levels in skeletal muscle of novel (i.e. fractalkine, omentin, osteopontin and vaspin)
and traditional (i.e. leptin, adiponectin and IL-6) cytokines. Our data may suggest
that exercise-induced improvements in insulin sensitivity are not accompanied by
a change in cytokines.
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ABSTRACT

Background. Exercise training is known to improve insulin sensitivity in obese
individuals. White adipose tissue (WAT) plays a central role in glucose homeostasis.
Few studies examined whether the beneficial effects of regular exercise training
on insulin resistance in obesity are associated with changes in molecular pathways
in WAT.

Objective. To examine the impact of 8-week aerobic exercise training on WAT gene
expression and compare these effects between obese men and women.

Methods. Twenty subjects, 9 men and 11 women, performed an 8-week aerobic
exercise intervention. Before and after training, we examined insulin sensitivity
(hyperinsulemic euglycemic clamp), cardiorespiratory fitness (peak oxygen uptake),
and visceral adiposity (DXA-scan). WAT whole genome gene expression levels were
examined using microarray analysis based on subcutaneous WAT biopsies.

Results. 8-week exercise training improved insulin sensitivity, cardiorespiratory
fitness and visceral adiposity (all P<0.05). Exercise training induced significant
changes in 1,475 out of 12,306 genes expressed in WAT. Fourteen pathways were
significantly upregulated, mostly related to RNA metabolism (n=3) and extracellular
matrix remodeling (n=3). At individual transcript level, 20-25% overlap in genes
between sexes was found. Of these n=176 overlapping genes, 104 encode for small
nucleolar (sno) and small Cajal-body specific (sca)RNAs.

Conclusion. 8-week exercise training results in a significant enrichment of sno- and
scaRNAs in WAT that show a remarkable overlap between obese men and women.
This suggests a potential role for these molecules in metabolic adaptations in WAT
to exercise training that has not yet been described in response to exercise training.



Impact of 8-week aerobic exercise training on white adipose tissue gene expression in obese men and women | 113

INTRODUCTION

Obesity is a major independent risk factor for the development of type 2 diabetes
mellitus.”? Central in the etiology of type 2 diabetes is the progressive development
of impaired regulation of blood glucose levels through insulin resistance.®> An
important, reversible factor contributing to the development of insulin resistance
in obese individuals relates to physical inactivity.® Indeed, a large number of
studies have demonstrated that exercise training represents an excellent non-
pharmacological tool to decrease insulin resistance® and is found to decrease
morbidity and all-cause mortality in obese individuals.® These effects of exercise
training cannot be simply explained through its effects on reducing body weight.
Even in absence of weight loss, exercise training is able to reduce insulin resistance
and thereby prevents the development of type 2 diabetes.”® This relates to the
effects of exercise training on skeletal muscle. Indeed, a large number of studies
examined adaptations in skeletal muscle that contribute to exercise induced
improvements in insulin sensitivity.® The effects of exercise training on molecular
processes in adipose tissue have been investigated to a lesser extent.

White adipose tissue (WAT) is increasingly recognized to play a central role in
the etiology of insulin resistance through its function as energy storage organ
and as endocrine organ reflected by its role in maintaining whole body glucose
homeostasis.'® Storage of the excess energy in obesity leads to accumulation of WAT,
subsequently causing hypertrophy of adipocytes. As a direct result of adipocyte
hypertrophy, local hypoxia develops and, eventually, necrosis of WAT."" These
processes induce a pro-inflammatory reaction, creating a chronic inflammatory
state that accelerates the development of insulin resistance.’? Indeed, studies have
linked WAT inflammation processes to the development of insulin resistance.” 2
This suggests that beneficial effects of regular exercise training on insulin resistance
in obesity might be explained through activating molecular pathways in WAT.

The prevalence of type 2 diabetes mellitus differs between sexes: more men
than women suffer from diabetes worldwide and men tend to be diagnosed at a
younger age than women.'” These epidemiological differences between men and
women are not merely caused by differences in sex hormones, but also relate to
fat distribution and energy homeostasis'. Interestingly, sex differences seem also
present in metabolic adaptations to exercise training ™. Since sex differences are
present in relation to gene expression profiles in WAT "%, exercise training may
also cause sex-related changes in WAT gene expression levels. The sex-specific
differences in energy metabolism, WAT function and glucose homeostasis highlight
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the relevance of exploring sex differences in response to exercise training with
gene expression analyses in WAT. Therefore, the aim of this study is to examine the
impact of 8-week aerobic exercise training on gene expression levels in WAT. The
secondary, explorative aim is to investigate sex differences in exercise-induced
gene expression changes in WAT.

MATERIALS AND METHODS

Subjects

Twenty inactive subjects with obesity (BMI > 30kg/m?) were included in this
study. Baseline physical activity levels were assessed with the use of the Short
QUestionnaire to ASsess Health-enhancing physical activity (SQUASH), a validated
tool to assess physical activity levels in the Dutch population. Subjects were eligible
for inclusion when their SQUASH score was 6400 or lower.'® Exclusion criteria
included inflammatory bowel disease and usage of pro- or antibiotics since these
conditions are associated with an altered gut microbiota '8, as well as having a
medical history of diabetes mellitus. Written informed consent was obtained from
all participants prior to the start of the study. This study was approved by the
Medical Ethical Committee of the Radboud University Nijmegen Medical Center,
and was conducted in accordance with the declaration of Helsinki. This study was
registered as NTR5737 in the Dutch Clinical Trial Register.

Study design

All subjects who participated in this study were engaged in an 8-week supervised
aerobic exercise training intervention. Subjects were instructed not to change
dietary habits during the participation in this study. Before and after the
intervention, a subcutaneous adipose tissue biopsy, a hyperinsulinemic, euglycemic
clamp, a maximal cycling test and a DXA-scan as gold standard techniques
to examine insulin sensitivity, physical fitness level and body composition,
respectively, were performed.

Exercise training. During this training study, all subjects trained 2-4 times a week
under the supervision of an experienced researcher. Training consisted of cycling
exercise on an ergometer (Lode, Groningen, the Netherlands) starting with a
5 minute warming-up, followed by 50 minutes of exercise at 65%-85% of the
individual heart rate reserve (HRR) and ending with a cooling-down of 5 minutes.
Training frequency and percentage of HRR were gradually increased during the first
two weeks of the intervention period. The HRR was calculated based on individual
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maximal heart rate assessed during the maximal cycling test. Exercise intensity
was continuously monitored and documented with the use of heart rate monitors
(Polar®) and workload was adjusted accordingly on an individual basis. Subjects
had to attend at least 95% of the training sessions during the 8 week intervention
period to be eligible for inclusion in the statistical analysis.

Measurements

Anthropometry. At baseline and after the 8 weeks intervention (except for height),
height and body weight (Seca 888 scale, Hamburg, Germany) were measured
to calculate body mass index (BMI). Waist and abdominal circumference were
measured with a measuring tape (Seca 201, Chino, USA) to calculate waist-to-hip
ratio. Resting heart rate and blood pressure were measured in supine position, after
a 5 minute rest period. Before and after the training period a total body Dual-X-ray
Absorptiometry (DXA) scan was performed to determine lean body mass and total
fat (QDR 4500 densitometer, Hologic Inc. Waltham, MA). Visceral adipose tissue
(VAT) mass, VAT volume and VAT area were calculated with standardized Hologic
Software with results that correlate excellent with gold standard techniques for the
measurement of VAT."

Gene expression levels

After an overnight fast, subcutaneous adipose tissue biopsies were obtained under
local anesthesia by needle biopsies performed 6-10cm lateral to the umbilicus in
the right lower quadrant.

Microarray processing

Total RNA was extracted from frozen adipose tissue specimens using TRIzol reagent
(Invitrogen, Breda, The Netherlands) and purified on columns using the Qiagen
RNeasy Micro Kit (Qiagen, Venlo, The Netherlands). Total RNA (100 ng per sample)
was labeled by Whole-Transcript Sense Target Assay and hybridized to human
whole-genome Affymetrix Gene 1.1 ST arrays targeting 19 793 unique genes
(Affymetrix, Santa Clara, CA, USA).

Microarray data analysis

Quality control and data analysis have been described in detail previously.?®
Individual genes were defined as changed when comparison of the normalized
signal intensities showed a P-value < 0.05 in a two-tailed paired intensity-based
moderated t-statistics.?’ These analyses were performed within MADMAX system.?
Further functional data analysis was performed on the filtered data set with
MetaCore Pathway Analysis (MetaCore, xxxx, USA) and Reactome analysis based
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on Benjamini-Hochberg false-discovery rate-adjusted p-values of pre- versus post-
intervention using paired Students’t-test per gene. Array data have been submitted
to the Gene Expression Omnibus.

Insulin sensitivity. Peripheral tissue sensitivity to exogenous insulin was measured
using a hyperinsulinemic euglycemic clamp as previously described.? After an
overnight fast (10 hours), the subject was placed in the supine position in a quiet,
temperature controlled (22 - 24 °C) room. Insulin (Novorapid, Novo-Nordisk,
Copenhagen, Denmark) was infused intravenously in a dose of 430 pmol-m=2-min
(60 mU - m2- min™") for 120 minutes. Insulin 50 U - mI" was diluted in 47.5 ml NaCl 0.9%
with the addition of 2 ml blood from the subject to a concentration of 1 U-ml”". Venous
plasma glucose concentrations were clamped at 5.0 mmol-L" by a variable glucose
20% infusion rate, adjusted depending on venous plasma glucose level measured
at 5-minute intervals. Serum glucose levels were determined using a Biosen C-Line
Glucose and Lactate Analyser (Biosen C-line GP+, EKF-diagnostic GmbH, Barleben,
Germany).Fullerton, CA 92634, USA). Whole body glucose disposal was calculated as
the mean glucose infusion rate per kilogram body weight (mg - kg™ - min™") during the
last 30 minutes of the clamp (M-Value).

Dietary intake. During the training intervention, subjects were instructed not
to change their dietary habits. To assess potential changes in daily food intake,
subjects were asked to record dietary intake records before and in the last week
of the training intervention in a detailed food journal. Subjects were individually
instructed how to record food items and were provided with example diaries.
Dietary records of the 24 hours prior to stool collection were analyzed with Eetmeter
Software (Voedingscentrum, the Hague, Netherlands), based on the Dutch Food
Composition Database of 2016.2* Furthermore, an online validated 180-item semi-
quantitative Food Frequency Questionnaire (FFQ) was used to assess habitual
daily energy intake, and macronutrient intake.?*? The FFQ reference period was
one month, and portion sizes were estimated using standard portions.?”’ Intake
of total energy and nutrients was calculated using the Dutch Food Composition
Database.

Cardio-respiratory fitness level. Subjects performed a maximal exercise test on
an electrically braked leg-cycling ergometer (Lode Excalibur, Groningen, the
Netherlands) using an incremental protocol, to assess their cardio-respiratory
fitness level. Workload increased by 10-30 W per minute, starting at 0 W, until
exhaustion. A calibrated gas-analyzer was used to measure oxygen consumption
continuously (COSMED Pulmonary Function Equipment, Chicago, US). During the
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test, an electrocardiogram (ECG) was continuously recorded and checked by a
physician. The maximal exercise test was terminated by adhering to the guidelines
of the American Heart Association.?® Maximal oxygen consumption (VO, __) was
defined as the highest oxygen uptake (30 second average).

Statistical analysis

All statistical analyses were conducted in SPSS 22 (Statistical Package for Social
Sciences 22.0, SPSS Inc., Chicago, Illinois, USA). Data was checked for normality with
use of the Shapiro-Wilk test. Subject characteristics were normally distributed and
therefore assessed with use of a paired Students’ t-test to examine the impact of
exercise training. The level of statistical significance was defined at a=0.05. Data

are presented as mean+SD, unless stated otherwise. For microarray data analysis:
see above.

RESULTS

Subject characteristics before and after training are presented in Table 1. Twenty
subjects (n=9 men, n=11 women) completed the exercise intervention with
adherence to the training sessions of 97%. Assessment of dietary intake with
the use of food journals showed no significant change in daily energy intake
(Pre: 20284622 kcal/day; post: 1906+390 kcal/day; p=0.18), nor in macronutrient
composition before and at the end of the intervention period. Training was
associated with significant increases in cardio-respiratory fitness levels and insulin
sensitivity (M-value), and caused a significant decrease in measures of (visceral)
adiposity (Table 1). When examining men and women separately, no significant
differences in the changes in cardio-respiratory fitness levels, insulin sensitivity
(M-value) and measures of adiposity were found between both sexes.

Impact of exercise training on WAT gene expression and pathways
Exercise training induced significant changes in 1,475 out of 12,306 expressed
transcripts in WAT, with an average fold change between -1.56 and 3.56. In men,
980 genes were significantly altered and in women 874 genes showed a significant
change. Pathway analysis showed that 14 distinct pathways were significantly
affected, with most pathways being (in)directly related to RNA metabolism (3 out
of 14) and extracellular matrix remodeling (3 out of 14) (Figure 1). When analyzed
separately for men and women, we found 12 pathways being significantly altered
after exercise training in men, whilst only 2 pathways were altered in women.
Strikingly, we found no overlap in pathways between men and women.
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Table 1. Physiological characteristics before and after the exercise intervention of the n=20 subjects
and subgroups (n=9 men and n=11 women).

Entire group (n=20) P-value
Pre Post
Age (years) 48+11 - -
Body composition
Weight (kg) 106.4£15.8 104.3+£16.3 0.03
Body mass index (kg/m?) 35.6+4.6 34.9+4.9 0.03
Waist-to-hip ratio 0.98+0.11 0.96+0.07 0.36
VAT mass (g) 865+293 827+297 0.04
VAT volume (cm’) 93542167 879+334 0.02
Insulin sensitivity
M-value (mg/min/kg) 3.6x1.7 4.4+1.7 0.007
Blood pressure
Systolic blood pressure (mmHg) 132+16 131+14 0.6
Diastolic blood pressure (mmHg) 87+11 80+9 0.003
Resting heart rate (bpm) 68+10 69+12 0.5
Physical fitness
VO,max (ml/min/kg) 27.1£5.0 30.4+7.1 <0.0001
VO,max (ml/min/kg FFM) 46.4+6.4 50.6+8.1 0.001
Power (Watt) 200+46 245+56 <0.001
Daily dietary composition
Energy intake (kcal) 2028+622 1905+390 0.18
Carbohydrates (g) 211+39 210+58 0.94
Fat(g) 75%42 66+22 0.28
Unsaturated fat (g) 28+18 26+9 0.74

Protein (g) 98+26 93+18 0.52
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Subgroup men (n=9)

Subgroup women (n=11)

Pre Post Pre Post
51+13 46+11

110.2+£17.0 108.7£16.6 103.3+£14.7 100.7£15.8
33.7+£3.8 33.3+3.8 37.1£4.8 36.2+5.5
1.05+0.1 1.02+0.04 0.9+0.08 0.9+0.07
1026+321 981+326 733+195 701+209
1109+347 1060+352 792+210 730+243
3.3+2.0 4.2+1.7 3.7+1.6 4.4+1.4
139+16 137116 126114 126+12
88+11 85+6 87+10 80+8
65+10 67110 67+10 69+11
29.8+5.7 34.8+7.2 25.1+5.6 27.245.1
44.4+6.3 51.0+88 46.4+6.7 50.6 +8.5
232+45 286+45 174426 210+39
2045+366 1936264 2004+761 18631548
213438 199+45 209+35 226+65
73+22 69+16 79+50 61+26
26+9 27+7 31421 26+12
10325 96+18 92421 90+24
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Pathway
identifier Pathway name
R-HSA-6785470 tRNA processing in the mitochondrion
R-HSA-1442490 Collagen degradation
R-HSA-8957275 Post-translational protein phosphorylation
R-HSA-8948216 Collagen chain trimerization
R-HSA-5083635 Defective B3GALTL causes Peters-plus syndrome (PpS)
R-HSA-8868766 rRNA processing in the mitochondrion
R-HSA-5173214 O-glycosylation of TSR domain-containing proteins
R-HSA-6798695 Neutrophil degranulation
R-HSA-5576894 Phase 1 - inactivation of fast Na+ channels
R-HSA-202670 ERKs are inactivated

Misspliced LRPS mutants have enhanced beta-catenin-
R-HSA-5339717 dependent signaling
R-HSA-212300 PRC2 methylates histones and DNA
R-HSA-73728 RNA Polymerase | Promoter Opening
R-HSA-1474228 Degradation of the extracellular matrix

Figure 1 Pathway Analysis: significantly altered pathways in WAT after 8 weeks of aerobic exercise in
n=20 obese subjects.

Impact of exercise training on WAT gene expression: overlap
between men and women

As no overlap at pathway level was observed, we next examined exercise training
induced gene expression changes at individual transcript level. Of these individuals
genes, 176 genes showed overlap between men and women (Figure 2A), with
170 of these 176 showing remarkably similar regulation patterns (up-up or down-
down). Out of the 170 genes, 117 genes demonstrated an upregulation, of which
96 encode for small nucleolar RNAs (snoRNA; n=88) and small Cajal body-specific
RNAs (scaRNA; n=8) (Figure 2B). Out of the 264 transcripts that relate to “small
nucleolar” or “small Cajal” in our dataset, 171 (63%) are significantly altered after
exercise training in our cohort. Of the significantly (p<0.01) altered transcripts,
all are upregulated in both men and women (Figure 3A) and show large overlap
between sexes (Figure 3B).
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Men Women

176:
117 up-up

53 down-down

1 up-down

5 down-up

Figure 2A. Analysis on single transcript level of WAT after exercise training shows n=176 (20-25%)
overlapping differentially expressed genes after exercise training between men and women.
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Figure 2B. Heatmap with cluster analysis of differentially expressed snoRNAs and scaRNAs before and
after exercise training in obese men and women.
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Figure 3A. Volcano plot of all (n=272) transcripts with “small nucleolar” or “small Cajal” in their Gene
Ontology (GO) description. Plotted -10log p-value (y-axis) vs signal log ratio (SLR, x-axis). For p<0.01:
all transcripts are upregulated.
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Figure 3B. Plot of all (n=272) transcripts with “small nucleolar” or “small Cajal” in description: men
(y-axis) vs. women (x-axis). Data shown as SLR (2Log(fold change): all significantly upregulated genes

are up-regulated in both men and women.
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DISCUSSION

In this study, the effects of an 8-week exercise intervention on gene expression levels
in white adipose tissue in both men and women were examined and compared.
First, reinforcing previous work and proving the successfulness of this training
intervention, we found that 8-week exercise training resulted in improvements in
cardiorespiratory fitness and insulin sensitivity, and in a loss of visceral adipose
tissue and modest bodyweight. Secondly, we found that exercise-training resulted
in changes in ~12% of the genes evaluated in WAT, an effect that was found in
both men and women. Despite a comparable number of genes altered in men
and women, pathway analysis revealed distinct pathway activation between men
and women. At an individual transcript level, 20-25% overlap was found between
men and women in differentially expressed genes that were altered upon exercise
training, mainly caused by a significant upregulation of small nucleolar RNAs
(snoRNAs) and small Cajal body-specific RNAs (scaRNAs). In total, 61% of the total
amount of genes encoding for snoRNAs and scaRNAs was upregulated in WAT after
exercise training in obese subjects, resulting in a remarkable enrichment of these
small non-coding RNAs. This suggests a potential role for these non-coding RNAs in
adaptation of WAT in response to exercise training, which may subsequently have
contributed to the benefits of exercise on insulin sensitivity.

In accordance with previous work, a significant improvement in insulin sensitivity,
cardiorespiratory fitness and (visceral) adipose tissue after exercise training was
observed in this study. This proves that, even with modest weight loss, exercise
training is successful in improving metabolic health. When examining adaptations
in WAT in response to exercise training, we found a relatively small number of
pathways (n=14) being significantly altered, with most pathways being related to
RNA metabolism (n=3) and extracellular matrix remodeling (n=3). The extracellular
matrix (ECM) in adipose tissue plays a significant role in the pathogenesis of
metabolic complications in obesity. In obese humans, collagen deposits cause
fibrosis of WAT and contribute to focal necrosis which in turn causes chronic
inflammation and insulin resistance.?® Furthermore, in our study two pathways
were significantly upregulated (“Collagen degradation” and “Degradation of the
extracellular matrix”), which both contribute to the breakdown of collagen deposits.
This is in accordance with previous work, that also demonstrated exercise-induced
changes in extracellular matrix remodeling in WAT.2° The upregulation of pathways
involved in extracellular matrix remodeling suggests that exercise training
contributes to a more ‘healthy’ ECM, which potentially could contribute - at least
in part - to the beneficial effects of exercise on insulin sensitivity in obese humans.
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The modest change in pathways we observed in our study might relate to the
modest weight loss that occurred (i.e. an average of 1.6% of body weight).
Previous work suggested that greater weight loss causes larger gene expression
in WAT after a lifestyle intervention.*'3? Another potential explanation for the
relatively modest change in pathways might relate to depot specific changes in
adipose tissue that occur after exercise training. Indeed, it was found that after
exercise training, gluteal adipose tissue depots show different changes in gene
expression levels than abdominal subcutaneous WAT.* In addition to the potential
differences in qualitative changes between different adipose tissue, exercise
training also seems to favorably affect a larger drop in visceral adipose tissue (VAT)
compared to subcutaneous WAT.>* Therefore, exercise might induce site-specific
changes in adipose tissue, with relatively modest changes in subcutaneous WAT.
Taken together, 8 weeks of exercise training caused a significant improvement in
metabolic health outcomes accompanied by a modest alteration in pathways in
subcutaneous abdominal WAT.

On individual transcript level, exercise training resulted in a significant change of
12% of total genes. A remarkably large overlap in differentially expressed genes
between men and women was found in our study: 176 identical genes were
similarly regulated in both groups (20-25%). This is in contrast to previous work,
suggesting a sex-specific response to exercise in different tissues with marginal
overlap in up- or downregulation in genes following exercise training between
men and women.**3¢ The overlap between men and women we found was largely
explained by specific changes in expression of snoRNAs and scaRNAs (89% of the
total differentially upregulated genes). These individual transcripts comprise 61%
of the total number of transcripts that relate to “small nucleolar” or “small Cajal” in
our dataset, demonstrating a significant enrichment of these type of molecules.
This observation fits with our pathway analysis, since 3 pathways specifically
related to RNA metabolism were upregulated. In these pathways, nor in others in
the Reactome library we used for the pathway analysis, snoRNAs and scaRNAs are
included. This observation suggests a potential role for these small non-coding
RNAs. However, relatively little is known about these snoRNAs and scRNAs.

Over the last decade, studies have revealed a role for non-coding RNAs in
regulating gene expression at the (post-)transcriptional level. Small nucleolar RNAs
(snoRNAs) play a role as housekeeping molecules for ribosomal maturation and
protein translation and are located in the nucleolus.?’* The physiological role of
these small non-coding RNAs in WAT, especially in response to exercise training
remains largely unknown and evidence of their relationship to exercise is very
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limited. In subcutaneous WAT of humans, a total number of 173 different snoRNAs
has been found in a previous study, of which some were linked to an obese
phenotype.® In relation to exercise, one previous study found upregulation of one
snoRNA (SNORD114.1) after an exercise bout in elite athletes®* whilst another study
demonstrated a marked upregulation of snoRNAs and scaRNAs in circulating white
blood cells following strenuous exercise in athletes.*® Whilst exercise intensity
may importantly contribute to the difference between these previous studies, it is
important that both only examined the impact of a single bout of exercise. Finally,
small Cajal body specific RNAs (scaRNAs) also play a role in posttranscriptional
modifications of rRNA. They display an overlap with SnoRNAs, both in localization
and in function.’ However, we were unable to find a single study mentioning
scaRNA in relationship to adipose tissue in humans in the regular scientific
databases. These observations highlight the uniqueness of our study, as we are
the first to describe a significant enrichment of small RNAs in WAT in response to
exercise training, suggesting a potential role for these small non-coding RNAs in
exercise induced adaptations in WAT.

Limitations. Our study has a number of limitations that must be kept into account.
First of all, we did not perform quantitative real-time PCR (gqPCR) in adipose tissue
to validate the microarray data. Secondly, since snoRNAs can be detected in
circulation and show high stability,** a further validation step would be to measure
scoRNAs in serum samples before and after the exercise intervention, to confirm our
hypothesis that WAT is capable of secreting snoRNAs. Finally, our data - although
robust — was obtained in relatively small subgroups of men and women.

In conclusion, 8 weeks of aerobic exercise training results in significant improvements
in cardiorespiratory fitness and insulin sensitivity, which is accompanied by
upregulation of individual genes in WAT. Interestingly, a relatively large overlap was
present between men and women in differentially upregulated individual genes in
WAT, which mostly belong to the classes of small nucleolar RNA and small Cajal body
specific RNA. This is the first study that reports a significant enrichment of snoRNAs
and scaRNAs in WAT in response to exercise training in humans. Our data suggest that
these small non-coding RNAs play a role in the molecular response of adipose tissue
to exercise training, by alternating post-transcriptional processes. Therefore, this
study provides novel insight into a potential role of specific changes in WAT-related
gene expression levels that ultimately may contribute, at least partly, to the impact
of exercise training on improvements in metabolic function in subjects with obesity.
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ABSTRACT

Objective. Obesity is associated with impaired gut microbiota diversity, which has
been linked to development of type 2 diabetes. This study aims to examine effects
of an 8-week aerobic exercise intervention on insulin sensitivity, visceral adiposity
and gut microbiota diversity and composition in subjects with obesity.

Methods. Fourteen subjects (age 5111 years; BMI 34.9+4.9kg/m?) performed an
8-week exercise intervention (2-4 times /week on 65-85% of HRR). Insulin sensitivity
(hyperinsulemic euglycemic clamp), cardiorespiratory fitness (maximal oxygen
uptake), visceral adiposity (DXA-scan) and gut microbiota composition (16-s rRNA
gene sequencing) were measured before and after the intervention.

Results. Insulin sensitivity showed a significant increase (pre: 3.8+1.9 mg/min/
kg; post: 4.5+1.7; P-value: 0.007) after training whilst visceral adiposity decreased
(pre: 959+£361 cm?; post: 897+364; P-value: 0.02). No change in gut microbiota a- or
B-diversity was found. On genus level, the abundance of Ruminococcus gauvreauii
(P=0.02); Lachnospiraceae_FCS020group (P=0.04) and Anaerostipes (P=0.04)
significantly increased after exercise training. Significant positive correlations were
present for M-value (R. gauvreauii) and VO2max (R. gauvreauii and Anaerostipes).

Conclusions. 8-week exercise training in humans with obesity leads to marked
improvements in insulin sensitivity and body composition and is accompanied
by modest changes in three gut microbiome genera, all belonging to the
Firmicutes phylum.
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INTRODUCTION

Over the last decade, the gut microbiota has emerged as an important modulator
of the immune system and energy homeostasis.! An imbalance (i.e. dysbiosis) in
gut microbiota composition in humans has been associated with various metabolic
diseases, such as type 2 diabetes mellitus.>* Obesity, a major risk factor for type 2
diabetes mellitus and cardiovascular disease, is associated with gut microbiota
dysbiosis that is characterized by decreased diversity and altered composition.*
This highlights the clinical relevance of targeting and improving the gut microbiota
in obesity.

In the absence of widely accepted pharmacological therapeutic strategies to
improve metabolic health by altering gut microbiota, exercise training may
represent a potent therapy. This is supported by the strong and independent health
effects of (regular) exercise training in reducing the risk of type 2 diabetes mellitus,
by improving insulin sensitivity, especially in untrained individuals with obesity.>”

Based on the previously identified link between the gut microbiota and insulin
sensitivity, benefits of exercise training on insulin sensitivity may be accompanied
by alterations in gut microbiota composition. To support this notion, data from
rodent studies reveal that exercise training in obese mice/rat models improves gut
microbiota diversity and composition.®? Voluntary exercise caused an increase in
gut microbiota diversity whilst these improvements in gut microbiota were linked
to enhanced glucose homeostasis (using an oral glucose tolerance test) in mice.®

In humans, cross-sectional data suggest that athletes display larger gut microbiota
diversity than inactive controls,’® which might be linked to differences in fitness
level."" However, to date, prospective data on the direct effects of exercise training
on gut microbiota and metabolic health (ie. insulin sensitivity) in humans with
obesity are scarce and display heterogenous results.’>'* Therefore, we examined
the impact of an 8-week aerobic exercise intervention on insulin sensitivity and gut
microbiota diversity and composition in individuals with obesity. We hypothesize
that exercise training will improve insulin sensitivity, whilst these changes are
correlated with alterations in gut microbiota.
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MATERIALS AND METHODS

Subjects

Twenty inactive subjects with obesity (BMI > 30kg/m?) were included in this study.
Physical activity levels were assessed with the use of the Short QUestionnaire to
ASsess Health-enhancing physical activity (SQUASH), a validated tool to assess
physical activity levels in the Dutch population. Subjects were eligible for inclusion
when their SQUASH score was 6400 or lower."> Subjects with inflammatory bowel
disease and subjects who used pro- or antibiotics were excluded from participation
since these conditions are associated with an altered gut microbiota.'®'” Subjects
with a medical history of diabetes mellitus were excluded from participation.
Written informed consent was obtained from all participants prior to the start of the
study. This study was approved by the Medical Ethical Committee of the Radboud
University Nijmegen Medical Center, and was conducted in accordance with the
declaration of Helsinki. This study was registered as NTR5737 in the Dutch Clinical
Trial Register. Data represented in this manuscript are a result of a secondary
analysis of the primary aim for which the trial was registered. Ethical approval for
this specific analysis was obtained.

Study design

All subjects who participated in this study were engaged in an 8-week
supervised aerobic exercise training intervention. Subjects were instructed
not to change dietary habits during the participation in this study. Before and
after the intervention, a fresh stool sample was collected by the participants
and a hyperinsulinemic, euglycemic clamp, a maximal cycling test and a DXA-
scan to examine insulin sensitivity, physical fitness level and body composition,
respectively, were performed.

Exercise training. During this training study, all subjects trained 2-4 times a week
under the supervision of an experienced researcher. Training consisted of cycling
exercise on an ergometer (Lode, Groningen, the Netherlands) starting with a
5 minute warming-up, followed by 50 minutes of exercise at 65%-85% of the
individual heart rate reserve (HRR) and ending with a cooling-down of 5 minutes.
Training frequency and percentage of HRR were gradually increased during the first
two weeks of the intervention period. The HRR was calculated based on individual
maximal heart rate assessed during the maximal cycling test. Exercise intensity
was continuously monitored and documented with the use of heart rate monitors
(Polar®) and workload was adjusted accordingly on an individual basis. Subjects
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had to attend at least 95% of the training sessions during the 8 week intervention
period to be eligible for inclusion in the statistical analysis.

Measurements

Anthropometry. At baseline, height and body weight (Seca 888 scale, Hamburg,
Germany) were measured to calculate body mass index (BMI). Waist and abdominal
circumference were measured with a measuring tape (Seca 201, Chino, USA) to
calculate waist-to-hip ratio. Resting heart rate and blood pressure were measured
in supine position, after a 5 minute rest period. Before and after the training period
a total body Dual-X-ray Absorptiometry (DXA) scan was performed to determine
lean body mass and total fat (QDR 4500 densitometer, Hologic Inc. Waltham, MA).
Visceral adipose tissue (VAT) mass, VAT volume and VAT area were calculated with
standardized Hologic Software with results that correlate excellent with gold
standard techniques for the measurement of VAT.'®

Gut microbiota. Subjects were provided with a plastic device to collect stool

samples, which were stored at -80°C until DNA-extraction. Each subject was
instructed to collect a stool sample 48-72 hours after cessation of the exercise bout,
preferably on a week day between 6 and 11.30 AM in order to quickly store the
sample in -80°C at the research facility. Subjects collected their stool sample at
home and were asked to hand in the sample as soon as possible. When a subject
was not able to travel to the research facility immediately, the stool sample was
stored in a fridge at 7°C at the subjects home. Since most of the participants lived
nearby the research facility and collection time was during working hours, all
samples were stored at -80°C within 4 hours after collection. Microbial DNA was
isolated from feces using the Maxwell 16 Total RNA system (Promega, Leiden, The
Netherlands). Fecal samples were homogenized with two times bead beating
followed by incubation at 95°C at 100rpm. Each time, samples were centrifuged for
5 min at 4 °C and 14,000 g to collect the supernatant which was placed in a new
sterile eppendorf tube. Following, 250ul from the obtained supernatant was loaded
to Maxwell 16 Tissue LEV Total RNA Purification Kit (Promega) instrument for DNA
extraction. DNA was eluted in 50ul of nuclease free water and its concentration was
quantified using Nanodrop (ThermoScientific. Landsmeer, the Netherlands). For the
amplification of the bacterial 16S rRNA gene fragment, primers targeting the V5-V6
region were selected (F784-R1061). PCR reaction for each sample were performed
in triplicates in a total reaction volume of 35 pl. The master mix contained 0.7 ul
of the barcoded primer(10 uM each per reaction), 0.7 pul dNTPs mixture, 0.35 pl
Phusion Green Hot Start Il High-Fidelity DNA Polymerase (2 U/ul; ThermoScientific,
Landsmeer, The Netherlands), 7 ul 5x Phusion Green HF Buffer, and 25.55 ul DNAse-
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RNAse-free water. The amplification program included 30 s of initial denaturation
step at 98°C, followed by 25 cycles of denaturation at 98°C for 10 s, annealing at
42°C for 10 s, elongation at 72°C for 10 s, and a final extension step at 72°C for
7 min.The PCR product was visualized in 1% agarose gel (~290 bp) and purified with
CleanPCR kit (CleanNA, Alphen aan den Rijn, The Netherlands). The concentration of
the purified PCR products was measured with Qubit dsDNA BR Assay Kit (Invitrogen,
California, USA) and 200 ng of microbial DNA from each sample was pooled for the
generation of the sequencing library. Data filtering and taxonomy assignment were
performed using the NG-Tax pipeline using the default.” Two distinct in-house
assembled mock communities were included in the library and were compared
with their theoretical composition for quality control.

Insulin sensitivity. Peripheral tissue sensitivity to exogenous insulin was measured
using a hyperinsulinemic euglycemic clamp as previously described.?’ After an
overnight fast (10 hours), the subject was placed in the supine position in a quiet,
temperature controlled (22 - 24 °C) room. Insulin (Novorapid, Novo-Nordisk,
Copenhagen, Denmark) was infused intravenously in a dose of 430 pmol-m2min"’
(60 mU - m2- min™) for 120 minutes. Insulin 50 U - mI" was diluted in 47.5 ml
NaCl 0.9% with the addition of 2 ml blood from the subject to a concentration of
1 U-ml". Venous plasma glucose concentrations were clamped at 5.0 mmol-L" by a
variable glucose 20% infusion rate, adjusted depending on venous plasma glucose
level measured at 5-minute intervals. Serum glucose levels were determined using
a Biosen C-Line Glucose and Lactate Analyser (Biosen C-line GP+, EKF-diagnostic
GmbH, Barleben, Germany).Fullerton, CA 92634, USA). Whole body glucose disposal
was calculated as the mean glucose infusion rate per kilogram body weight (mg -
kg™ - min™') during the last 30 minutes of the clamp (M-Value). The hyperinsulemic
euglycemic clamp after the training period was performed at least 72 hours after
the last exercise bout.

Dietary intake. During the training intervention, subjects were instructed not
to change their dietary habits. To assess potential changes in daily food intake,
subjects were asked to record dietary intake records before and in the last week
of the training intervention in a detailed food journal. Subjects were individually
instructed how to record food items and were provided with example diaries.
Dietary records of the 24 hours prior to stool collection were analyzed with Eetmeter
Software (Voedingscentrum, the Hague, Netherlands), based on the Dutch Food
Composition Database of 2016.2" Furthermore, an online validated 180-item semi-
quantitative Food Frequency Questionnaire (FFQ) was used to assess habitual
daily energy intake, and macronutrient intake.?>?® The FFQ reference period was



Eight-week exercise training in humans with obesity | 137

one month, and portion sizes were estimated using standard portions.?* Intake
of total energy and nutrients was calculated using the Dutch Food Composition
Database. ?'

Cardio-respiratory fitness level. Subjects performed a maximal exercise test on
an electrically braked leg-cycling ergometer (Lode Excalibur, Groningen, the
Netherlands) using an incremental protocol, to assess their cardio-respiratory
fitness level. Workload increased by 10-30 W per minute, starting at 0 W, until
exhaustion. A calibrated gas-analyzer was used to measure oxygen consumption
continuously (COSMED Pulmonary Function Equipment, Chicago, US). During the
test, an electrocardiogram (ECG) was continuously recorded and checked by a
physician. The maximal exercise test was terminated by adhering to the guidelines

of the American Heart Association.*® Maximal oxygen consumption (VO, ) was

2max

defined as the highest oxygen uptake (30 second average).

Statistical analysis
All statistical analyses were conducted in SPSS 22 (Statistical Package for Social

Sciences 22.0, SPSS Inc., Chicago, lllinois, USA). Data was checked for normality with
use of the Shapiro-Wilk test. Subject characteristics were normally distributed and
therefore assessed with use of a paired t-test to examine the impact of exercise
training. Correlations between measures of alpha diversity and abundance of gut
microbiota versus subject characteristics were assessed with use of Repeated
measures correlation (Rmcorr).? The level of statistical significance was defined at
a=0.05. Data are presented as mean+SD, unless stated otherwise.

Microbial data analysis

Alpha and beta diversity analyses were performed and visualized using the
publicly available Microbiome R package (version 1.2.1).” Alpha diversity analyses
provide information about richness (number of species) and/or evenness (relative
abundance of those species) within a sample.® Alpha diversity as determined by
Chao index (non-parametric estimation of species richness)?, Shannon index
(measuring richness and evenness by taking relative abundance into account)®®
and Faiths index (PD, phylogenetic diversity: the sum of the branch lengths of the
phylogenetic tree, a measurement of diversity in taxon subsets)®'. Beta diversity
analyses provide information about variation between samples.® Beta diversity
was calculated using the Bray-Curtis dissimilarity index and visualized through a
Principal Coordinates analysis. The envfit function from the Vegan package that
fits environmental vectors or factors onto an ordination, was used to evaluate if
age, sex, body mass (kg), insulin sensitivity (M-value), BMI, cardiorespiratory fitness
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(VO2max), VATvolume, and dietary measures (daily intake of Kcal, fat, saturated fat,
carbohydrate, protein) were associated with the NMDS ordinations; ie. could explain
the variance observed in the data set. The significance of the fitted factors was
estimated using 999 permutations. Repeated measures correlations, designed for
paired samples, were performed using the Rmcorr package, to assess correlations
between environmental variables and bacterial taxa.?® The Wilcoxon signed rank
test was used to examine whether significant changes in gut microbiota occurred
on genus / family / order / class level.

RESULTS

Effect of training intervention

Subject characteristics before and after training are presented in Table 1. Twenty
subjects (11 women, 9 men) completed the exercise intervention. Since two
participants were unable to collect a stool sample before start of the intervention
and at four additional subjects were unable to collect a stool sample in the given
timeframe after the intervention, these were excluded from analysis, leading to a
sample size of n=14 subjects (7 women, 7 men) with samples collected before and
after training. Data was analyzed for this subgroup. Training compliance for this
subgroup was 98%. (Figure 1) Characteristics from this subgroup (n=14) were not
different from the entire cohort (data not shown).

Assessment of dietary intake by food journals showed no significant change in
daily energy intake (Pre: 2028+622 kcal/day; post: 1906+390 kcal/day; p=0.18), nor
in macronutrient composition before and at the end of the intervention period
(Table 1). Cardio-respiratory fitness levels, insulin sensitivity (M-value) and body
composition improved significantly. (Table 1).



Eight-week exercise training in humans with obesity | 139

Table 1. Physiological characteristics before and after the exercise intervention of the subgroup (n=14)
with available microbiota data on both time points. P-value represents the level of significance for post
versus pre-values. Data represents mean + standard deviation.

Subgroup analysis (n=14)

Pre Post P-value Age (years)
Age (years) 51+11 - -
Female sex (%) 50%

Body composition

Weight (kg) 105.4+16.8 102.6+17.4 0.03
Body mass index (kg/m?) 34.9+4.9 33.9+5.2 0.03
Waist-to-hip ratio 1.00£0.10 0.99+0.07 0.36
VAT mass (g) 887+334 830+337 0.04
VAT volume (cm3) 959+361 897+364 0.02

Insulin sensitivity

M-value (mg/min/kg) 3.8+1.9 45+1.7 0.007

Blood pressure

Systolic blood pressure (mmHg) 132+16 131+14 0.6
Diastolic blood pressure (mmHg) 87+11 80+9 0.003
Resting heart rate (bpm) 6710 72+12 0.5

Physical fitness

VO2max (ml/min/kg) 27.7+5.5 31.9+7.0 <0.0001
VO2max (ml/min/kg FFM) 46.0+6.6 51.248.0 0.001
Power (Watt) 204142 250+47 <0.001

Daily dietary composition

Energy intake (kcal) 2028+622 1905+389 0.18
Carbohydrates (g) 211£39 210+58 0.94
Fat (9) 75+42 66+22 0.28
Unsaturated fat (g) 28+18 2619 0.74
Protein () 98+26 93+18 0.52
Lipid Profile

Cholesterol (mmol/L) 5.6+1.5 52+1.1 0.03
HDL (mmol/L) 1.4+0.3 1.4£0.3 0.35
LDL (mmol/L) 3.7£1.3 3.4+1.2 0.05

Triglycerides (mmol/L) 1.8+£0.7 1.8+0. 0.99
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Figure 1. Consort diagram of excluded subjects and exercise training compliance

Gut microbiota

Alpha Diversity. No change in alpha diversity of the gut microbiota was observed
after training, as assessed by Shannon Index, Phylogenetic diversity index and Chao
1 (Figure 2a).

Beta Diversity. Bray-Curtis analysis showed that samples did not cluster by time
(pre- versus post training) and that, consistently, 3-diversity did not change post-
versus pretraining (Figure 2b).

Composition. On genus level, a total number of 3 taxa showed a significant change
after the exercise intervention: Ruminococcus gauvreauii (P=0.02); uncultured
genus from the Lachnospiraceae (P=0.04) and Anaerostipes (P=0.04) (Figure 3). On
family, phylum, class and order level no significant change in taxa was found after
the 8-week exercise training intervention.

Envfit analysis showed that only body mass showed borderline significance
explaining the total variation in gut microbiota composition (p = 0.05), while the
improvement in VO2max (i.e. effect size of the exercise training intervention) and
the other potential explanatory variables (ie. sex, age, M-Value, BMI, VO2max,
VATvolume and dietary intake measures) did not explain significantly the differences
in microbial composition of the subjects before and after the intervention.
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Figure 2A. Alpha diversity before and after the exercise intervention i. Shannon Index; ii. Phylogenetic
diversity; iii. Chao1l
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Figure 3. Significant changes in genus A. Ruminococcus gauvreauii B Lachnospiraceae and
C. Anaerostipes before and after the exercise intervention. Y-axis represents relative abundance of
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Correlation analysis

For this analysis, both samples collected prior to and after the exercise intervention
were used. To examine the relationship between gut microbiota composition
and subject characteristics (insulin sensitivity, cardiorespiratory fitness, body
composition measures and dietary intake measures) further, the top 30 most
abundant bacterial genera were correlated with M-value, VO2max, body mass,
BMI, VATvolume and caloric intake, intake of fat, carbohydrate and protein.
The abundance of Anaerostipes is strongly positively correlated with VO2max
(R=0.64, p-value=0.015). The abundance of Ruminococcus2 is positively correlated
with VATvolume (R=0.51, p-value=0.0048). The abundance of Ruminococcus
gauvreauiigroup is positively correlated with M-value (R=0.60, p-value=0.023)
and VO2max (R?>=0.61, p-value=0.0018) and negatively with VATvolume
(R=-0.54, p-value=0.028) (Figure 4). The abundance of Subdoligranulum is
negatively correlated with intake of fat (R=-0.59, p-value=0.035) and caloric intake
(R=-0.62, p-value=0.021). The abundance of Roseburia and Eubacterium halliigroup
are both negatively correlated with carbohydrate intake (R=-0.61, p-value=0.026
and R=-0.58, p-value=0.04, respectively).
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Figure 4. Correlations between subject characteristics (M-value, body mass, BMI, VAT volume and
VO2max) and the 30 most abundant genera of gut microbiota in fecal samples (data from before and
after the exercise intervention)
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No significant correlations between the different measures of alpha diversity
(ie. Shannon Index, Phylogenetic diversity index and Chao 1) and changes in
body composition (body weight, BMI, VAT mass), insulin sensitivity (M-value) or
cardiorespiratory fitness (VO, max) were found (data not shown).

DISCUSSION

This study presents the following findings. First, an 8-week aerobic exercise
intervention in humans with obesity leads to marked improvements in insulin
sensitivity and body composition, whilst this is not accompanied by improvements
in gut microbiota alpha(a)- and beta(f)-diversity. Modest but significant changes in
3 genera (Ruminococcus gauvreauii, uncultured Lachnospiraceae and Anaerostipes)
after the exercise intervention were found. Of these genera, Ruminococcus
gauvreaii and Anaerostipes both showed a significantly positive correlation with
VO2max. Ruminococcus gauvreaii also correlated positively with M-value and

negatively with VAT volume. This suggests that gut microbiota exerts adaptability
in response to exercise training which might be associated with improvements in
metabolic and cardiovascular health.

To demonstrate the impact of exercise training, precise, high quality techniques
were used for the measurement of insulin sensitivity,® visceral adiposity (VAT),'®
and cardiorespiratory fitness.? In line with our hypothesis, and reinforced by several
previous studies,® large beneficial effects of exercise training on M-value, visceral
adipose tissue and fitness levels were observed. This proves that the 8-week exercise
intervention subjects performed in this study is a successful tool in improving risk
factors for the development of metabolic and cardiovascular disease. After 8 weeks
of effective exercise training, no change in gut microbiota diversity was found in
our cohort of individuals with obesity. The lack of exercise-induced alterations
in a- and B-diversity is in accordance with previous human exercise intervention
studies of both shorter (3 weeks) and longer (12 weeks) duration and similar
exercise intensities.”>' This is in contrast to cross-sectional work in athletes that
demonstrated marked differences in the gut microbiota diversity when compared
to inactive controls, suggesting a role for exercise as an influencer of gut microbiota
diversity.*? Indeed, two exercise studies found alterations in 3-diversity of the gut
microbiota.?*** In one study by Allen et al., these alterations were dependent on
obesity status: in lean subjects, exercise induced shifts in bacterial taxa were more
pronounced than in individuals with obesity.>* This suggests that gut microbiota
diversity in humans with obesity might be more rigid and unable to response to
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an exercise stimulus. As in our study, participants in Allen et al. were instructed to
maintain their regular dietary intake to discard the influence of a change in diet
on gut microbiota. Moreover, the exercise intervention was of similar intensity
(60-75% HRR) and duration (6 weeks).>* Therefore, the differences between our
study and tat of others are unlikely the result of a different exercise design. More
likely, other factors might play a role, such as lifelong training status and childhood
dietary regimen, which could also explain the large differences observed in cross-
sectional comparison of elite athletes to sedentary controls. At least, this suggests
that exercise-mediated improvements in insulin sensitivity occur independently of
changes in gut microbiota diversity.

In this study, modest but significant changes in gut microbiota composition
occurred. On genus level, abundance of Ruminococcus gauvreauii group,
Lachnospiraceae FCS020group and Anaerostipes was increased after exercise
training. Interestingly, R. gauvreauii was also positively correlated with insulin
sensitivity (M-value), cardiorespiratory fitness levels (VO2max) and inversely
correlated with visceral adiposity. R. gauvreauii is a genus derived from the
order of Clostridium in the Phylum of Firmicutes.*® Its abundance is decreased in
patients with coronary artery disease when compared to controls.>** VO2max is a
strong, independent risk factor for the development of cardiovascular disease.
The exercise induced increase in R. gauvreauii and its positive correlation with
VO2max we found in our study, together with the observation that its abundance
is lower in CAD patients, suggests that exercise might be capable of improving
cardiovascular risk mediated by altering gut microbiota in individuals with obesity.
R. gauvreauii produces acetate as end-product of fermentation.?® Acetate is a short
chain fatty acid (SCFA), that elicits various beneficial effects on other tissues in
the body, ultimately improving body weight control and insulin sensitivity.?” This
is in accordance with our results that demonstrate a positive correlation between
R. gauvreauii and gold standard measurement of insulin sensitivity and a negative
correlation with visceral adipose tissue mass. Taken together, our results suggest
that exercise-induced improvements in glucose homeostasis might be associated
with an increase in acetate-producing R. gauvreauii.

This study also demonstrated a modest increase in Anaerostipes derived from the
family of Lachnospiraeceae in the phylum Firmicutes, in the presence of a positive
correlation with VO2max. Anaerostipes is a butyrate producer by lactate utilization.®
Its abundance has not been described to be altered by exercise interventions in
humans with obesity in previous studies. However, Rettedal et al. found that
its abundance is higher in lean subjects compared to subjects with obesity.?”
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The correlation with VO2max we found in our study suggests it adaptability to
an exercise stimulus towards a more favorable “lean” phenotype. However, it
can also be a direct consequence of the lactate shifts that result from multiple
strenuous exercise interventions. Lastly, we also found an increase in the genus
Lachnospiraceae FCS020group, also derived from the family of Lachnospiraeceae
in the phylum Firmicutes. Data on Lachnospiraceae FCS020group in humans is
scarce. It has been associated with circulating VLDL and small HDL particles and
plasma trimethylamine N-oxide, both potential risk factors for coronary artery
disease.’** In our study, its abundance was not correlated to any of the established
cardiovascular risk factors (ie. insulin resistance or visceral adiposity). Therefore, it
remains unknown what the clinical significance of this change is. Taken together,
our study demonstrates that exercise training increases the abundance of two
SCFA-producing genera belonging to the Firmicutes phylum that are associated
with improvements in cardiorespiratory fitness levels and insulin sensitivity. This
suggests that exercise induced improvements in cardio-metabolic health might be
mediated by SCFA-producing gut microbiota. Future work is required to directly

study this hypothesis.

Some methodological considerations must be taken into account in our study.
First, although based on previous work, short chain fatty acids (SCFAs), produced
by bacterial taxa from the Firmicutes phylum, might play a role in exercise-induced
improvements in insulin sensitivity, we were unable to measure these in the stool
samples of our subjects. Unfortunately, this was not part of the original research
design. This should be incorporated in future studies examining this topic. Second,
the gut microbiota data in our cohort show a large inter-individual variance
which is in accordance with large cohort microbiota studies in humans*“?* and
also smaller human intervention studies.”> Nonetheless, our primary comparison
involves intra-individual changes, which adds strength to our observation
that exercise training did not alter the gut microbiota. Third, the timing of gut
microbiota measurement (i.e. collection of the stool sample) is an important factor
potentially affecting results as a temporarily dysbiosis in gut microbiota after
strenuous exercise can occur.”® Since all participants collected a stool 48-72 hours
after cessation of the last exercise bout to rule out acute effects of the last exercise
bout, this has minimized the potential impact of the last exercise bout on gut
microbiota measures. Lastly, a change in diet is known to cause an alteration in gut
microbiota.* Therefore, participants were carefully instructed not to change caloric
and macronutrient intake which was objectified with the use of food diaries. Since
our data demonstrated that diet had not changed, we can exclude changes in diet
as a potential factor influencing our results. This is further supported by the Envfit
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analysis which showed that macronutrient and caloric intake do not influence the
variation in change of gut microbiota composition and the correlation analysis in
which no significant correlation was found between the three significantly altered
genera after exercise training and dietary intake measures.

This study demonstrated that an 8-week exercise intervention in humans with
obesity causes significant improvements in cardiovascular and metabolic health in
the presence of modest changes in three gut microbiome genera, all belonging to
the SCFA producing Firmicutes phylum. Of these genera, R. gauvreauii is positively
correlated with insulin sensitivity and cardiorespiratory fitness, which suggests a
potential role for this acetate producer to cause improvement in insulin sensitivity
in response to exercise.
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Exercise is medicine

The 2020s: how three pandemics work together to impair health
Anno 2025, the prevalence of (morbid) obesity is still increasing and has risen to
pandemic numbers. Despite both worldwide and national initiatives to put more
emphasis on prevention of the detrimental health effects of obesity, the effects of
obesity on public health are larger than ever. Currently, 50% of the adult population
in the Netherlands is overweight whereas 14% suffers from obesity. These numbers
are still increasing. The harmful effects of obesity were highlighted during the
recent COVID-19 pandemic. Within months of the start of the COVID-19 pandemic,
studies demonstrated that obesity is an independent risk factor to develop severe
complications of a COVID-19 infection for which hospitalization and intubation are
needed."? Specifically, 30% of hospital admissions due to COVID19 in the US could
be attributed to obesity.? The third pandemic present in the 2020s, which is closely
linked to both the obesity- and COVID-19 pandemics, relates to physical inactivity.
The proportion of both children and adults that adheres to guidelines of minimal
physical activity per week is gradually decreasing. Physical inactivity contributes to
a decrease in fitness and thereby to a large number of diseases, such as diabetes
mellitus and cardiovascular disease and ultimately to mortality.*® Finally, it cannot
be ignored that these three pandemics are closely linked, especially given the
increase in body weight and decrease in physical activity that was present during
the COVID-19 lockdowns.®’ This highlights the need to specifically target lifestyle
as a preventive and treatable target to decrease body weight and increase
physical activity.

In the Netherlands in 2025, more than 1 million humans suffer from type 2 diabetes
mellitus. Based on demographic development, the number of individuals living
with diabetes is estimated to be 1.4 million in 2040.8 The World Health Organization
advocates lifestyle strategies to prevent overweight and obesity in order to prevent
other negative health effects, such as the development of type 2 diabetes mellitus.’
Lifestyle interventions are aimed at restoring the energy imbalance that forms
the basis for becoming obese. Caloric restriction reduces energy intake whereas
exercise training increases energy expenditure. Indeed, both a hypocaloric diet and
increasing physical activity by a training program are associated with beneficial
effects on insulin resistance that underlie the pathogenesis of type 2 diabetes
mellitus. Health effects of lifestyle interventions in general, and exercise training
in particular, seem to be explained by more than simply decreasing body weight.
Indeed, the effects of exercise training on insulin sensitivity are multifactorial since
exercise training:
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- Improves specific adipose tissue depots, such as visceral adipose tissue

« Enhances the inflammasome (ie. circulating cytokines, molecular pathways in
skeletal muscle and adipose tissue)

« May alter the gut microbiome.

In this thesis, we have explored various mechanisms that contribute to exercise-
induced increases in insulin sensitivity in obese humans. In this final chapter, we
will discuss and integrate the results of this thesis with scientific literature in order
to examine the concept why ‘exercise is medicine’, and how to integrate the novel
information and insights into clinical practice.

Prevention of type 2 diabetes mellitus in obesity - increasing fitness
or decreasing fatness?

When improving metabolic health, two concepts play a central role: fitness and
fatness. High fitness levels and low fatness are associated with health benefits as
they reduce cardiovascular and metabolic risk. Their mutual relationship, however,
is matter for ongoing debate. Consensus about which of the two is most important
to improve general health is lacking in scientific literature. Below, a definition
of both factors is given to provide better insight into the role of both fitness
and fatness.

Fitness - different domains of health

Fitness is an important measure to assess a person’s health. Fitness is defined as
the condition of being physically fit and healthy, comprising different domains
such as mental acuity, cardiorespiratory endurance and muscular strength. More
specifically, both in this thesis and in the scientific literature, ‘fitness’ refers to
cardiorespiratory fitness (CRF); the capacity of the circulatory and respiratory
systems to warrant sufficient oxygen supply to the mitochondria in skeletal muscle
during sustained (exhaustive) exercise. The gold standard to measure CRF is by
performance of a maximal exercise test, during which the peak oxygen uptake level
(VO2max)can be assessed. The duration and need for specialized equipment makes
it difficult to assess CRF in the consulting room of a medical doctor, despite the
current advise of the American Heart Association to implement this as a routine
clinical test.’

CRF is a very strong and independent marker of a person’s health, with better CRF
being associated with decreased all-cause mortality and morbidity across all ages
and both sexes.’”®™ A decline in CRF results in health risks, both cardiovascular and
metabolic (ie. cardiometabolic): it is associated with an increased risk of developing
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type 2 diabetes ' as well as cardiovascular events and heart failure.’®'" This is
specifically relevant for individuals who suffer from overweight or obesity since
these also serve as important risk factors of cardiometabolic health. Ideally, life
style interventions should therefore aim for an increase in CRF as well as a decrease
in the amount of body weight.

Fatness - different shapes and sizes

The second concept to be taken into account when assessing the success of lifestyle
interventions is ‘fatness’ ‘Fatness’ is most commonly measured by body weight
or Body Mass Index (BMI), which allows routinely assessment during medical
consultation. Although BMI is a known risk factor for cardiovascular and metabolic
disease, BMI as a measure of fatness has a number of limitations. First, BMI does
not distinguish between fat mass and lean body mass, making it possible that a
muscular, fit, elite athlete is classified as obese if the BMI is >30 kg/m2. Second, BMI
does not take fat distribution into account.''* The way adipose tissue is distributed
across different depots in the human body is known to be a stronger marker for
cardiovascular and metabolic risk than the quantity of adipose tissue per se. More
specifically, central or abdominal obesity as a measurement for visceral adipose
tissue (VAT) outperforms BMI in the prediction for relative risk for morbidity and
mortality.’® Although the gold standard to evaluate body fat distribution (the use of
radiographic scans, such as a CT or MRI scan)' is not feasible during daily practice,
measuring waist circumference (WC) or calculating the waist-to-hip-ratio (WHR)
are both useful, practical, and easy-to-perform measurements to assess a persons’
(abdominal) fat distribution. Nonetheless, also these markers have their limitations
based on depot-specific functions of adipose tissue. For instance, subcutaneous
adipose tissue (SCAT) can be distinguished from VAT. VAT is localized within the
intra-abdominal cavity and surrounds the abdominal organs. An excess of VAT is
strongly correlated with all cause morbidity and mortality.'s'®' This relationship is
not merely based on its quantitative abundance, but also relates to the endocrine
effects linked to the presence of VAT. Excessive volumes of VAT are linked to the
secretion of bioactive molecules (cytokines) that enter the blood flow and are able
to impair function of organs that are pivotal for glucose homeostasis, such as the
liver and skeletal muscle.’®'® Specific measurements of VAT are challenging, since
expensive and time-consuming imaging techniques are needed to accurately
assess its quantity.”” Unfortunately, measures of body weight, WC and WHR have
been reported to be inaccurate in estimating VAT."” Taken together, evaluation of
fatness comes in different ‘shapes and sizes, and is far more than the result of your
weighing scale or tapeline.
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The fitness vs. fatness debate

In a landmark paper, published more than three decades ago, it became clear that
the explanation for obesity being a risk factor for disease and mortality goes beyond
the amount of ‘fatness’' In this prospective, longitudinal study (n=10224 men and
n=3120 women, median follow-up 8 years) higher cardiorespiratory fitness was
associated with lower all-cause mortality in both sexes, even when corrected for
age, smoking, cholesterol, blood pressure, glucose level and BML' The observation
that obesity per se may not be a risk factor is confirmed in a meta-analysis from 2014.
This study compared the impact of BMI and CRF on all cause mortality (10 studies,
92986 participants) and found that ‘unfit’ individuals, regardless of BMI category,
had an increased risk of all-cause mortality. In contrast, ‘fit’ individuals who were
classified as overweight/obese had a similar mortality risk when compared to ‘fit’
individuals with normal weight.?® Both studies suggest to put an emphasis on
strategies that increase physical activity levels and thereby CRF, rather than focus
on weight loss alone in humans with obesity. This data contributed to the notion of
a ‘'metabolically healthy obese’ (MHO) phenotype which is defined as being obese
(BMI > 30 kg/m?) in the absence of other cardiovascular/metabolic risk factors (e.g.,
hypertension, insulin resistance, dyslipidemia). A number of studies suggested that

metabolically healthy obesity is still associated with an increased mortality risk
when compared to normal weight individuals. However, these studies did not take
CRF into account to understand the role of fitness in these observations. Especially
in the metabolically healthy obese group, CRF seems to be higher when compared
to other obese individuals that already suffer from the complications of obesity.?’
These data suggest a protective role of a high CRF against complications of obesity.
Furthermore, when taking CRF into account and considering other confounders,
it has been established that individuals with metabolically healthy obesity have a
similar life expectancy as normal weight individuals.

Taken together, there is a large body of evidence, involving cross-sectional and
longitudinal data, that suggests that a low CRF is a more accurate and powerful risk
factor for all cause mortality and morbidity than BMI or body weight. First, it may
therefore be pivotal to examine interventions aimed at increasing fitness, rather
than aiming at decreasing fatness (alone). Second, this raises questions on the
reasons why a high CRF and/or performing exercise training, even in the presence
of overweight or obesity, exerts its positive health effects.

Exercise training: increasing fitness but also influencing fatness
A robust body of evidence demonstrates that being physically active, resulting
in higher CRF, is associated with longevity by influencing cardiovascular and
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metabolic risk factors.*'"?2 For example, aerobic exercise training aims at improving
CRF, and is the most powerful tool to do so. In adults, 16-20 weeks of training
2-3 times a week will improve CRF by 16.3%.2* The benefits of exercise training
go beyond improvement in CRF. Indeed, regular aerobic exercise training exerts
other effects on the body, especially in obese humans. Exercise training is also able
to alter fat mass, by inducing a negative energy balance as a result of increased
energy expenditure. The potential effects of exercise on fatness, take place on three
levels: 1.quantity adipose tissue, 2.quality adipose tissue, and 3. other processes. In
this thesis, the effects of exercise training on all of these levels were examined and
results will be discussed below.

Exercise training and quantity of adipose tissue: move your muscles vs
constrain your calories

A number of meta-analyses demonstrates that aerobic exercise training is a less
powerful tool to decrease bodyweight than a hypocaloric diet.>*?® However, it
would be more relevant to examine exercise-induced effects on relevant adipose
tissue depots, such as visceral AT (VAT), since VAT is more strongly correlated with
metabolic and cardiovascular health risks than body weight.'® In Chapter 2 we
examined the effects of exercise training versus hypocaloric diet on visceral adipose
tissue (VAT). With use of a meta-analysis we demonstrated that hypocaloric diet
induces more weight loss, but aerobic exercise training is more strongly correlated
with a decrease in VAT. Our data demonstrated that exercise training causes a
specific reduction in VAT, an effect that occurs largely independent of weight loss.
This suggests that aerobic exercise training is a more powerful tool to reduce
visceral adipose tissue than is caloric restriction.

This meta-analysis contributes to the notion that merely measuring body weight
when evaluating the successfulness of a life style intervention, may lead to an
underestimation of the amount of VAT that is lost. This notion is supported by
data from others: in a longitudinal study in Japan with a follow-up time of 50
months, investigators analyzed the effects of lifestyle interventions on both body
weight and VAT. Changes in VAT were more strongly correlated to improvements
in cardiometabolic risk factors than changes in body weight. Even in the absence
of weight loss, an improvement in VAT and risk factors was observed. Furthermore,
individuals with the highest amount of VAT at baseline (regardless of their BMI)
experienced the greatest benefit of an exercise training program in terms of losing
VAT mass and improving risk factors.?
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The results of our meta-analysis, together with a high number of prospective studies
such as the Japanese cohort, has resulted in a high impact position paper of the
International Atherosclerosis Society and International Chair on Cardiometabolic
Risk Working Group on Visceral Obesity.?” This position paper highlighted the
urgent need to: 1) quantitatively measure VAT in individuals with cardiometabolic
health risks, and 2) implement exercise interventions as the most powerful tool
to reduce VAT. Interestingly, the authors of this paper examined dose-response
relationships between amount and intensity of exercise and its effects on VAT by
reviewing the available randomized controlled trials, but were unable to find a
clear relationship.?” This has an important practical implication, as this observation
suggests that physically inactive, obese individuals can already loose significant
amounts of VAT by starting to exercise at low intensity and low frequency. This
further emphasizes the importance of implementing exercise as a ‘first choice’
prescription in the worldwide battle against the obesity pandemic and associated
cardiometabolic risk factors.

The different effects of exercise training and caloric restriction on VAT suggests the
presence of physiological mechanisms to cause this difference. The physiologic
response might relate to the effects of exercise training on the quality rather than

the quantity of adipose tissue. In a landmark paper by Wedel-Neergaardet al., it
was hypothesized that pro-inflammatory cytokines play a role in exercise induced
reductions of VAT. They examined whether interleukin-6 (IL-6), a cytokine secreted
by adipose tissue that regulates energy metabolism and that is increased in obese
individuals and rises following exercise, is a mediator in the effects of exercise
training. In a prospective study, exercise training or control was combined with
IL-6 receptor blockade in centrally obese individuals. Interestingly, 12 weeks of
exercise training successfully decreased VAT mass when compared to control.
However, blocking IL-6 signaling abolished the effects of exercise training on VAT,
demonstrating that IL-6 signaling plays a pivotal role in the effects of exercise on
VAT.%2 This observation contributes to the paradigm that exercise training is able to
improve the quality of adipose tissue, i.e. its secretory capacity of cytokines which
play a central role in organ-cross talk and improving cardiometabolic health.

The effects of exercise training on quality of adipose tissue: circulating
cytokines and White adipose tissue (WAT) gene expression

In contrast to the old dogma that focussed on the ‘quantity’ of fat mass, in the past
decade studies have revealed the importance of adipose tissue ‘quality’ Adipose
tissue serves as an endocrine organ, secreting numerous factors that influence
processes throughout the body.?® Obesity is characterized by a chronic, low-level,
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pro-inflammatory milieu, in which adipose tissue has been shown to secrete
pro-inflammatory cytokines, that enter the circulation and influence glucose
homeostasis in other organs, thereby contributing to the pathogenesis of insulin
resistance.”®3' It has been postulated that exercise training might beneficially
affect the production and secretion of cytokines in adipose tissue. This effect of
exercise training may result in an improvement in insulin resistance. It is therefore
somewhat counterintuitive that an acute bout of exercise has been shown to cause
an increase in pro-inflammatory cytokines as it acts as a stressor to the body’s
immune status.?*** In this thesis we examined effects of both acute and chronic
exercise on cytokines in different sites in the body. After a brief summary of our
findings (per chapter), the implications will be discussed below.

First, in chapter 3 we examined the impact of acute exercise bouts of repeated
prolonged walking on circulating cytokine responses in both overweight and
lean individuals, i.e., all participants of the Nijmegen 4 Day Marches. After the
first bout of exercise (i.e., the first walking day), all cytokines showed a significant
increase compared to baseline. From the second exercise bout onwards, most
cytokines returned to baseline values, except for IL-6 that remained elevated
compared to baseline. Interestingly, the return to baseline levels occurred slower
in the overweight cohort when compared to lean participants. This suggests the
presence of early adaptive responses in which the body alters its exercise induced
inflammatory response, which occur delayed in overweight individuals.

In chapter 4, we examined the effects of exercise training on circulating cytokines,
as well as gene expression levels of cytokines in skeletal muscle. Next to adipose
tissue, skeletal muscle is able to secrete cytokines to the circulation. Our data
showed that in response to a 6-month aerobic exercise training program,
significant improvements in insulin sensitivity (M-value) occurred in lean and obese
women. However, this improvement in insulin sensitivity was not accompanied
by a change in circulating levels or RNA-expression values in skeletal muscle
of cytokines. Similarly, a correlation between M-value and cytokine levels was
absent. The absence of a response in circulating cytokines and expression levels
in skeletal muscle in chapter 4, contributes to the hypothesis that exercise induced
adaptations might not occur in skeletal muscle alone, but also in other tissues, such
as adipose tissue, another source of (exercise induced) cytokines.

Therefore, in chapter 5 we examined changes in gene expression levels in
subcutaneous WAT in response to an 8-week aerobic exercise intervention in obese
individuals. In this study, we further examined differences in men versus women.
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~12% of known genes were altered after the exercise intervention, in both men
and women. None of these genes encoded for known cytokines. In the pathway
analysis, no overlap between men and women was found. Interestingly, when
examining individual transcripts, a significant and robust alteration was found in a
large number of small non-coding RNAs which we will discuss below.

Exercise and cytokines: an ambiguous relationship

The exact role of cytokines in exercise-induced responses is matter for ongoing
debate. Data from exercise training studies is heterogenous. In a recent review, a
total of 90 studies that examined the effect of acute exercise on levels of circulating
cytokines were included. After an acute bout of exercise, an increase in individual
cytokines was reported in 46% of studies, whereas 19% reported a decrease and
35% reported no change. After exercise training, the percentage of studies that
showed a decrease in cytokines was higher (46%), but a comparable number of
studies demonstrated no significant change in circulating cytokines after exercise
training (42%).24(Figure 1) The authors reported a potential confounding role for
the degree of intensity, frequency and duration of the exercise intervention that
might influence the magnitude of response in cytokines levels. The exact influence
of these factors was not reported and remains to be studied, but differences in these

characteristics of the exercise bout or training could explain the heterogenous
results between studies and the lack of a rise in cytokines in response to a 6-month
exercise intervention we found in the study in chapter 4. Interestingly, these
data from Saeidi et al. demonstrate that the ratio between an increasing versus
decreasing effect on cytokines is different between acute versus training exercise
studies. Acute exercise results in an increase in cytokines rather than a decrease
(ratio ~3:1) whilst exercise training much more frequently causes a decrease than
an increase in cytokines (ratio ~3:1). This further underlines the importance of
distinguishing between the effects of acute versus chronic (ie. training exercise)
when physiologically examining exercise induced changes in cytokines.

Of all known cytokines that play a role in exercise-induced physiological responses,
IL-6 (Interleukin-6) has been most extensively studied. IL-6 functions as an ‘exercise
factor’; a signalling marker that initiates and maintains the adaptive response of
the body when exposed to an exercise stimulus, and was already identified in 2003
as a potential candidate for this role.> At that time, it was believed that IL-6 exerts
a pro-inflammatory role, being somewhat contra-intuitive since exercise is believed
to decrease inflammation. More recently, it has become clear that IL-6 has anti-
inflammatory effects in the context of acute exercise, since IL-6 induces other anti-
inflammatory cytokines (IL1-Ra and IL-10) and inhibits pro-inflammatory TNF-a.
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mIncrease m Decrease = No change m Increase m Decrease m No change

Figure 1. Results of studies examining levels of circulating cytokines in response to A acute exercise
and B exercise training. Figure adapted from Saeidi et al.>*

Its function and effects seem to be directed towards a protective immunological
response against the stressor of an acute exercise bout.* This is supported by
our data of chapter 3, in which IL-6 is the only cytokine that remains elevated,
whilst other cytokines show a blunted response to an extended exercise bout on
consecutive days. Next to its immunomodulating role in response to exercise, IL-6
has an important role in glucose metabolism during exercise. It is upregulated in
response to low glycogen levels and subsequently increases glucose production
in the liver and increases lipolysis in adipose tissue, thereby restoring glucose
homeostasis. In the skeletal muscles, IL-6 enhances glucose transporter 4 (GLUT4
expression), thereby contributing to maintain glucose handling in skeletal muscle
during exercise.’” IL-6 therefore may be a potential mediator of beneficial effects on
glucose metabolism caused by both acute exercise and exercise training. However,
in both our training studies (chapters 4 and 5) we failed to identify changes in IL-6
in the circulation and expression levels in both skeletal muscle and subcutaneous
WAT. This is, at least in part, in accordance with previous work reporting varying
results in cytokine response in response to exercise.3*3®

The absent of a clear, uniform effect of exercise training on IL-6 and other cytokines
might be partly due to methodological reasons: it remains a challenge to establish a
window in which cytokine levels can be measured in resting metabolic conditions,
completely eliminating the influence of the last exercise bout. Furthermore, as is
the case with all cytokines: their presence in the circulation is of a transient nature
and each cytokine has another pattern of rise and fall in the circulation in response
to stressors, which is demonstrated by data from us and others.

Interestingly, the response of dietary (ie. caloric restriction) interventions shows
similar heterogenous results as exercise intervention studies. In an extensive
review, Klimcakova et al. concluded that significant weight loss (ie. 5-10%) is
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needed to cause a significant change in cytokines and subsequent improvement in
metabolic health.** In contrast to this observation, significant changes in cytokines
in the absence of weight loss have been described.* This observation contributes
to the notion that exercise training is able to alter cytokine secretion irrespective of
altering the quantity of adipose tissue.

Taken together, our data and those of others have failed to establish a clear role
for cytokines as mediators for lifestyle-related improvements in insulin sensitivity,
when measured in the circulation or by examining gene expression levels. However,
there is little debate of the functional role of cytokines in decreasing inflammation
in response to exercise training based on mechanistic work. Data from interleukin-
blockade studies allows for a better understanding of the mechanistic implications
of altered cytokine release in response to exercise than merely measuring cytokines
in tissue or in the bloodstream. This is impressively demonstrated by IL-6 blockade
studies, such as the study by Wedel-Neergaard et al. that demonstrated that
the presence of IL-6 is pivotal to cause a decline in VAT with exercise training in
humans.?® Indeed, in very recent years an increasing number of studies in obese
humans using IL-6 receptor blockade by drugs (tocilizumab) in combination with
both acute and chronic exercise has been published.*“? Trinh et al. demonstrated

that IL-6 receptor blockade changes fat turn over, resulting in fat storage rather
than mobilization in response to both acute and chronic exercise, suggesting
a beneficial (and crucial role) for IL-6 in fat metabolism in response to exercise.*
Wueest et al. examined the effect of IL-6 receptor blockade versus placebo on other
cytokines in response to exercise training and found an enhancing effect of IL-6
receptor blockade on the increase of beneficial adiponectin in response to training,
which was correlated to a decrease in insulin resistance.*? Again, these two studies
together with the landmark paper from Wedel-Neergaard further contribute
to the notion that exercise and cytokines show an ambiguous relationship, with
some studies demonstrating beneficial effects®*" in contrast to others who
demonstrate detrimental effects of IL-6 in response to exercise.”> Furthermore, the
use of pharmacological IL-blockade has some practical (and ethical) considerations
making the execution of these studies in humans more challenging. Examining
direct effects of exercise on cytokine secreting organs, such as skeletal muscle and
adipose tissue therefore remains relevant. Instead of examining circulating levels
of cytokines, gene expression analysis provides the opportunity to examine the
source of endogenous cytokines at the site of the secretory organs.
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Small nucleolar RNAs; a novel exercise factor?

Gene expression analysis of WAT offers a chance to exploratively examine adaptive
pathways and changes in individual gene expression levels in response to exercise
training. Potentially, new exercise-mediated factors can be discovered. In chapter 5
of this thesis, an exercise intervention of 8 weeks of aerobic exercise training in obese
men and women was performed. A significant increase in insulin sensitivity and
cardiorespiratory fitness was found, in the presence of modest weight loss. When
comparing altered gene expression levels between men and women, a remarkable
large overlap was found in upregulated small nucleolar RNAs (snoRNAs) and small
Cajal body RNAs (scaRNAs) in response to exercise training. This was accompanied
by a significant change in three pathways related to RNA metabolism. SnoRNAs
and scaRNAs genes encode for transcripts that are essential for ribosomal function.
They act as housekeeping molecules that play a role in ribosomal maturation and
protein translation within the nucleolus.*® In recent years, it was first described that
snoRNAs play a role in glucose metabolism and obesity. First, a genetic disorder
called the Prader-Willi syndrome, which is characterized by morbid obesity and
insulin resistance, is characterized by a deletion of chromosome 15 on which the
units coding for SNORD115 and SNORD116 are located.*** SNORD116 knockout
mice (a mouse model for Prader-Willi syndrome) display defects in pancreatic island
cells leading to metabolic disturbances in glucose handling.”® This suggests that a
lack in these specific snoRNAs is associated with metabolic disturbances that might
be counteracted when these snoRNAs are increased, suggesting a beneficial role for
snoRNAs on glucose metabolism. However, other studies examining other snoRNAs
demonstrated that knock-out mice for four snoRNAs (SNORD32a, -33, -34 and -35)
display improved insulin secretion and glucose tolerance, suggesting a damaging
role for these types of snoRNAs.*® The exact role of snoRNAs in glucose metabolism
therefore remains unclear.

The effect of exercise on snoRNAs and scaRNAs has scarcely been investigated.
In accordance with our study, one exercise study in sedentary lean men (n=47)
found a number of 55 genes encoding for snoRNAs and 9 genes encoding
for scaRNAs in adipose tissue being significantly upregulated after a 6 month
exercise intervention.”” To date no other studies examined the impact of exercise
training on snoRNAs. A few studies examined the effect of an acute exercise
bout, demonstrated increases in circulating snoRNAs. For example, one study
demonstrated SNORD114.1 to be upregulated in plasma in response to an
exhaustive exercise bout in elite athletes. In this study, six other snoRNAs were
examined and showed no change.®® Another study examined gene expression
levels of peripheral white blood cells in response to an exhaustive exercise bout in
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well trained athletes and found 57 genes (18% of all upregulated genes) encoding
for snoRNAs and scaRNAs being upregulated.”® In accordance with our data, this
at least suggests that both acute exercise and exercise training result in a rise in
snoRNAs and scaRNAs, which are — at least in part - derived from adipose tissue
and can be measured in the circulation. Their specific role and function, especially
in relation to obesity and glucose metabolism, should be further examined in
humans. It can be hypothesized, that small nucleolar RNAs serve as exercise factors,
mitigating the body’s response to an exercise stimulus. Our study is one of the first
that demonstrated that snoRNAs are upregulated in WAT in response to exercise
training, in the presence of modest but significant weight loss. This observation
further contributes to the notion that exercise is able to significantly improve the
quality of adipose tissue affecting cardiometabolic health. The exact physiological
implications of this observation and the potential role of snoRNAs in improving
metabolic health by exercise should be subject of future research in humans
with obesity.

The effects of exercise training on gut microbiome - Governing your gut
Another route through which lifestyle interventions improves cardiometabolic
health in obese humans is by influencing the gut microbiome. In recent years,

the gut microbiome has received increasing scientific attention since the gut
microbiome plays a pivotal role in maintaining the energy homeostasis in the body.
Humans with obesity demonstrate an imbalance in gut microbiota, which has been
associated with decreased insulin sensitivity.”**! The effect of lifestyle interventions
on glucose handling, therefore, may be in part related through changing the gut
microbiome. Therefore, in chapter 6 of this thesis, the effect of an 8 week exercise
training intervention was examined on the gut microbiota and insulin sensitivity in
obese humans. Despite demonstrating marked improvements in cardiometabolic
health (insulin sensitivity and cardiorespiratory fitness levels), we found no effect
of training on gut microbiota diversity and only modest increases in abundance of
3 genera (Ruminucoccus gauvreaii, Lachnospiraceae FCS020 group and Anaerostipes).

Data from prospective studies examining effects of exercise training on the gut
microbiota of obese humans remain scarce and show heterogeneous results
(table 1). For example, two studies reported significant changes in diversity of
the gut microbiome compared to three studies that demonstrated no change
after a training intervention in obese humans.?? Interestingly, in these 5 studies
with conflicting results, exercise training duration, frequency and intensity was
comparable to our study. Also the effects of exercise training on gut microbiota
composition show a large variety between studies, resulting in different microbiota
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species/genera being altered after exercise training, whilst some studies report no
change (table 1).

Table 1. Results of supervised exercise intervention studies in obese humans and effects on gut
microbiota (in part adopted from Aya et al.>?) and further updated in 2024

Reference Subjects Study Design Results - Diversity Results - Composition
Allenetal>*  Obese humans Six weeks aerobic  NR | Faecalibacterium spp.
(n=41) exercise, 30-60 TBacteroides
min, 60-75% HR TColinsella
Munukka Sedentary Six weeks NR TDorea
etal>* women, BMI aerobic exercise TAnearofilum
>27.5kg/ TAkkermansia
m2 (n=17) LPorphyromonadaceae
lOdoribacter
IDesulfovibrionaceae
|Enterobacteriaeceae
Croninetal® Sedentary, 8 weeks aerobic  Increase in a NR
overweight/ exercise, diversity
obese humans moderate
(n=25in exercise intensity (BORG
only arm) 5-7/10)
Kern et al.> Overweight/ Different exercise Increaseina NR
obese humans groups with diversity
(n=88) one supervised
exercise group
Rettedal Overweight HIIT, 9 session No differences in No change
etal® men (n=15) a-, and B-diversity
Liu et al.*® Pre-diabetic 12 weeks No differences in No change
men (n=39) supervised a-, and B-diversity
aerobic exercise
Verheggen Overweight/ 8 weeks aerobic No differences in TRuminucoccus
etal® obese exercise, 60 min,  a-, and B-diversity gauvreaii
individuals 65-85% VO2max TLachnospiraceae
(n=14) FCS020 group

TAnaerostipes

Abbrevations: NR = not reported

Some of these heterogeneous results may be related to other factors, such as
lifelong training status and dietary regimens. Indeed, previous work suggested
that these factors influence the adaptability of the gut microbiome to an exercise
stimulus.®® Another explanation for the mixed results, is that the gut microbiome in
the obesity state might be more rigid in displaying change after exercise training.
This was underlined by a study by Allen et al. that demonstrated that exercise
training-induced changes in gut microbiota composition occurred to a larger
extent in lean individuals than in those with obesity, when exposed to the exact
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same exercise intervention.>® Perhaps a longer or more intense period of exercise
training is required in the obese state, explaining part of the mixed results of
previous studies.

When examining the effects of exercise training on gut microbiome, other clinical
relevant endpoints need to be taken into account. Since the aim of altering gut
microbiome by lifestyle interventions essentially is to alter metabolic health (ie.
reduce chronic inflammation, improve insulin sensitivity), studies examining the gut
microbiome should also correlate microbiota findings with markers for metabolic
health. More specifically, there is no “normal value” for the gut microbiome as is
the case for markers of insulin sensitivity or its counterpart; insulin resistance (such
as M-value, HOMA-IR or fasting glucose levels). Since the gut microbiota shows
large interindividual variation, which is dependent on numerous factors that can be
influenced throughout the life span, future gut microbiota studies should always
relate their findings to clinically relevant endpoints to assess the meaning of the
observed change in gut microbiota composition and diversity. Taken together,
despite its sound effects on insulin sensitivity, further studies are needed to better
understand if and how exercise training alters an obese person’s gut microbiome
(and whether this then translates to the improved insulin sensitivity following

exercise training).

Conclusion and future perspectives - Exercise is Medicine:
prescription needed?

In this thesis, a number of findings were reported that contribute to the scientific
evidence that exercise training is a powerful tool to improve cardiometabolic
health in overweight and obese humans. We demonstrated that the success of
an exercise intervention cannot be simply derived from its effects on the display
of your weighing scale. Next to its well-established and robust positive effects
on cardiorespiratory fitness levels, exercise training has also important effect on
adipose tissue quantity and quality.

In this thesis, we demonstrated that exercise training results in a larger reduction in
visceral adipose tissue than caloric restriction does (Chapter 2). Supported by the
scientific evidence as presented in this Chapter, the importance of targeting VAT
to improve metabolic health in obese individuals has become widely established,
resulting in official guidelines that suggest measuring VAT as a standard marker
for health risk and to incorporate exercise training in strategies to improve VAT
in patients.
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In addition to effect on the quantity of fat, studies have also explored how
exercise training alters the quality of fat. However, robust results from exercise
training studies are harder to find. Despite these heterogenous results, our thesis
contributed to the scientific evidence for beneficial health effects of exercise.

In contrast to but also in accordance with other studies, data from our exercise

(training) studies:

— Demonstrated a transient rise in cytokines in response to repeated prolonged
exercise, suggesting quick adaptability of the body’s cytokine responses.
These rapid adaptive responses may explain why chronic exercise has anti-
inflammatory effects rather than the pro-inflammatory effects of acute exercise

— Was unable to show effects of exercise training (6 months and 8 weeks) on
circulating cytokines and gene expression levels of cytokines in skeletal muscle
of obese humans

- Revealed a potential new group of exercise factors, derived from adipose tissue:
snoRNAs and scaRNAs

This thesis further contributed to the notion that Exercise is Medicine. Ideally,
a prescription for the exact amount, intensity and frequency of exercise training
that is needed to target different domains of cardiometabolic health, fitness and
fatness in humans with obesity could be derived from these data. This thesis
shows however that a one size fits all - recipe for exercise training does not exist.
For decreasing visceral fat mass and improving cardiorespiratory fitness, aerobic
exercise training has been established being a suitable ‘recipe’ However, exercise
training is reported to have heterogeneous effects on changing cytokine or gut
microbiome profiles. Therefore, the specific recipe for an exercise training remains
subject for further research. The study in chapter 6 is a good example of how gene
expression analyses allow novel exercise factors to be discovered that might play
a pivotal role in further illuminating the body’s adaptability to exercise stimuli.
Further research into these novel factors seems a logical next step.

Taken together, this thesis emphasizes the importance of exercise training studies
examining physiological responses in humans in vivo. However, we still do not
fully understand why exercise training leads to the protective effects. To better
understand this area of research, it isimportant to select the right outcome variables,
including measurement of visceral fat as well as a marker for cardiorespiratory
fitness. This seems even relevant when another domain of metabolic health (such
as cytokines, inflammasome, microbiome) serves as the primary outcome, to learn
more about the relationship between them.
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Last but not least, when counseling your overweight/obese patient as a medical
doctor it is of utmost importance to look beyond the weighing scale. Measurements
of quality of adipose tissue, such as visceral adiposity as well as markers for
cardiorespiratory fitness, need to find their way into the consulting room and
should be targets for assessing the successfulness of a lifestyle intervention.
Overall, large steps still are required to incorporate the increased attention for and
emphasis on prevention of disease, that is part of international and national health
guidelines, into daily medical practice. Rather than prescribing a recipe, asking your
patient about his or her physical activity habits and comparing them to the ‘Norm
Gezond Bewegen'®' is a feasible first step for every MD to provide insight and advice
regarding the importance of exercising for almost every patient.
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Exercise is medicine

In 2025 heeft meer dan de helft van de Nederlanders overgewicht of obesitas. Deze
mensen lopen een verhoogd risico op het ontwikkelen van verschillende ziekten,
zoals type 2 diabetes mellitus (suikerziekte). Van alle mensen met diabetes mellitus,
leidt 80% aan overgewicht/obesitas. Het aantal mensen dat diabetes mellitus heeft,
neemt gestaag toe. Obesitas verhoogt het risico op diabetes mellitus door het
optreden van insulineresistentie: het onvermogen van het lichaam om adequaat
te reageren op de aanwezigheid van insuline op cellulair niveau. Een aantal
mechanismen draagt hieraan bij:

1.  Een overschot aan visceraal vetweefsel
2. Vetweefsel als endocrien orgaan: veranderingen in afgifte van cytokines
3. Veranderd microbioom van de darm

Exercise is medicine: bewegen is een succesvolle manier om gezondheid te
bevorderen. Met name duurtraining is in staat cardiorespiratoire fitheid te vergroten
en daarmee het risico op hart- vaatziekten en diabetes mellitus (cardiometabole
risico) te verkleinen. Eerder onderzoek heeft ook aangetoond dat duurtraining
insulinegevoeligheid vergroot. Hiermee wordt het risico op het ontwikkelen
van diabetes mellitus verkleind, en kan het beginstadium zelfs genezen worden.
Het doel van dit proefschrift is om bovenstaande mechanismen die bijdragen
aan verbetering van insulinegevoeligheid door training in mensen met obesitas
verder bloot te leggen. Hieronder volgt een samenvatting van de belangrijkste
bevindingen van dit proefschrift.

Obesitas wordt gekenmerkt door een overschot aan vetweefsel. De lokalisatie van
het vetweefsel in het lichaam heeft verschillende functies. Met name een overschot
aan visceraal vet (“buikvet”), gelokaliseerd rondom de buikorganen, is sterk
geassocieerd met een hoog risico op gezondheidscomplicaties in het algemeen en
het ontwikkelen van diabetes mellitus in het bijzonder. Een aantal meta-analyses
heeft aangetoond dat het volgen van een calorie-arm (hypocalorisch) dieet tot
meer gewichtsverlies leidt dan het volgen van een trainingsinterventie. Omdat
een overschot aan visceraal vet sterker geassocieerd is met het risico op metabole
ziekten dan lichaamsgewicht alleen, is het echter ook relevant om de effecten van
een trainingsinterventie versus een hypocalorisch dieet op de hoeveelheid visceraal
vet te onderzoeken. In hoofdstuk 2 hebben we aan de hand van een systematische
review deze onderzoeksvraag onderzocht. In deze studie van de op dat moment
beschikbare literatuur vonden wij dat een hypocalorisch dieet inderdaad leidt
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tot meer gewichtsverlies. Echter, het volgen van een trainingsprogramma dat
gebruik maakt van duurinspanning leidt tot een grotere reductie van visceraal
vet. Bovendien vermindert het visceraal vet tijdens een trainingsinterventie
onafhankelijk van de mate van gewichtsverlies.

Deze observatie heeft belangrijke implicaties voor de klinische praktijk. Om het
effect van een leefstijlinterventie op gezondheid te evalueren, zou men verder
moeten kijken dan naar de weegschaal alleen. Zeker het effect van een training
kan onderschat worden wanneer alleen het gewicht voor en na de interventie
vergeleken wordt. Onze meta-analyse heeft bijgedragen aan nieuwe internationale
richtlijnen die stellen dat

1) het viscerale vet vaker gemeten moet worden bij mensen die cardiometabool
risico lopen en

2) trainingsinterventies de meest krachtige tool zijn om visceraal vet te reduceren.

Zeer recent (juli 2023) is ook de Nederlandse Richtlijn Obesitas herzien
waarin benadrukt wordt dat het meten van BMI alleen onvoldoende is om
gezondheidsrisico’s te meten en te monitoren. Het gebruik van de buikomvang
neemt vanaf heden een belangrijke plaats in in de spreekkamers.

Het succes van leefstijlinterventies gaat verder dan de effecten op de kwantiteit
van vetmassa. Ook de kwaliteit van vetweefsel kan veranderen door training.
Vetweefsel is een endocrien orgaan, in staat om verschillende factoren (cytokines
of adipokines) af te scheiden die via het bloed ook elders in het lichaam processen
beinvloeden. Bij mensen met obesitas is er sprake van een chronische, laaggradige
ontsteking gekenmerkt door secretie van pro-inflammatoire cytokines door
vetweefsel die effect hebben op de glucosehomeostase en bijdragen aan het
ontstaan van insulineresistentie en uiteindelijk type 2 diabetes mellitus. Eerdere
studies hebben aangetoond dat lichamelijke inspanning invloed heeft op de
afgifte van (pro-)inflammatoire cytokines. In dit proefschrift (hoofdstukken 3 t/m 5)
hebben we de effecten van zowel acute als chronische inspanning onderzocht op
de secretie van cytokines in verschillende plekken in het lichaam.

In hoofdstuk 3 onderzochten we de invloed van het lopen van een lange afstand
op vier achtereenvolgende dagen (tijdens de Nijmeegse Vierdaagse) op cytokines
in het bloed van mensen met en mensen zonder overgewicht/obesitas. Na de
eerste wandeldag lieten alle cytokines een stijging zien. De daaropvolgende dagen
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zagen we dat meeste cytokines na een langdurige wandeling niet meer stegen ten
opzichte van het uitgangsniveau, uitgezonderd interleukine-6 (IL-6). Daarnaast
vonden we dat de terugkeer naar baseline van de andere cytokines trager optrad
in mensen met overgewicht/obesitas dan in mensen met een normaal gewicht.
Dit veronderstelt de aanwezigheid van vroege adaptieve responsen van het
lichaam op (herhaalde) blootstelling aan training, die trager optreden in mensen
met overgewicht/obesitas.

In hoofdstuk 4 hebben we de effecten van duurtraining gedurende een langere
periode op cytokines in het bloed en in skeletspierweefsel onderzocht in vrouwen
met en zonder overgewicht. Naast vetweefsel, is ook spierweefsel in staat om
cytokines te secreteren aan de circulatie. Na 6 maanden training vond er een
significante verbetering plaats in insulinegevoeligheid. Deze ging echter niet
gepaard met veranderingen in circulerende cytokines, noch een verandering in
secretie van deze cytokines in skeletspierweefsel.

Gezien de afwezigheid van een respons van cytokines in zowel skeletspierweefsel als
in de circulatie op een succesvolle trainingsinterventie, richtten we ons in hoofdstuk
5 op de effecten van een trainingsinterventie op genexpressie levels in vetweefsel.
Hierin onderzochten we vetweefsel voorafgaand en na een duurtrainingsinterventie
van in totaal 8 weken in mensen met obesitas en vergeleken vervolgens mannen
met vrouwen. In dit hoofdstuk maakten we gebruik van genexpressie- en pathway
analyse om processen bloot te leggen die bijdragen aan het verbeteren van
insulinegevoeligheid. Na 8 weken training vonden we inderdaad een significante
verbetering in cardiorespiratoire fitheid en insulinegevoeligheid, zowel bij vrouwen
als bij mannen. Daarnaast vonden we dat ongeveer 12% van alle genen veranderde
na 8 weken duurtraining. Deze genen codeerden niet voor bekende cytokines, in
tegenstelling tot onze hypothese. In de pathway analyse vonden we geen overlap
tussen mannen en vrouwen in veranderde pathways. Op het niveau van individuele
transcripten, vonden we een significante upregulatie in een groot aantal kleine
non-coderende RNAs (small nucleolar RNAs (snoRNAs) en small Cajal body RNAs
(scaRNAs)) die bovendien zowel in mannen als vrouwen optrad. Dit ging samen met
upregulatie van 3 pathways die gerelateerd zijn aan RNA metabolisme. Deze genen
coderen voor transcripten die cruciaal zijn voor de ribosomale functie. Over hun rol
in obesitas en glucosemetabolisme is weinig bekend en ook data over de invloed
van training op sno- en scaRNAs is zeer zeldzaam. Twee andere studies in mensen
toonden een upregulatie in genen die hiervoor coderen, net zoals wij vonden. Dit
resulteert in de hypothese dat small nucleair RNAs wellicht een exercise factor zijn,
die de respons van het menselijk lichaam op een trainingsinterventie reguleert.
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Hun exacte rol in (trainingsgeinduceerde veranderingen in) glucosemetabolisme
zal in de toekomst verder moeten worden onderzocht.

In de afgelopen jaren is er steeds meer duidelijkheid gekomen over de rol van
microbioom van de darm in het ontstaan van ziektes. In de menselijke darm
wonen minsten 100 triljoen verschillende micro-organismen: het microbioom. Het
microbioom van de darm speelt een significante rol in energiehomeostase omdat
de opname van energie uit voedingsmiddelen hierdoor in grote mate beinvioed
wordt. Daarnaast speelt het microbioom van de darm een belangrijke rol in het
menselijk immuunsysteem en de manier waarop het lichaam omgaat met infectie
en inflammatie. Obesitas is geassocieerd met een veranderd microbioom. Ten
opzichte van mensen met een normaal BMI, wordt bij mensen met overgewicht/
obesitas een minder gevarieerd microbioom gezien, dat geassocieerd is met
het ontstaan van insulineresistentie. Data over de effecten van duurtraining
op de samenstelling van het microbioom van de darm in mensen met obesitas
is beperkt. Daarom onderzochten we in hoofdstuk 6 de effecten van 8 weken
durende duurtraining op de diversiteit en samenstelling van het microbioom
van de darm in mensen met obesitas. Ondanks significante veranderingen in
insulinegevoeligheid en cardiorespiratoire fitheid, vonden we geen effect op de
diversiteit van het microbioom van de darm. We vonden een bescheiden stijging
in de aanwezigheid van 3 genera (Ruminucoccus gauvreaii, Lachnospiraceae
FCS020 group and Anaerostipes), waarvan alleen R. gauvreaii geassocieerd

met insulinegevoelheidheid.

De resultaten van dit hoofdstuk dragen bij aan de beschikbare literatuur over de
relatie tussen duurinspanning en het darm microbioom in mensen met obesitas
die tot dusverre sterk heterogene data laat zien. Sommige studies rapporteren
een duidelijke verandering in diversiteit en samenstelling van het microbioom
na training, terwijl andere (waaronder de onze) slechts minimale veranderingen
laten zien. Dit veronderstelt dat er andere factoren dan alleen het veranderen van
inspanningsniveau, een rol spelen in het veranderen van het microbioom van de
darm. Hoewel de deelnemers aan onze studie hun dieet niet veranderden, heeft
hun levenslange dieet wellicht invloed op het aanpassingsvermogen van het
microbioom. Hoewel significant, was het gewichtsverlies in onze groep deelnemers
relatief bescheiden. Ook dit zou het uitblijven van grote veranderingen kunnen
beinvloeden. Samengevat is het op basis van deze studie, de vraag of de significante
effecten van een trainingsinterventie op het verbeteren van insulinegevoeligheid
wel gemedieerd worden door het veranderen van het microbioom van de darm.
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Conclusie en aanbevelingen

Dit proefschrift heeft verder bijgedragen aan het concept “Exercise is Medicine”.
Idealiter, zou deze data kunnen leiden tot een doktersvoorschrift voor de exacte
soort en dosis training die nodig is om insulinegevoeligheid te verbeteren in
mensen met obesitas. Dit proefschrift toont echter aan dat een one size fits all
recept voor training niet bestaat. Het is wel evident dat duurtraining het beste
recept is voor het vergroten van cardiorespiratoire fitheid en het reduceren van
visceraal vetweefsel. Voor het verbeteren van cytokineprofielen en het microbioom
van de darm blijkt training echter niet altijd geschikt. Toekomstig onderzoek zal
zich blijven richten op het identificeren van nieuwe exercise factoren; moleculen
die bijdragen aan de respons van het menselijk lichaam op duurtraining - en
daardoor verbetering van gezondheid in het algemeen en insulinegevoeligheid in
het bijzonder.

Om het succes van leefstijlinterventies in de spreekkamer te kunnen beoordelen, is
het belangrijk om de goede variabelen te meten. Dit proefschrift heeft aangetoond
dat alleen de weegschaal daartoe onvoldoende informatie biedt. Alleen het meten
van gewicht leidt tot een onderschatting van het effect van training op het viscerale
vetweefsel. Het blijven meten van de buikomvang zal in de nabije toekomst een
meer standaard plek in de spreekkamers innemen. Tenslotte blijft het concept
van preventie van ziekten door leefstijlinterventies in mensen met obesitas een
belangrijk onderdeel van de dagelijkse praktijk van (para)medici. In plaats van het
voorschrijven van een recept is het voor elke arts in Nederland raadzaam om eens
met patiénten in gesprek te gaan over het naleven van de “Norm Gezond Bewegen”
- en hoeveel gezondheidswinst daarmee te behalen valt.
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Ethics and privacy

This thesis is based on the results of medical-scientific research with human
participants. The studies described in chapters 3, 4, 5 and 6 were subject to the
Medical Research Involving Human Subjects Act (WMO) and were conducted in
accordance with the ICH-GCP guidelines (Good Clinical Practice). The medical
ethical review committee ‘METC Radboudumc’ has given approval to conduct these
studies (file numbers: CMO 2005/281; CMO 2007/148 and CMO 2014/1336 (NTR
L50995.092.14). Informed consent was obtained from research participants. Technical
and organizational measures were followed to safeguard the availability, integrity
and confidentiality of the data (these measures include the use of independent
monitoring, pseudonymization, access authorization and secure data storage).

Data collection and storage

Data for chapter 5 and 6 was collected through electronic Case Report Forms (eCRF)
using CASTOR EDC. From Castor EDC data were exported to SPSS (SPSS Inc., Chicago,
[llinois, USA). Pseudonymized data were stored and analyzed on the department
server and in Castor EDC and are only accessible by project members working at
the Radboudumc. Paper (hardcopy) data is stored in cabinets on the department.

Availability of data

All studies are published open access. The data will be archived for 15 years after
termination of the study. Reusing the data for future research is only possible after
a renewed permission by the participants. The anonymous datasets that were used
for analysis are available from the corresponding author upon reasonable request.
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Department: Department of Physiology

PhD period: 01/12/2013 - 01/01/2019 (combined with residency Internal Medicine)
PhD Supervisor(s): Prof. Dr. M.T.E. Hopman, Prof. Dr. A.R.M.M. Hermus

PhD Co-supervisor(s): Prof. Dr. D.H.T. Thijssen

Training activities Hours
Courses

« Introduction days Radboudumc (2013) 8

-+ RIHS (graduate school) introduction course (2014) 45
« BROK course (2014) 26
- Opfriscursus Statistiek voor Promovendi (2014) 26
. Evidence Based Medicine (2014) 8

- Scientific Integrity (2015) 20
- Librarian: individual sessions how to perform a systemic review (2014) 4

- Scientific writing workshops (2015-2016) 8

- Clinical Epidemiology for AIOS (2015) 8

« Biometrics Course (2016) 60
. Teach the Teacher (2017) 8
Seminars

« RIHS research meeting 2014 (poster) 8

« PhD Retreat RIHS (2014 and 2015) 32
Conferences

-« European Congress on Obesity 2015 (mini oral session) 26
« NASO (Netherlands Association Study Obesity) meeting 2015 (oral session) 8

« European Congress on Obesity 2016 (poster session)

- Internistendagen 2015 16
Other

- Monthly Research Meeting Department of Physiology 16
« Weekly research meeting Integrative Physiology research group 40
« Member PhD council RIHS (2014-2016; 1.5 years as vice chair) 102
« PhD student Member Training and Supervision committee RIHS (2014-2016) 108

Teaching activities

Lecturing

« Welvaartsziekten (introductie BMW Open Dag RUMC 2014 en 2015)

+ Wet- en Regelgeving / WMO (regulier onderwijs afdeling Fysiologie) 2014 en 2015 4

- Various work groups, practica and occasional “responsie” colleges bachelors 4
Biomedical Sciences and Medicine 2014-2017 (estimation of total time spent) 20

Supervision of internships / other

« Rob Ramakers (Master Thesis internship Biomedical Sciences) 45

+ Wesley Tangerink (Master Thesis Research Geneeskunde) 30

« Paul van Dun (Master Thesis Research Geneeskunde) 30

- |hsane Mokadem (Master Thesis Research Geneeskunde) 30

Total 748
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Curriculum Vitae

Rebecca Verheggen werd geboren op 5 juni 1986 in Geleen en groeide op in
Dieteren. In 2004 behaalde zij haar Gymnasium diploma aan het Trevianum, te Sittard.
Aansluitend begon zij met de studie geneeskunde in Nijmegen, die zij combineerde
met een aantal vakken bij de studie Filosofie. Tijdens haar wetenschappelijke stage op
de afdeling Fysiologie onder begeleiding van dr. D. Thijssen en Prof. Dr. M. Hopman
ontstond het idee om samen subsidie aan te vragen voor een volledig PhD traject.
Die subsidie (IGMD Grant Junior Researcher) werd in 2012 gehonoreerd en stond aan
de basis van dit proefschrift. De scriptie die voortkwam uit de wetenschappelijke
stage werd bekroond met de Masterscriptieprijs Geneeskunde 2011.

Alvorens te starten met het fulltime doen van onderzoek, begon Rebecca aan de
opleiding tot internist, in de eerste paar jaar in het Tweesteden Ziekenhuis, Tilburg -
onder begeleiding van dr.T. Wierema. In december 2013 keerde zij terug naar Nijmegen
om te starten aan haar PhD traject. Dit traject werd afgewisseld met het vervolg van
de opleiding tot internist, en later tot internist-hematoloog in het Radboudumc onder
begeleiding van Prof. Dr. J. de Graaf, dr. G. Vervoort en Prof. Dr. N. Blijlevens.

Tijdens haar opleidingen was Rebecca bestuurlijk actief in meerdere gremia, van de
PhD council van de RIHS, tot aan het dagelijks bestuur van de JNIV en was zij lid van
het Concilium Medicinae Internae. Tijdens haar onderzoek won zij verschillende
prijzen, waaronder een award voor Best Poster Pitch (mini oral) session op het
European Congress on Obesity (2015), het Christine Mohrmann stipendium (2016)
en de Boston prijs van de opleiding interne geneeskunde (2017).

Na afronding van de opleiding tot internist begon ze met haar eerste baan
als internist-hematoloog in het Canisius Wilhelmina Ziekenhuis te Nijmegen.
Daar werkt zij nog altijd, inmiddels ook als medisch manager van de vakgroep
interne geneeskunde.

Rebecca woont samen met haar partner Rik en twee dochters Hannah en Suze
in Weurt.
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Het voltooien van dit proefschrift was niet gelukt zonder hulp, steun en vertrouwen
van heel wat mensen. Het was niet altijd even makkelijk voor me om dit proces
tot een goede afronding te brengen. Gelukkig kwam dat grotendeels doordat mijn
leven zowel professioneel als privé gevuld is met heel veel ander leuks. Dus voor een
ieder die dit al die jaren met me vol heeft gehouden: bedankt voor de volharding!

Allereerst wil ik de deelnemers aan de onderzoeken waarop dit proefschrift
gebaseerd is van harte bedanken voor hun inzet, geduld en humor tijdens de
metingen en de trainingssessies. Het mooie van de afdeling Fysiologie blijft de
basis waarop al het onderzoek gefundeerd is: onderzoek doen in en voor mensen.
Het is een groot verschil met mijn alledaagse praktijk als arts. In de eerste plaats
omdat ik gewend ben te behandelen, wanneer de ziekte reeds aanwezig is. Dit
project bestond uit handelen, met het doel ziektes te voorkomen. In plaats van een
korte ontmoeting in de spreekkamer, kreeg ik de kans om (letterlijk) naast iemand
te staan - of liever: op de fiets te zitten. We beleefden daardoor de successen
en soms ook de uitdagingen van de ‘(be)handeling’ veel meer samen dan je als
patiént en arts normaliter kunt doen. Een deel van jullie is na afronding van de
trainingsstudie, heel fanatiek doorgegaan met sporten. Daar mogen jullie heel trots
op zijn. Het stemt me nederig dat ik een kleine rol in de kick-off van een gezonder
leven heb mogen spelen.

Maria, ik ken weinig mensen met zo'n oog voor gedrevenheid en talent. Met jouw
tomeloze enthousiasme heb je een prachtige afdeling vormgegeven. De jaren dat
ik daar deel van uit mocht maken, behoren tot de gezelligste van mijn carriere. De
manier waarop je je belangeloos inzet om te helpen bij de opstart van carriéres van
jonge collega’s (ik kan me je aanbevelingsbrief voor toelating tot de opleiding tot
internist nog goed herinneren) is vrij uniek in de academische wereld. Dankjewel
voor je positiviteit, je geduld en je relativeringsvermogen!

Dick, mijn eerste onzekere stappen in de wereld van wetenschappelijk onderzoek
mocht ik zetten onder jouw vleugels. Wat betreft het ballen in de lucht houden, doe
je niet onder voor Maria. Ik vind het grenzen aan het onmogelijke dat je al die jaren
nooit je geduld met of vertrouwen in me bent verloren. Dankzij jouw vertrouwen
werd ik zo nu en dan overvallen door een felicitatie voor een prijs waarvan ik niet
eens wist dat je me aangemeld had. Dat vertrouwen was echt de basis voor het
succesvol afronden van dit traject. Dankjewel!

Ad, ik wil je van harte bedanken voor je continu positieve bijdrage aan dit werk.
Hoewel fysiek weliswaar op afstand, voelde dat eigenlijk nooit zo. Versies van de
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artikelen kwamen altijd even snel terug, met gedegen maar positief geformuleerde
feedback. Hoewel ik uiteindelijk niet gekozen heb voor de endocrinologie, heeft
dat niet gelegen aan jouw fantastische begeleiding. Dankjewel.

Collega’s van andere afdelingen. Alleen ben je nergens, zeker niet in het grote
academische bos waardoor je soms de bomen niet meer ziet. Daarom wil ik een
aantal mensen bedanken die in de loop der jaren hun steentje hebben bijgedragen
aan dit proefschrift, waarbij ik niet de illusie koester hierin volledig te zijn en niet
iedereen bij naam zal noemen. Prof. Dr. M. Netea, Prof. Dr. J. van der Meer,
bedankt voor jullie advies in de vroege dagen van mijn onderzoekstijd. Prof. Dr.
H. Smidt and Prokopis Konstanti: thanks for introducing me in the wonderous
world of the gut microbiome and for sculpting the paper with me. Prof. dr. ir. J.
Keijer en Evert van Schothorst, bedankt voor jullie bijdragen aan Hoofdstuk 5.
Inge en Sean: bedankt voor het me aanleren van de vet- en spierbiopten. Hanne
en Elsemieke: bedankt voor het me aanleren van de clamp. Voor een bijdrage
aan de metingen en de analyse daarvan: alle betrokken collega’s van de nucleaire
geneeskunde RUMC, van het laboratorium interne geneeskunde RUMC, van de
verschillende labs in Maastricht UMC+ en Wageningen Universiteit; bedankt! En
last but not least, dankjewel voor het Universitair Sportcentrum van de RU, voor
het belangeloos verstrekken van de sportabonnementen voor de deelnemers en
het onderzoeksteam.

Op de afdeling Fysiologie geldt dat een trainingsstudie eigenlijk niet tot een succes
te brengen valt zonder de inzet van de vele studenten. Zelfs buiten kantoortijd
zaten jullie soms nog een uurtje met de deelnemers op de fiets. Heel erg bedankt
allemaal en in het bijzonder uiteraard mijn stagiaires: Wesley, Paul en lhsan.

Rob, jij verdient een bijzonder dankwoord. Jouw maandenlange inzet als
masterstudent heeft een deel van dit boekje echt naar een hoger plan getild. Je ICT-
skills doen niet onder voor je excellente communicatieve vaardigheden. Je bijbaan
als kok in het familierestaurant en de daaruit voortkomende verhalen hebben
ervoor gezorgd dat dit de eerste trainingsstudie moet zijn geweest waarover het
vooral heel veel over lekker eten is gegaan tijdens het sporten. Dankjewel voor
je inzet.

Collega’s fysiologie. Bregina: waar een leger studenten nodig is om de

trainingsstudies uit te voeren ben jij in een je eentje een force of nature die jarenlang
aan de basis stond van zo'n beetje alle studies die liepen op de Integratieve
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Fysiologie. Als ik de afdeling opliep was weinig meer verwelkomend dan jouw
bulderlach die over de gangen schalde. Dankjewel, voor alles!

De roomies. Het lot van een PhD student is om door de jaren heen heel wat
kamergenoten te slijten. Op de een of andere manier had ik het geluk dat dit altijd
collega’s bleken die perfect aansloten op mijn manier van werken, of kletsen.
Nathalie, op het oog leken we soms wat random of negative, maar jij en ik weten
wel beter. Jij was het die mij (en vele anderen) op de been hield met slechte
woordgrappen, leuke anekdotes, of gewoon “vloeken als een bootwerker”. Ik kan
nog altijd hardop lachen als ik daaraan terugdenk. Dankjewel! Joost, samen met
Nathalie was jij een soort natuurlijke mentor voor me toen ik startte als groen
blaadje in onderzoeksland. Het leven is veel te zwaar voor je geweest op veel te
jonge leeftijd. Je veerkracht is ongeévenaard. Coen, toch wel het hoofd van de
2nd generation roomies. Jij deed alles snel, in ieder geval heel wat sneller dan ik
(al is dat, toegegeven, niet al te moeilijk). Ik heb het in dit dankwoord veel over
positieve mensen maar jij spant toch wel de kroon. Brabantse nuchterheid, maar
nooit afstandelijk en altijd behulpzaam. Dankjewel voor de leuke tijd!

Dominique, Do ook al zo'n Brabantse - of is het Limburgse? - positivo, met je eigen
quirks en eigenaardigheden. Maar altijd goed gekleed! (en met een maandvoorraad
pepermuntjes op zak) Dankjewel voor alle lachbuien samen! Lando, nogmaals: ik
heb het in dit dankwoord veel over positieve mensen. Dan heb ik het nadrukkelijk
niet over jou. Neemt niet weg dat je in cynische humor en eerlijkheid wel een
koploper bent en daar kan ik enorm van genieten. |k koester nog steeds de
stiekeme hoop ooit collega hematologen te worden in hetzelfde centrum. Tot die
tijd: tot op de internistendagen voor de laatste roddels!

Martijn: Jij hebt een significant stempel gedrukt op dit proefschrift en mijn tijd bij
de fysiologie. Weloverwogen, kritisch maar tegelijkertijd hartelijk en altijd ad hoc
tijd maken voor al mijn Endnote/SPSS/bureaustoel vragen. Dat monnikenwerk voor
de meta-analyse schiep een band. Dank voor je geduld! En voor de occasionele lift
naar Limburg! Silvie: in heel veel een voorbeeld voor ons allemaal, wetenschappelijk
gezien maar minstens zoveel als mens. Het meest bewonderenswaardig vind ik
hoe jij altijd je interne morele kompas je weg hebt laten bepalen, soms tegen de
stroming in. Daar mag je echt trots op zijn! Femke, F: Heel leuk dat we elkaar soms
weer spreken tijdens een dinertje en dat je me zo nu en dan over het hoofd ziet in
mijn witte jas. Dankjewel voor de gezelligheid op het secretariaat! Tim: ik las ooit
in een dankwoord, misschien wel dat van jou zelf, iets over jouw rol als troubadour
van de afdeling. Een soort hofnar van de fysiologie was je. Elke afdeling kan wel
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een Tim gebruiken. Dankjewel voor de muzikale stempel van humor die je hebt
gedrukt op mijn tijd bij de fysiologie! Fleur: in veel opzichten mijn voorganger -
een deel van jouw werk heb ik voort mogen zetten. Dankjewel voor de uitstekende
voedingsbodem die jij hiervoor hebt gelegd.

Matthijs, Eline, Vincent, Esmee, Thijs Eijsvogels (op de een of andere manier
kan ik jouw voor- en achternaam niet los van elkaar noemen), Anke en Yvonne
en alle andere PhD studenten van de fysiologie met wie ik door de jaren heen heb
samengewerkt — jullie allemaal bedankt voor de gezelligheid, de afdelingsuitjes,
de positieve bijdrage aan mijn tijd en werk op de afdeling en het soms ad hoc
oppassen op baby Hannah.

Collega’s hematologie RUMC. Hoewel jullie niet van directe invloed waren op
dit werk, liep het deels parallel met mijn tijd als aios en fellow op de afdeling
hematologie. Dankjewel voor de fijne samenwerking in een vaak heel heftige
omgeving, vol doodzieke patiénten. Speciaal wil ik drs. Wendy Stevens en prof.
Dr. Nicole Blijlevens, mijn oud-opleiders, bedanken. Jullie gaven me gevraagd en
ongevraagd advies op een cruciaal punt van mijn leven en accepteerden vervolgens
mijn keuze dat al dan niet ter harte te nemen.

Mijn maten interne geneeskunde uit het CWZ. Vier jaar geleden dacht ik tijdelijk
bij jullie te komen werken. Inmiddels ben ik niet meer weg te denken uit het
CWZ. Dankjulliewel voor deze kans om mijn eigen droombaan te creéren. Jeanny,
dankjewel dat jij er mede voor zorgt dat dat zo blijft. Mechteld, heel speciaal om
jou vandaag in de corona tegenover me te hebben zitten.

Dan: mijn dierbare vrienden. Teveel en te uniek om hier allemaal afzonderlijk te
bedanken, dat doe ik liever in real life. Ik heb het voorrecht in elke fase van mijn
leven een of meerdere mensen te hebben ontmoet die nog altijd deel uitmaken
van mijn leven. Een bont, divers gezelschap van wie sommigen niet eens weten
wat ‘dat boekje’ nou eigenlijk behelst. Maar jullie hebben een gemene deler: stuk
voor stuk authentieke mensen, met een gezonde dosis relativeringsvermogen en
humor en een zekere voorkeur voor een bourgondische levensstijl. Thanks voor
jullie support. En voor alle keren dat jullie besloten niet te vragen hoe het eigenlijk
met mijn proefschrift ging.

Kasper, bedankt voor het prachtige coverdesign van dit boekje!
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Mijn paranimfen! Twee van de sterkste vrouwen die ik ken. Heel fijn dat jullie
vandaag aan mijn zijde willen staan, zoals ik dat eerder voor jullie mocht doen.

Marjolein, we kennen elkaar sinds het eerste uur van geneeskunde. Toen nog op
het oog heel verschillend maar al snel bleek dat we heel veel gemeen hebben. Het
grootste deel van onze carriere liep parallel en de daarbij soms horende frustraties
ook. Heerlijk om die ongegeneerd met jou te kunnen delen om vervolgens altijd
met een praktisch advies weer een stap verder te komen. Ik vind het heel fijn en
bijzonder dat je na al die jaren nog altijd mijn klankbord bent. Ik ben heel trots op
je en de fantastische (professionele) stappen die je gezet hebt.

Vicky, jij kwam in mijn leven op een ander cruciaal moment: tijdens onze eerste
baan als arts. Allebei meteen in opleiding tot internist en allebei niet geheel
vrijwillig in het Tweesteden Ziekenhuis in Tilburg. Maar wat ben ik achteraf blij dat
we daar samen met de overige leden van de Vier terecht zijn gekomen. We vonden
elkaar op de werkvloer en daarbuiten. Team Becky was geboren. We kunnen nog
steeds alles samen delen, inmiddels ook over de uitdagingen van het moederschap.
Dankjewel voor je positieve invloed! (en dat je ons naar de Gemeente Beuningen
geinfluenced hebt)

Lieve (schoon)familie, het voert te ver om jullie allemaal separaat hier te noemen.
Daarvoor is een Limburgse familie (x2) met katholieke roots eenvoudigweg te
groot. Dankjewel voor jullie oprechte interesse en het al die jaren blijven vragen
‘hoe het op school gaat’.

André en Marlies, wat een rijkdom om in een net zo'n warm nest als waarin ik
zelf ben opgegroeid terecht te komen. Heel erg bedankt dat jullie altijd voor ons
en de meisjes klaarstaan, ook al is de afstand soms best ver. Ons huis had er heel
anders uitgezien zonder jullie klus- en poetsvermogen. Dankjulliewel voor al het
maatwerk, letterlijk en figuurlijk.

Kirsten en Luuk, best speciaal om als schoonfamilie ook een vriendschapsband te
hebben - want zo voelt het met jullie echt. Ik vind dat we er trots op mogen zijn
dat we de legendarische stapavondjes, ooit begonnen in de Boekanier in Tilburg,
nog steeds zo nu en dan voortzetten. Zeker na de komst van onze meisjes en jullie
prachtige zonen Tijn en Mees is het soms een hele welkome afwisseling om met
z'n vieren de bloemetjes buiten te zetten tot in de kleine uurtjes. Bedankt voor de
gezelligheid, de goede gesprekken, de zondagse ontbijtjes en familietripjes down
south & up north.
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Rachel, twee jaar en een dag na mij werd je geboren — maar we hadden net zo
goed tweelingen kunnen zijn. Onze smaak in muziek, cultuur, design maar ook in
mensen kent veel overeenkomsten, net als ons stemgeluid en humor. Ik vind het
fantastisch om te zien hoe jij een nieuwe stap in je carriére hebt durven zetten
en hoe je met ontembare energie ongeveer gelijktijdig opnieuw een heel huis
verbouwt. Dankjewel voor je nooit aflatende steun en relativerende grappen.
Michel, gelukkig betekende jouw komst in de familie niet minder maar meer
goede muziek en dito festivals, dankzij jou op de ongeévenaarde Timmie camping.
Hopelijk blijven we daar nog heel wat jaren mooie herinneringen maken samen.

PnM (pap en mam), toen ik plotseling bericht kreeg dat de persoonlijke
beursaanvraag voor dit PhD traject toch gehonoreerd werd, belde ik als eerste naar
jullie. M pakte op en gaf als enige reactie: ‘o, maar dat wisten wij allang! Dit was
allesbehalve waar maar is wel tekenend voor jullie rotsvaste geloof in mij. Geloof
staat bij jullie gelijk aan overtuiging en vertrouwen. Dit heeft mij altijd gesterkt in
alle stappen die ik in het leven gezet heb en de keuzes die ik gemaakt heb. Mijn
morele kompas heb ik van jullie. Dankjewel dat jullie er zijn, altijd.

Lieve Hannah en Suze, hoewel jullie komst mogelijk heeft bijgedragen aan de
vertraging van dit proefschrift, zie ik dat vooral als jullie verdienste en nadrukkelijk
niet als een nadeel. Hannah, jouw geboorte heeft een moeder van me gemaakt,
het grootste cadeau denkbaar. Ik ben trots op je positieve kijk op de wereld en
de mensen daarin, het gemak waarmee je vrienden maakt en hoe goed je voor
anderen opkomt. Suze, als hele ronde baby ging je al lachend door het leven en
dat doe je eigenlijk nog steeds — niet in de laatste plaats om je eigen ondeugende
grapjes. Al heel vroeg kreeg je een eigen wil en een eigen specifieke smaak, in eten,
kleding en mensen. Blijf alsjeblieft altijd zo authentiek.

Rik, vanaf het moment dat je in mijn leven kwam, maak je me al aan het lachen.
Het begon allemaal met een spontane party crash op het tuinfeest ter ere van mijn
16% verjaardag, met de daarbij behorende puberale baldadigheid. Met de jaren
evolueerde onze band steeds verder - tot aan de prachtige relatie met fantastische
dochters die we nu hebben. Dankjewel dat je er altijd voor me bent, als veilige
rots in de storm die het leven soms is. Ik ken weinig mensen die zo goed in staat
zijn altijd het goede in een ander te zien. En van wie ik zoveel heb geleerd. Ik hou
van jou.
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