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The Road goes ever on and on 

Down from the door where it began. 

Now far ahead the Road has gone, 

And I must follow, if I can, 

Pursuing it with eager feet, 

Until it joins some larger way 

Where many paths and errands meet. 

And whither then? I cannot say.  

“The Fellowship of the Ring” J R R Tolkien 1954 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
To my beloved family 
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Abstract 

Childhood obesity is an emerging risk factor for disease and mortality worldwide. The 
cardiovascular consequences and prevention thereof need to be further investigated. Exercise 
and weight loss are well examined and effective in the prevention of cardiovascular risk, but 
warrant well motivated patients with strong social support. The benefits of a diet rich in 
marine essential (n-3) fatty acids on cardiovascular risk in adults such as prevention of 
arrhythmias, lowering blood pressure and heart rate, decreasing platelet aggregation and 
lowering triglyceride levels are well known. 
 
The aims of this thesis were to characterize the vascular changes and cardiac autonomic 
function in obese children compared to lean subjects and to test whether supplementation with 
n-3 fatty acids may improve the vascular and metabolic risk profile in obese adolescents. 
 
Very high resolution ultrasound, pulse wave velocity measurements, baroreceptor sensitivity 
measurements and exercise tests were performed in order to characterize vascular changes 
and autonomic control in obese compared to lean children and adolescents. Supplementation 
with 1,2 g/day of n-3 fatty acids was tested in a randomized, placebo-controlled trial with a 
double-blind, cross-over design. Blood samples and anthropometric measurements were taken 
before the start of treatment and after each 3 month treatment period. At the end of each 
treatment period, muscle and adipose tissue biopsies were obtained; insulin sensitivity and 
vascular function were tested.  
 
Obese children show increased intimal wall thickness in radial artery, increased vascular 
diameter in peripheral arteries and decreased pulse wave velocity compared to lean subjects. 
Obese children and adolescents also show cardiac autonomic dysfunction in terms of 
decreased baroreceptor sensitivity, decreased maximal exercise heart rate and greater heart 
rate increase during the first minute of exercise, indicating moderate cardiac autonomic 
dysfunction. After 3 months supplementation with marine fatty acids, n-3 fatty acid content of 
phospholipids in serum, skeletal muscle and adipose tissue increased. Vascular function 
measured as vasodilatory response to hyperaemia was improved, and the number of 
lymphocytes and monocytes was lowered. In females, insulin sensitivity and glucose 
tolerance improved after n-3 fatty acid supplementation. 
 
In conclusion, obese children show signs of increased risk for cardiovascular disease in terms 
of increased intimal wall thickness and cardiac autonomic dysfunction. It is possible to 
modify this increased risk in obese adolescents by supplementing with n-3 fatty acids, which 
improves vascular function, decreases subclinical inflammation and improves insulin 
sensitivity. 
   
Key words: Obesity, children,  omega-3 fatty acids, atherosclerosis, ultrasound, insulin 
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Populärvetenskaplig sammanfattning 

Då andelen feta och fetmarelaterade sjukdomar ökar kraftigt i samhället och grundläggs tidigt 

är det av stor betydelse att hitta mekanismer som påverkar utvecklingen av t ex hjärt-

kärlsjukdomar. Vi vet att barn med fetma uppvisar förändringar i hjärtmuskelstorlek, 

leverförfettning, höga insulinnivåer och blodfetter samt ett förändrat fettsyramönster i blodet 

med låga nivåer av omega 3 fettsyror. Vi har, med en helt ny ultraljudsmetod även kunnat 

undersöka blodkärlens väggar i detalj, och hos barnen med fetma fann vi tidiga tecken på 

begynnande åderförkalkning. Rubbningar i nervstyrningen av hjärtat har också diskuterats 

som en viktig sjukdomsfaktor vid framför allt vuxenfetma, och tecken på detta har vi i vår 

studie även funnit hos barnen med fetma. Kost och motion är faktorer som påverkar 

utvecklingen av fetma, hjärt-kärlsjukdom och åldersdiabetes. Världen över diskuteras idag 

betydelsen av ändrad fettsammansättning och lågt innehåll av omega 3 fettsyror i kosten för 

uppkomsten av dessa livsstilssjukdomar. Studier på vuxna visar att man löper mindre risk att 

drabbas av hjärt-kärlsjukdom om man äter mycket fisk, som är den huvudsakliga källan till 

omega 3 fettsyror. Då det är svårt att göra stora livsstilsförändringar har vi istället valt att 

undersöka effekterna av ett kosttillskott av omega 3 fettsyror på blodkärlsfunktion, blodfetter, 

inflammation och blodsockeromsättning hos ungdomar med fetma. Vi fann att vi med tre 

månaders kosttillskott av omega 3 fettsyror, i en dos som motsvarar 70 g sill om dagen, kunde 

förbättra blodkärlens funktion, minska inflammationen och förbättra blodsockeromsättningen. 

Slutsatserna man kan dra av denna studie är att barn och ungdomar med fetma tidigt uppvisar 

riskfaktorer för framtida hjärt-kärlsjukdom, men att dessa går att mildra med kosttillskott av 

omega 3 fettsyror.  
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Abbreviations 

 
PUFA Poly- unsaturated fatty acids 

SFA Saturated fatty acids  

LC-PUFA Long- chain poly- unsaturated fatty acids 

MUFA Mono- unsaturated fatty acids 

EFA Essential fatty acids 

EET Epoxyeicosatrienoic acid 

AA Arachidonic acid 

EPA  Eicosapentaenoic acid  

DHA Docosahexaenoic acid 

GLA Gamma linoleic acid 

FFA Free fatty acids 

PWV Pulse wave velocity 

BMI Body mass index 

z-score Standard deviation score 

ECG Electrocardiogram 

SBP Systolic blood pressure 

DBP Diastolic blood pressure 

HR Heart rate 

BRS Baroreflex sensitivity 

RA Radial artery 

DPA Dorsal pedal artery 

IT Intima thickness 

IMT Intima- media thickness 

MT Media thickness 

RH-PAT Reactive hyperaemia peripheral arterial tonometry 

NO  Nitric oxide 

AUC Area under curve 

IVGTT Intravenous glucose tolerance test 

GDR Glucose disposal rate 

ISI Insulin sensitivity index 

HRR  Heart rate recovery 
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 Introductory remarks 

 

Obesity is increasing rapidly worldwide, and could be considered the world’s next “big killer” 

after smoking1. Obesity starts already in childhood, and obese children often become obese 

adults2, which leads to an increased risk of cancer3 and cardiovascular disease4. The 

prevailing increase in childhood obesity is likely to lead to an increase in cardiovascular 

deaths5-7. To prevent this, we need to further explore the mechanisms behind the development 

of childhood obesity. The cardiovascular risk factors could be divided into different groups. 

There are modifiable life style risk factors such as smoking, sedentary life style and dietary 

habits. In the other end we find the consequences of life style habits, such as impaired cardio-

respiratory fitness, decreased insulin-sensitivity, obesity, hypertension and other features of 

the metabolic syndrome.  

 

Apparently, the change in dietary fat may contribute to the increase in childhood obesity8-10. It 

is known that Western diet contains a high amount of omega-6 (n-6) polyunsaturated fatty 

acids (PUFAs), which has been recommended to replace saturated fatty acids (SFAs) over the 

last 50 years. Unfortunately, the relative dominance of n-6 intake has contributed to the 

displacement of the n-6/n-3 ratio towards a much higher value (10-30:1) than the one in the 

Palaeolithic diet (1-2:1)11. Increased n-6/n-3 ratio rather than the amount of dietary fat per se 

could be related to risk factors for cardiovascular disease, diabetes and obesity10, 12-14.  

 

The present study explores the early neurogenic, metabolic and vascular consequences of 

childhood obesity and whether they are modifiable by a change in dietary fat composition. 
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Background 

Plasma membrane 
 
The plasma membrane surrounding the cells of the human body is a dynamic phospholipid 

bilayer, which separates the internal components of the cell from the extracellular milieu. The 

receptors and other membrane proteins and glycoproteins are integrated in the plasma 

membrane, and are dependent on its composition for optimal function. Similarly, the 

organelles of the cell are also separated by membrane structures with functional adjustments 

of its permeability properties. This allows for a fine regulation of ionic gradients and potential 

differences, as well as the passage of hormones, substrates, nutrients and intracellular signals 

across membranes, which is crucial to maintain normal cell function. 

 

Fig 1 Plasma membrane 

 
The phospholipids consist of a hydrophilic phosphate end coupled to two hydrophobic fatty 

acids. If the plasma membrane phospholipids have a large amount of saturated fatty acids and 

cholesterol, it will be rigid and non-permeable. With increasing amount of long-chain poly-

unsaturated fatty acids (LC-PUFA), the plasma membrane becomes more fluent and 

permeable, which affects transport systems, receptor function and enzymatic activities15-17. 

Cellular membrane phospholipid fatty acid composition is dependent on dietary fatty acid 

composition, which has changed markedly towards less saturated fatty acids (SFA) and more 

n-6 polyunsaturated fatty acids (PUFAs) in the past 40 years, and is closely connected to 

development of obesity and cardiovascular risk factors12, 15, 18, 19.  
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Fatty acids  
 
There are three main groups of fatty acids in human tissue, SFAs, without double bonds, 

monounsaturated fatty acids (MUFAs), with one double bond, and PUFAs, with more than 

one double bond. Most of these fatty acids can be synthesized by the human body, but some 

are essential and needs to be provided in the diet. The essential fatty acids (EFAs) are also 

called omega-3 and omega-6 fatty acids (n-3 and n-6), and are derived from the precursors 

linoleic and α-linoleic acid, or directly from the diet. In the body, EFAs serve multiple 

functions, which are strongly affected by the balance between dietary n-3 and n-6 PUFAs. 

The EFAs are synthesized to eicosanoids and epoxyeicosatrienoic acids (EETs) affecting 

inflammation, macrophage chemotaxis and vascular tone. They are also involved in cell 

signalling and transcripition20, directly activating or inhibiting transcription factors such as 

NFκΒ, linked to cytokine-production. The n-6 EFA arachidonic acid (AA) can be further 

synthesized to endocannabinoids, which are involved in different aspects of obesity and the 

metabolic syndrome such as regulation of appetite, energy balance, adipogenesis, lipoprotein 

metabolism, insulin sensitivity, glucose homeostasis, and possibly even the development of 

atherosclerosis21-24. 

 

 
Figure 2 Metabolism of EFAs to eicosanoids and endocannabinoids, pg = prostaglandin, pgi = prostacyclin, tx = 

thromboxane, lt = leukotriene, AEA = anandamide, 2-AG = 2-arachidonoylglycerol 

 
 

AEA, 2-AG 
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Dietary lipids have been found to affect obesity, inflammation and the risk of cardiovascular 

disease13, 18, 19, 25-42. Already in early development, the dietary fatty acid composition is 

proposed to be an important factor for the increase in childhood obesity8, 9, 32, since it is 

suggested to influence the adipose tissue development, and thereby affect the number of 

adipocytes as well as promote adipogenesis and adipocyte growth20, 43.  

 

Adipose tissue 
 
Adipose tissue involvement in obesity and insulin resistance was first recognized in the 

1960´s by Rabinowitz and coworkers44. The adipose tissue is an endocrine organ, which 

produces and secretes different hormones and inflammatory compounds such as leptin, 

adiponectin, tumour necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6)45, 46. The adipose 

tissue works as an energy storage, and consists of large amounts of triacylglycerol. The 

lipolysis is stimulated by β-adrenergic receptors, which regulates the outflow of free fatty 

acids (FFAs) into the circulation, which in combination with the inflammatory state affects 

the development of atherosclerosis in obesity.  In type 2 diabetes and obesity, alterations in 

the insulin-glucose transport of adipocyte membrane insulin receptors were shown already in 

the 1980´s47, 48, and has later been found to involve regulation of translocation of glucose-

transporter GLUT4 to the cell surface49. 
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Vascular biology and atherosclerosis 
 
The artery wall consists of three layers, the tunicae intima, media and adventitia. The intima 

with its endothelial cells and underlying connective tissue is the layer adjacent to the blood.  

The media consists of smooth muscle cells, and the adventitia of connective tissue. 

 

  
Figure 3 The arterial wall consisting of tunicae intima, media and adventitia.  

 

The endothelium is involved in the regulation of vascular tone by formation of nitric oxide, 

endothelin, prostaglandins and leukotriens. These compounds affect the smooth muscle cells, 

and cause the media to constrict or dilate. One of the earliest signs of atherosclerosis, and 

closely related to obesity, is impaired endothelial function50-55. This is followed by intimal 

thickening due to lipoprotein and lipid retention, and inflammatory changes of the intima56. 

The process of atherosclerosis starts already in early childhood57, 58. According to the 

Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study59-61, the prevalence 

of fatty streaks and atherosclerotic lesions in the coronary arteries of humans aged 15-34 

years is higher in males and increases with BMI and panniculus thickness. The major links 

between obesity and increased vascular changes are low-grade, chronic systemic 

inflammation and the increased amount of circulating non-esterified fatty acids32, 45, 62-65. This, 

in turn, affects the development of insulin resistance, also a major risk factor for 

cardiovascular disease45, 57, 66-69. Apart from inflammation and insulin, oxidative stress also 

plays a part in the development of endothelial dysfunction and in the pathogenesis of 

atherosclerosis70.  

cell 
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Skeletal muscle 
 
Skeletal muscle tissue consists mainly of two different types of muscle fibres. Type I, the 

slow oxidative, red muscle fibre, is dense with capillaries and rich in mitochondria and 

myoglobin. Type II is the fast, white muscle fibres, which contains less mitochondriae and 

myoglobin, but more glycogen and intramyocellular fat depots, and thereby serve as energy 

storage. In a recently published work, we have shown a heterogeneous lipid distribution in 

muscle tissue of obese children, and that type I muscle fibres contained more lipids than type 

II71. The effectiveness and function of the glucose transport and insulin receptor signalling 

may be modulated by intracellular lipids and membrane fatty acid composition, which might 

explain the relation between insulin sensitivity and the n-6/n-3 ratio in skeletal muscle 

phospholipids72, 73. 

 

Insulin resistance 
 

Insulin resistance and mitochondrial function 

Intramyocellular lipid content has emerged as a critical modulator of insulin resistance. Obese 

youth with impaired glucose tolerance demonstrates defects in non-oxidative glucose 

metabolism, and visceral fat and intramyocellular lipid accumulation is coupled to insulin 

resistance74.  A number of different metabolic abnormalities may increase intramyocellular 

fatty acid metabolites; these include increased fat delivery to muscle as a consequence of 

either excess energy intake or defects in adipocyte fat metabolism75.  Another possible 

mechanism behind intramyocellular lipid accumulation could be reduced mitochondrial 

oxidative phosphorylation, since mitochondria convert fatty acid and glucose into energy via 

oxidation.  Indeed, muscular mitochondrial dysfunction does cause build-up of fats and fatty 

acid inside muscle producing insulin resistance and leading to diabetes76, 77.  Moreover, 

mitochondrial dysfunction has also been reported in white adipocytes from obese mice77.  The 

mechanisms involved in mitochondrial dysfunction, are less clear. However, treatment of 

adipocytes with the n-3 FA eicosapentaenoic acid (EPA) has been shown to increase the 

percentage of this FA in the mitochondrial membrane lipids, possibly increasing the beta-

oxidation in adipocytes by altering the structure or dynamics of the mitochondrial 

membranes78. 
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Insulin resistance and fatty acid composition 

Decreased insulin sensitivity has been shown to be associated with decreased concentration of 

polyunsaturated fatty acids (PUFAs) in skeletal muscle phospholipids79, raising the possibility 

that changes in the fatty acid composition of muscles modulate the action of insulin.  In line 

with this, epidemiologic studies conducted in adults show that dietary fat and plasma fatty 

acid composition are related to insulin sensitivity and several features of the metabolic 

syndrome80. Interestingly, intake of n-3 PUFAs in adults has been shown to reduce adipose 

tissue mass and improve insulin sensitivity81. Generally, one mechanism of action of PUFAs 

is altering membrane lipid composition, cellular metabolism, signal transduction, and 

regulation of gene expression. Furthermore, n-3 PUFAs serve as peroxisomal proliferator-

activated receptor (PPAR) ligands, leading to PPAR activation and subsequent transcriptional 

up regulation of an array of genes encoding enzymes involved in mitochondrial and 

peroxisomal and microsomal fatty acid oxidation82.  In this context, a recent study shows that 

n-3 PUFAs of marine origin up-regulates mitochondrial biogenesis and induces beta-

oxidation in white fat83.  

 

Autonomic nervous system 
 
The autonomic nervous system regulates and co-ordinates cardiovascular, digestive and 

respiratory functions. Insulin signalling and lipolysis as well as cardiac and vascular control is 

dependent on optimal autonomic function. Major risk factors, predicting mortality, found in 

both healthy adults and adults with prevailing cardiovascular disease, are decreased vagal 

function and increased sympathetic function, reflecting a disturbance in the autonomic 

nervous system84-87. Studies have shown that autonomic dysfunction in obese children88 as 

well as adults89, is a consequence of obesity. In addition, sympathetic neural activity to the gut 

leads to increased secretion of ghrelin assessed in portal venous blood90, adding support to the 

contention that gastro- intestinal sympathetic nerves are involved in preprandial responses. An 

imbalance in this system might signal to the central nervous system to continue eating, and 

therefore also contribute to the development of obesity. However, also other factors, such as 

hypertension and coronary heart disease, in adjunct to obesity, may cause autonomic 

dysfunction91. Cardiac autonomic function measured as heart rate variability is improved by 

increased levels of dietary n-3 fatty acids92-94.  
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Fish oil history 
 
The essential fatty acids were discovered by the American researchers Evans and Burr in 

192995. Their research rouse the interest of Hugh Sinclair, who visited the Eskimo’s of 

Greenland in 1944, aimed to study the beneficial effects of their marine fatty diet on their 

cardiovascular health. This resulted in the letter “Deficiency of essential fatty acids and 

atherosclerosis, etcetera” published in Lancet in 195696. The hypothesis of the beneficial 

cardiovascular effects of the Eskimo’s marine diet was further investigated by the Danish 

scientists Bang and Dyerberg, who found in the 1970’s that EPA protects against thrombosis97 

and atherosclerosis98. Epidemiological studies by Kromhout and co-workers in the 1980’s 

supported these data further by showing an inverse relation between fish-consumption and 

coronary heart disease99. In the early 1990’s, Thelle et al presented one of the first randomized 

trials proving that dietary EPA supplementation reduced blood pressure in essential 

hypertension41. Other studies followed with evidence of beneficial effects of fish oil or marine 

fatty acids on not only hypertension, but also on arrhythmias, insulin resistance and many 

other cardiovascular risk factors.  



 17

Current status and unsolved issues 

 
Despite the increasing knowledge about the adulthood metabolic syndrome, little is known of 

the mechanisms behind childhood obesity and insulin resistance.  We and others have shown 

recently that overweight/obese adolescents have higher saturated fatty acid and lower n-3 

PUFAs in plasma compared with normal-weight adolescents100, 101. However, whether dietary 

supplementation of n-3 PUFAs would slow down the progression of childhood obesity and 

insulin resistance is unknown.  
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Aims 

 
The aims of the study were 
 
to characterize the vascular changes and cardiac autonomic function in obese children 
compared to lean subjects 
 
to test whether supplementation with omega-3 fatty acids may improve the vascular and 
metabolic risk profile in obese adolescents   
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Methodological considerations 

 

Ethics 
 
In all studies, informed consent and written protocols, approved by the ethics committee at 

Sahlgrenska Academy in Göteborg, were presented to the children or adolescents and their 

parents. Written consent was obtained from both the children or adolescents and their parents.  

 

Study populations and design 
 
We recruited children and adolescents with obesity, as defined by the IOTF102, but otherwise 

healthy, who were referred to the hospital for obesity treatment. Matched lean controls were 

recruited from schools in the Gothenburg area. 

  

Study I 

Ultrasound and pulse wave velocity (PWV) measurements were performed in 33 children and 

adolescents with obesity (13.9 ± 1.6 years) and in 18 matched lean controls (14.3 ± 2.2 years). 

 

Study II 

The exercise tests of 101 children and adolescents (48 females and 53 males) with obesity and 

31 lean controls (19 females and 12 males) were analyzed. Cardiac baroreflex sensitivity was 

measured in 315 patients, also including 21 of the controls and 45 of the obese subjects 

described in the exercise test. Of these 315, 129 (65 females and 64 males) were obese (BMI 

z-score >2.5), 35 (21 females and 14 males) were overweight (BMI z-score 1.5-2.49) and 151 

(78 females and 73 males) were lean (BMI z-score <1.5).  

 

Study III and IV 

Thirty- one adolescents with obesity agreed to participate in the study. One subject was 

excluded before the study due to smoking, one moved abroad, three dropped out during the 

study and one was excluded due to poor compliance. Twenty-five subjects completed the 

study. The study was performed as a randomized, placebo-controlled trial with a double-blind, 
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cross-over design. The subjects received 2x5 capsules/day containing either 93 mg EPA, 29 

mg DHA, 10 mg GLA and 1,8 mg Vitamine E /capsule or medium chain triglycerides (MCT) 

capsules as placebo. Blood samples and anthropometric measurements were taken before the 

start of treatment and after each 3 month treatment period. At the end of each treatment 

period, muscle and adipose tissue biopsies were obtained, insulin sensitivity and vascular 

function and characteristics were tested.  

 

 
Figure 4 Study design of study III and IV 
Baseline (B): Anthropometry and blood sampling (fasting), Post treatment (PT): Pulse wave velocity 
measurement, endothelial function measurement, high-resolution ultrasound, hyperinsulinemic-euglycemic 
clamp, fat and muscle biopsies. 

 

Autonomic function (paper II)  
 

Exercise test  

In brief, blood pressure and 12-lead ECG were registered at rest in supine position, before 

start of the exercise test.  

For the bicycle exercise test an electrically braked SensorMedics 800 Ergometer was used 

(Yorba Linda, CA, USA). Baseline data were recorded having the subjects sitting on the bike 

before the exercise test. Exercise to exhaustion was performed with a continuous, 

progressively increasing load protocol and a pedalling rate of 60-65 revolutions per minute. 

The starting workload was 1 watt (W)/kg up to maximum 100 W and was then increased at a 

rate of 10 W per minute. For ergospirometry, a mouthpiece and a nose clip were fitted on the 

subject at least two minutes before start of the cycling and were kept on throughout the test, 

also for 2 minutes post exercise.  

 

Every minute during exercise either a 30-second tidal breathing registration or a vital capacity 

manoeuvre for intrabreath analyses of gases were made. Breath-by-breath gas analyses were 

made on samples taken at the mouth during late expiration. Oxygen gas analysis was based on 

Omega 3 

Placebo

Omega 3

Placebo 

3 months 3 months 

6 weeks 
wash-out 

B B B + PT B + PT 
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high sensitivity paramagnetic technology (SensorMedics Corp., Yorba Linda, CA, USA), 

whereas a rapid response infrared analyzer was used for carbon dioxide measurements.  

The anaerobic threshold (AT) point was determined using two slopes, the aerobic and the 

anaerobic slope, determined by the test system. This point was analyzed in 13 of the controls 

and 21 of the obese subjects. Data at this point are presented as 20-second average. Baseline 

was defined as mean values of heart rate, blood pressure and oxygen uptake during the resting 

period on the bike before starting the test.  

 

Cardiac baroreflex sensitivity and QT variability index 

In brief, after 10 minutes of  rest, ECG and beat-to-beat blood pressure was registered over 20 

minutes by Portapres® equipment (TNO Biomedical, Amsterdam, Netherlands), with the 

subject in supine position. Registrations were recorded at a sampling frequency of 1000 Hz 

and stored on a computer. The recordings were inspected off-line for removal of artefactual 

segments and sequences containing non-sinus beats. Ectopic beats were corrected by 

interpolation. 

The time series of SBP and RR interval from the entire period of recording (20 minutes) were 

scanned to identify baroreflex sequences, which were defined as three or more consecutive 

beats in which successive SBP and RR intervals concordantly increased or decreased, 

according to the classical criteria suggested by Bertinieri et al.103. Linear regression was 

applied to each sequence and only those for which the square of the correlation coefficient (r2) 

was greater than 0.85 were accepted for further analysis. The spontaneous BRS was 

calculated, reflecting the average regression slope for all the linear regressions. 

A stationary period of 5 minutes was chosen for the temporal QT interval variability analysis 

using a computer algorithm104. The examiner defined a template QT interval for one beat, 

which was used for finding the QT intervals of all other beats. RR interval mean (RRm) and 

variance (RRv) and QT interval mean (QTm) and variance (QTv) were derived from the 

respective time series. QT variability index, which represents the log ratio between 

normalized QT and RR interval variability, was calculated.  

 

Time-domain heart rate variability 

RR data from a 20 minute recording section was used to derive standard deviation of normal-

to-normal RR intervals (SDNN)105. 
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Vascular measurements (papers I and III) 
 

Ultrasound measurements (papers I and III) 

We used high-resolution ultrasound of 55 MHz (VisualSonics Inc. Toronto, Ontario, Canada), 

validated for use in human peripheral arteries106. Subjects were resting in a supine position 

and radial artery (RA) and dorsal pedal artery (DPA) were scanned. Four consecutive beats 

were saved and 2-D images were subsequently analyzed off-line.  

 

Intimal thickness (IT) was defined as the total thickness measured with callipers within a 

higher resolution zoom. Three measurements of the IT were performed in systole at the 

artery’s largest diameter. The medial thickness (MT) was calculated as the difference between 

intimal-medial thickness (IMT) and IT (MT=IMT-IT), according to a previously established 

protocol106. IMT was defined as the distance from the leading edge of the lumenal-intimal 

interface to the leading edge of the medial-adventitial interface. Lumen diameter was defined 

as the distance between the leading edges of the intimal-lumenal interface of the near wall and 

the lumenal-intimal interface of the far wall107. 

 

The coefficient of variation of repeated measurements by the same operator (i.e. the intra 

individual variation) was studied in a separate group of 10 obese subjects, and was 8.1 %, 4.0 

% and 1.5 % in RA IT, RA IMT and RA diameter, respectively. In DPA IT, DPA IMT and 

DPA diameter, intra individual variation was 9.2 %, 8.2 % and 1.7 %, respectively. 

Reproducibility was studied, and intra-observer variability expressed as coefficients of 

variation were for RA IT and IMT 7 % and 5 %, respectively, and for DPA IT and IMT 8 % 

and 7 % respectively108.  

 

Pulse wave velocity measurements (papers I and III) 

The velocity of the blood pressure pulse waveform is dependent on the stiffness of the artery. 

In brief, a pressure tonometer was used to record transcutaneously the pressure pulse 

waveform in the underlying artery (SphygmoCor® system, AtCor Medical, Australia). 

Records were made simultaneously with an ECG signal, which provided an R-timing 

reference109. Pressure pulse recordings were performed consecutively at two superficial artery 

sites (carotid-radial segment or radial-dorsal pedal segment). Each set of pressure-pulse and 

ECG waveform data was used to calculate the mean time difference between R-wave and 

pressure wave on a beat-to-beat basis, with an average of 10 consecutive cardiac cycles. The 
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pulse wave velocity (PWV) was then calculated using the mean time difference and distance 

between the two recording points. Quality indices, included in the software, were set to ensure 

uniformity of data. In a separate group of healthy children and adolescents (n=10), we found 

that the reproducibility (calculated as coefficient of variations) for the radial-carotid PWV 

was 9%.  

 

Endothelial function measurements (paper III) 

Endothelial function as measured as vasodilatory response to hyperaemia was assessed non-

invasively using reactive hyperaemia peripheral arterial tonometry (RH-PAT) method with 

Endo-PAT® device (Itamar Medical Ltd, Caesarea, Israel). In brief, pulse wave amplitude is 

recorded from finger-tip probes on both index fingers with the subject at rest in supine 

position for the duration of the study. After five minutes of continuous baseline 

measurements, arterial flow to the arm is occluded for five minutes using a blood pressure 

cuff inflated to 200 mmHg, or at least 50 mmHg, whichever is highest, above systolic 

pressure. After the five minute occlusion, the cuff is rapidly deflated to allow for reactive or 

flow-mediated hyperemia. Pulse wave amplitude is recorded for at least five minutes after the 

cuff is deflated (Fig 5). An integrated software program compares the ratio of arterial pressure 

in the two fingers before and after occlusion to calculate the RH-PAT score in an operator-

independent manner. The RH-PAT index (RHI) is calculated as the ratio of the average pulse 

wave amplitude measured over 60 seconds starting one minute after cuff deflation divided by 

the average pulse wave amplitude measured at baseline and normalized to the concurrent 

signal from the contra-lateral finger to correct for changes in systemic vascular tone 52. The F-

RHI is the natural logarithm of the RHI. 

 

 

            
 

Figure 5 RH-PAT measurement with finger probes and parallel amplitude registration 

Finger probe measures volume-changes during systolic and diastolic phase showing as a pulse wave. Amplitudes 

registered during 5 min rest, 5 min occlusion and 5 min post occlusion in both index fingers. 
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The choice to use the average one-minute PAT signal starting one minute after cuff deflation 

to describe the magnitude of reactive hyperaemia was based on the observation that this time 

interval provided the best information regarding detection of coronary endothelial dysfunction 

as determined by receiver operating characteristic curve analysis as well as the best 

correlation with coronary blood flow response to acetylcholine; and an attenuated RH-PAT 

score is predictive of coronary heart disease in adults110, 111.  

The ratio between average baseline amplitude and post-occlusion amplitude was calculated as 

an average of each 30-second interval from 0 to 5 minutes post occlusion. The post-occlusion 

period was analyzed in terms of area under curve (AUC) for 0-1 minutes post occlusion, 0-3 

minutes post occlusion and 0-5 minutes post occlusion. The maximum flow-mediated dilation 

(FMD) was extracted manually and analyzed. These different measures are commonly used in 

earlier studies of endothelial function in children and adults51, 53, 112, 113.  

 

In another study, the reproducibility of RH-PAT measurements was investigated. In a separate 

group of healthy children (n=33), each subject was studied twice with a 10-week interval. The 

coefficient of variation was 11%. 

 

Biochemical analyses  
 
White blood cells, red blood cells, and platelets were analyzed by fluorescence-activated cell 

sorting. Fasting total cholesterol, HDL cholesterol, and triacylglycerol were analyzed by using 

enzymatic methods (Roche Diagnostics, Mannheim, Germany). LDL-cholesterol 

concentrations were calculated by using Friedewald's equation. Fasting serum insulin was 

analyzed with a radio immunochemical method (Pharmacia & Upjohn Diagnostics AB, 

Uppsala, Sweden), and fasting blood glucose was analyzed using an enzymatic approach. The 

intra-assay coefficient of variation for insulin in the range of our measurements was 6.4 %. In 

study IV, plasma leptin was analyzed by ELISA from Mercodia (Uppsala, Sweden) and high-

molecular weight-adiponectin (HMW-Adiponectin) was analyzed by Linco (St. Charles, 

Missouri, USA). 

 

Fatty acid analyses 

Fatty acid analyses were performed in phospholipids of serum, and biopsies from M. vastus 

lateralis and abdominal subcutaneous adipose tissue. After intra and subcutaneous 

administration of local anaesthesia, muscle and adipose tissue biopsies were obtained from 18 
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of the subjects after both treatment periods. The muscle biopsy was obtained from M. vastus 

lateralis with a Bergmann needle, following an incision with scalpel of the skin, subcutaneous 

fat and muscle fascia. Adipose tissue was aspirated by use of a 20 ml syringe and 14 gauge 

needle obliquely horizontally inserted in subcutaneous adipose tissue of the abdomen. Biopsy 

was immediately placed in a test tube and frozen in liquid nitrogen, and then stored at -70 ºC 

until analysis. 

 

 All organic solvents were of HPLC grade, water of analytical grade Milli-RX™ 

(MILLIPORE), reagents and standards were of documented purity. 

 

In brief, the serum phospholipid fatty acids were analysed after lipid extraction according to 

Folch et al.114, fractionated and eluated after washing. The fraction of lipids was 

transmethylated and the FA methyl esters (FAME) were extracted with hexane, washed with 

water, dried over MgSO4  and resolved in hexane (grade for spectroscopy), and separated by 

capillary gas-liquid chromatography (GLC) in a Hewlett-Packard 6890 gas chromatograph. 

Helium at 1.4 ml/min was used as carrier gas. The injector and detector temperatures were 

250°C. The column oven temperature was sequentially programmed from 60°C to 230°C 

where it was run for 10 minutes. The separation was recorded with HP GC Chem Station 

software (HP GC, Wilmington, DE). Heneicosanoic acid (21:0) was used as internal standard 

and the FAME identified by comparison with retention times of pure reference substances 

(Sigma Aldrich Sweden AB, Stockholm, Sweden). 

 

Muscle biopsy samples were weighed, minced into pieces and then homogenized. Lipids were 

extracted by the procedure of Rose and Oklander115 using chloroform and 2-propanol and 

sonication. The phospholipid HPLC method described by Silversand and Haux 116 was 

slightly modified for use of an internal standard and to collect lipid fractions from split post 

column flow. The system consisted of two delivery pumps (Bischoff 2250), an injector of 20 

µL, a gradient mixing chamber 1.8 mL (SPARK) and a detector ELSD Varex MKIII 

(Alltech). The column was a LiCrospher 100 Diol 5 µm 250 x 4 mm with Si guard column. 

The column temperature was 55°C. The software for pump control and evaluation of detector 

signals was Clarity (DataApex LTD, Prague). 

Standards were composed of mixtures of phospholipids from Larodan Fine Chemicals 

(Malmö, Sweden). Fractions corresponding to phosphatidyl choline, phosphatidyl 

ethanolamine, phosphatidyl serine, phosphatidyl inositol, phosphatidyl glycerol and 
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diphosphatidyl glycerol and sphingomyeline were collected. The fractions were in this study 

combined and dried under nitrogen and FAME prepared and analysed by capillary GLC as 

described above.  

 

Adipose tissue specimen was homogenized, and after centrifugation, 50 μl of the extract was 

used for determination of total fatty acids. The fatty acids were transmethylated, internal 

standard was added, and the extract resolved in hexane and total FAME were analysed on 

GLC. Aliquots, 2 x 1 ml of the lipid extract, were evaporated, resolved in chloroform and 

phospholipids separated as described for plasma phospholipids and after transmetylation the 

FAME were separated and identified on GLC as described above. 

 

The levels of individual fatty acids were expressed as percentage of total fatty acids identified 

(molar %). These values were used to calculate indexes and sums presented. 

 

Ascorbyl radical measurements (paper III) 

To assess oxidative stress, we measured ascorbyl radicals at the end of each treatment period. 

In brief, the intensity of the ascorbyl radical in plasma sample was measured with a Bruker 

ECS 106 EPR spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany). The amount of 

ascorbyl radical was expressed as relative change in ESR signal intensity compared with 

control values before the induction of asphyxia. The values were multiplied with a factor of 

0,0042 for the concentration in µM. 

 

Insulin sensitivity measurements (paper IV) 
 

Intravenous glucose tolerance test (IVGTT) 

In brief, after an overnight fast, catheters were inserted for infusions of glucose and 

withdrawal of arterialised venous blood. After baseline blood collection, 300 mg glucose /kg 

body weight (30% glucose solution) was given within 2 minutes to acutely increase the blood 

glucose level. Blood samples were drawn at 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 

90, 100, 110, 120 minutes after glucose infusion. Plasma glucose was analyzed with a glucose 

analyzer (HemoCue Glucose 201 DM Analyzer, HemoCue AB, Sweden) and serum insulin 

was analyzed by Enzyme-Linked Immunosorbent Assay (ELISA, Mercodia, Uppsala, 

Sweden). The magnitude of insulin response to glucose was quantified as the incremental area 
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under the curve (ΔAUC). Glucose disappearance constant (Kg) was calculated as the slope of 

the logarithm of glucose values between 10 and 30 minutes after glucose infusion. 

 

Euglycemic hyperinsulinemic clamp 

Insulin sensitivity was determined using the euglycemic hyperinsulinemic clamp technique, 

as described earlier117, 118. Briefly, 30 minutes after the IVGTT, human insulin (Actrapid, 

Novo Nordisk, Copenhagen, Denmark) was infused as a priming dose for the first 10 minutes, 

followed by a continuous infusion (80 mU/m2 body surface/min) for 120 minutes. Glucose 

infusion was started simultaneously and the infusion rate adjusted to clamp the blood glucose 

at 5.0 mmol/L, assessed at 5-minute intervals with a glucose analyzer (HemoCue Glucose 201 

DM Analyzer, HemoCue AB, Sweden). The glucose infusion rate during the last 60 minutes 

served as a measure of the subject’s insulin sensitivity and was expressed as glucose disposal 

rate (GDR) (mg/kg body weight/min). The GDR, also known as M-value, was calculated as 

the mean value of the amount of glucose infused for each 20 minute interval during the last 60 

minutes of the clamp. The insulin sensitivity index (ISI) was calculated by dividing the M-

value by the steady-state insulin concentration during the last 60 minutes of the clamp [mg 

glucose/kg body weight/min/insulin (mU/L)]. 

 

Statistical analyses 
 

Statistical analyses were performed with the statistical software SPSS 15.0 for Windows 

(SPSS Inc., Chicago, Illinois, USA). All results are expressed as mean ± SD. Association 

between variables were analysed using simple correlation. GraphPad Prism 4.03 (GraphPad 

Software Inc, San Diego, California, USA) was used for all curve analysis. P–values below 

0.05 were considered statistically significant. 

In paper III, to compare the RH response curves after n-3 and placebo treatment pair- wise for 

each subject, global fitting was used. This is a non-linear regression method in which one 

curve (placebo) for each subject is used as model (or baseline), allowing evaluations of 

discrepancy of the other curve. This method works in analogy to the paired samples t-test, 

using a pair of curves instead of a pair of values. 

In paper I, 2-way ANOVA was used when comparing HRR, and HR. Age dependency of SBP 

and DBP was assessed by univariate analyses, and adjusted accordingly in a general linear 

model. 
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Results and discussion 

 

Cardiovascular changes in obese children 
 
In papers I and II, we found that obese children are exposed to several cardiovascular risk 

factors already at an early age, such as altered vascular characteristics and cardiac autonomic 

dysfunction.  

 

Previously, IMT studies in children and adolescents were performed in the carotid artery, 

except only one study assessing aortic IMT119. These investigations were not focused on 

components of the IMT complex. In paper I, by using new ultrasound technique with 30 µm 

resolution106 , we assessed  IT  and MT separately in superficial peripheral arteries. The 

possibility to discriminate different parts of the vascular wall may help increasing the 

understanding of the origins of atherosclerosis in vivo. The fact that we also are able to 

examine peripheral arteries further increases the knowledge of the atherosclerotic process, and 

the mechanisms by which might differ between arterial sites. Increased IT of the RA (from 

0.049 mm) by 10 % was found in obese compared to lean subjects (p=0.02), but no 

differences in RA IMT or MT could be observed. There was no difference in DPA IT between 

groups, whereas the DPA MT was increased (from 0.148 mm) by 17% (p=0.02) and the DPA 

IMT was increased (from 0.202 mm) by 13% in the obese compared to lean, p=0.01. In 

contrast to what we expected, the difference between groups in RA IT was not found in DPA 

IT, indicating that various arterial locations and their respective arterial wall structures may 

respond differently to different factors. It is conceivable that the increased blood pressure load 

(including the hydrostatic pressure) in the foot contributes to the increased media thickness of 

the dorsal pedal artery in obese children we have shown in this study and, further, to the 

development of atherosclerosis. 

   
Figure 6 Arterial wall components in obese (■) and lean (□) children. * p<0.05 
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According to Tounian et al., obesity (adjusted BMI >30) in children is directly associated with 

increased arterial wall stiffness and endothelial dysfunction but not with carotid IMT50. Others 

have demonstrated that increased carotid IMT is directly related to inflammatory markers, 

elevated blood pressure, and left ventricular hypertrophy51, 62, 120-122. The present study 

underscores the effects of childhood obesity on early structural atherosclerotic markers and 

extends these effects to peripheral arteries such as RA and DPA.  

 

Obese females had an 18% larger IT than lean females, and accounted for the entire 

difference in RA IT between the obese and lean groups (p=0.04, Fig 7). This finding could 

indicate that girls are more susceptible to the influence of obesity or that the relative 

advantage of the female sex, in terms of postponing cardiovascular risk and events, is 

obliterated by obesity123. In line with research in adults, where women present with later 

development of atherosclerosis124, the lean girls present with thinner intima than the lean 

boys. We can only speculate that the obese girls, at this early stage and without any other 

cardiovascular risk factors such as smoking and hypertension, are more susceptible to intimal 

thickening than obese boys. There are studies showing that insulin resistance in obese females 

is associated with increased rigidity of the aortic wall, suggesting different sensitivity to 

insulin resistance in male and female obese adolescents125 . Such aortic changes may also 

involve smaller sized arteries as in the present study. Another factor may be the presence of 

undiagnosed polycystic ovary syndrome in the obese girls. This disease is far more common 

in obese than lean children, and may contribute to an earlier development of 

atherosclerosis126, 127. 

 

                          
 

 
 

Figure 7 Radial intimal thicknesses in obese and lean adolescents divided by gender.  
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Arterial stiffness, as reflected by increased PWV, is determined by the arterial wall structure 

in relation to the arterial blood pressure and has been shown to be a predictor of 

cardiovascular mortality in certain patient groups128, 129. A few studies have used various 

methods and arterial sites to assess arterial stiffness in obese children and adolescents. 

Tounian et al.50 found increased carotid artery stiffness in obese children by using ultrasound 

parameters for vessel wall distensibility calculations. In contrast, our approach to assessing 

PWV using the carotid and radial arteries as measuring sites showed that the obese children 

had decreased PWV (6.2 ± 0.8 vs. 7.0 ± 0.9 m/s in obese and lean, respectively, p=0.001) and 

lower diastolic blood pressure (58 ± 9 vs. 66 ± 6 mmHg in obese and lean respectively, 

p=0.001) compared to lean subjects, suggesting normal to decreased arterial stiffness and 

lower peripheral resistance. The RA and DPA of obese children had consistently increased 

lumenal diameters (RA: 1.8 ± 0.3 vs. 1.5 ± 0.4 mm in obese and lean, p=0.006 and DPA: 1.5 

± 0.5 vs. 1.0 ± 0.3 mm in obese and lean, p=0.0006) and thus reduced IT-to-lumen ratios 

compared with lean subjects. To our knowledge, this is a novel finding in young obese 

subjects and may reflect a “physiological structural adaptation” to altered metabolic and/or 

hemodynamic demands, such as increased overall vasodilatation, blood volume, and cardiac 

output, which, together with decreased total peripheral resistance, have been documented in 

adult obesity130. In other words, arterial vasodilatation may be a functional consequence of the 

hyperinsulinemic state and not a pathological process per se, and it might be reversible if the 

individual loses weight. Over the long term, a condition of dilated vessels with increased 

blood flow in which the structural component does not match the increased vessel diameter 

may lead to augmented wall tension. This in turn could result in impairment of vascular 

features and dysfunctional regulation, such as hampering of endothelial responses.  

 

In paper II, we found that obese children show a different heart rate response to exercise 

compared to lean controls. They have a greater increase in heart rate during the first minute of 

exercise (ΔHR1min) than lean subjects, being 36 ± 12 vs. 27 ± 12 beats in controls, p=0.001. 

Increased ΔHR1 min, is an autonomic measure mirroring the increase in sympathetic activation 

and concurrent vagal withdrawal131. Since there were no differences in resting heart rate (88 ± 

14 and 86 ± 13 bpm, in obese and lean subjects, respectively, ns), i.e. the starting point, this 

would be a reliable variable to use in our cohort. Described by Leeper et al, ΔHR at 1 minute 

of exercise is associated with both cardiovascular- and all-cause mortality in adults131. This 

pattern may depend upon the obese state per se, which at least in adults is associated with 

increased sympathetic tone89, 132, but it could also be attributed to lower degree of fitness 
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level. The obese children also show lower maximum heart rate (HRmax) at peak exercise 

compared to lean controls (186 ± 13 beats/min vs. 195 ± 9 in the lean controls, p=0.0003). In 

adults, an impaired heart rate response to exercise test is a predictor of mortality133, and may 

therefore be of importance to consider also for the risk assessment of adolescents with 

obesity. The lower HRmax in the obese children might be explained by the fact that that they 

didn’t perform as much work. Investigating this more closely, we found that the groups did 

not differ, neither in maximal workload (153 ± 10 and 162 ± 12 Watts for the obese and 

controls, ns), nor in maximal oxygen uptake (2.3 ± 0.4 l/min in both groups), which would be 

expected if this assumption was correct. Increased work load (108 ± 12 Watts vs. 81 ± 8 

Watts for the controls, p= 0.002) and oxygen uptake (1.4 ± 0.1 l /min vs. 1.1 ± 0.2 for the 

controls, p=0.005) in children with obesity at the same heart rate as lean controls (143 ± 7 vs. 

140 ± 9 bpm for the controls, ns) at anaerobic threshold suggests that children with obesity 

have increased leg strength and oxygen uptake compared with the lean controls, possibly due 

to the increased body weight. Moreover, obese subjects had 35 % shorter duration of exercise 

tests than controls (p<0.0001), indicating faster exhaustion and impaired cardio-respiratory 

fitness. This may be due to the lower heart rates, or to decreased mitochondrial function and 

increased intramyocellular fat, as shown by Caprio et al74. Poor mental stimulation to perform 

maximal exercise is less probable since they have overall lower heart rates. Given the cardio-

respiratory data at anaerobic threshold, we would anticipate a higher work load and oxygen 

uptake at peak exercise in subjects with obesity vs. lean subjects.  

 

Slow heart rate recovery after exercise is a simple way of determining vagal dysfunction91. 

When evaluating heart rate recovery in adults, a decrease of at least 12 beats during the first 

minute after exercise is considered normal87. To our knowledge there are limited data of heart 

rate recovery in healthy children and adolescents. In our dataset of children, the decrease 

during the first minute in controls was 32 beats, and in children with obesity 37 beats, 

reflecting a more rapid vagal response compared to adults, although difficult to interpret 

because of the difference in max HR between obese and controls. However, a similar 

response pattern was seen between groups after exercise when heart rate was expressed as 

percentage lowering (being 88% of max HR at 30 seconds post exercise compared to 92 % in 

the lean controls, p= 0.03 and 79 % of max HR compared to 84 % for the lean controls, p= 

0.03 at 1 min post exercise), suggesting a rapid return of vagal activity in both groups.  
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Because of relatively similar patterns of aerobic capacity between groups, HRR assessment 

and interference with “metabolic recovery”, may not be sensitive enough to detect differences 

in cardiac autonomic modulation among different groups134, particularly not in the young 

where differences may be subtle. An exercise test involves activation of several systems, like 

the neurohormonal system and the circulation, with increased blood-flow and circulating 

metabolites such as lactate. One of the key factors influencing the HR response after exercise 

is an altered metabolic status, which is impaired in obese135. Following exercise, there is a 

total body recovery, which both depends on neurogenic and metabolic factors. HRR 

depending on pure vagal reactivation is present only the first 30 seconds post exercise91. One 

has to consider signalling from metaboreceptors rather soon after commencing the exercise 

test strongly stimulate the sympathetic nervous system and suppresses the activity in the 

cardiac parasympathetic division of the autonomic nervous system, that might be different in 

different subjects.  HR is a direct reflection of metabolic need, and remains elevated up to 30 

minutes after exercise136.  

 

Therefore, cardiac baroreceptor sensitivity may represent a more sensitive and reliable 

method to detect autonomic dysfunction, also for children and adolescents137-139. Cardiac 

baroreflex sensitivity was 24 % lower in subjects with obesity compared to lean controls, 

indicating a reduced cardiac vagal function. No difference was found between subjects with 

overweight and lean controls. When taking pubertal status into consideration, we found 

similar results. These findings thus indicate that children with obesity, already at this young 

age, show several signs of autonomic dysfunction, although to a mild degree.  

 

The lower BRS that we observed in children and adolescents with obesity may be attributed 

to several mechanisms. Firstly, a functional change in BRS may prevail in these young 

subjects having obesity, inasmuch that they demonstrate decreased cardio respiratory fitness, 

as indicated by the blunted maximal heart rate response and the rapid increase in heart rate to 

exercise. If this is the case, it might be possible to improve the autonomic function in 

adolescents with obesity by increased physical activity, as suggested by Nagai et al138. 

Secondly, the autonomic dysfunction might also be explained by the obese state per se and its 

possible hampering effects on vascular structure and distensibility50. Thirdly, a deranged 

metabolic situation due to the obese state may affect autonomic output. BRS have been shown 

to increase in subjects with obesity after dietary weight loss140, which could be explained in 

part by increased insulin sensitivity. Insulin has been shown in obese humans to increase 
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muscle sympathetic nerve activity during euglycemic insulin clamp141, 142, possibly 

influencing the central nervous system to modify the autonomic nervous system, which is 

indicated in the study by Pricher et al, where insulin in the brain increases gain of baroreflex 

control143. Free fatty acids (FFA) have been shown to increase blood pressure in rats by 

stimulation of excitatory hepatic afferent vagal nerves144, and should also be of interest in 

studies of subjects with obesity, considering their increased FFA outflow from adipose tissue.  

Adipose tissue also produces cytokines and other inflammatory components affecting 

autonomic function145. 

 

Intervention 
 

The common treatment for childhood obesity such as diet and exercise have proved to be less 

successful in terms of long-time compliance and effectiveness, and requires highly motivated 

participants146, 147. Although diet and exercise programs can be effective in reducing 

cardiovascular risk in obese children120, 148, 149, we need to reach also those without strong 

social support and motivation, and therefore possibly at a greater risk of developing future 

cardiovascular disease150.  

 

In our study on omega 3 supplementation, which to our knowledge is the first randomized, 

placebo-controlled study in children, we could show a reduction of cardiovascular risk factors 

such as endothelial dysfunction and insulin resistance without any modification of diet or 

exercise habits.  

 

In paper III, we found a significantly improved endothelial function, measured as 

vasodilatory response to post-ischemic hyperaemia, after three months n-3 treatment in obese 

adolescents (pair- wise global fitting, p<0.01). Endothelial function is closely related to the 

dietary FA composition151-153. N-3 treatment, but not placebo, has been shown to improve 

both forearm vasoconstrictive responses and endothelial function in adults154, 155. These 

results could be explained by an increased level of endogenous nitric oxide (NO), as shown 

by Harris et al156, where n-3 supplementation was given for three weeks. In another study, 

McVeigh et al showed improved endothelium-dependent responses, mirroring stimulated NO 

release, after six-weeks n-3 supplementation in subjects with type-2 diabetes157. In line with 

these studies, we demonstrated that n-3 supplementation improved endothelial function in 

obese adolescents. As both NO-dependent and -independent vasodilatation might be affected 
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by n-3 treatment158 , we analyzed the entire vasodilatory response. In order to best illustrate 

all components of the improvement in endothelial function, we performed pair- wise 

comparison for the entire post- occlusion hyperaemic response curve.  

 
Other measures of vascular function were also improved, such as the augmentation index 

(AI). AI assessed by PAT was decreased by 24 % with n-3 treatment compared to placebo 

(p=0.05), and was inversely correlated to the changes in 20:5n-3 (EPA) (r= -0.47, p=0.025) 

and sum of n-3 (r= -0.47, p=0.02) in serum phospholipids.  

 

Obese children have elevated inflammation, which can affect the endothelium and vascular 

wall65. We found that the number of lymphocytes were decreased by 7 %, from 2.7 109/L 

(p=0.037), and the monocytes by 11 %, from 0.61 109/L (p=0.021) after n-3 treatment, but 

remained unaffected by placebo. There was a statistically significant correlation between the 

change in lymphocytes and the change in n-6/n-3 ratio of serum phospholipids(r=0.4, p=0.05). 

The change in lymphocytes statistically significantly correlated to the change in PWV 

measured at radial-dorsal pedal sites (r=0.59, p=0.003), as well as with the change in DPA IT 

(r=0.48, p=0.03), suggesting a relationship between reduced inflammation and arterial 

stiffness and also intimal thickness after n-3 treatment. The collective improvement of pulse 

wave velocity, augmentation index and endothelial function in these obese children may 

constitute a moderate anti-hypertensive effect by the n-3 treatment, effects that may not be 

detectable by sphygmanometry. The beneficial effects of n-3 PUFAs on hypertension has 

been recognized for decades41, and it is possible that n-3 reduces the obesity-induced 

hypertensive effects on the vascularity already at this early age.  

 

We also found an inverse correlation between the change in PWV, measured at carotid-radial 

sites, and the change in insulin sensitivity index (ISI) found in paper IV, as assessed by 

hyperinsulinemic-euglycemic clamp (r= - 0.46, p= 0.047). Furthermore, the change in PWV 

was correlated with the change in restoration of insulin concentration at IVGTT, measured as 

AUC60-80 (r=0.52, p=0.019). Insulin resistance has been shown to be associated with vascular 

abnormalities in obese children, inasmuch that HOMA-IR was positively correlated with IMT 

and inflammatory markers69. Lee and co-workers have shown associations between decreased 

insulin sensitivity and circulating endothelial biomarkers in youth55.   

 

Oxidative stress is also considered of importance in the development of atherosclerosis70, and 

interestingly, we found that the change in ascorbyl radicals correlated to the change in dorsal 
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pedal IT (r=0.61, p=0.003). Although there are some anti-oxidative effects of n-3 PUFAs159, 

there are recent studies showing that there are anti-oxidative properties also in the aqueous 

part of the fish160, 161, which might be of importance when analyzing epidemiological data of 

beneficial effects of fish consumption on obesity and cardiovascular risk162.  

 

In paper IV, we demonstrated that n-3 treatment improves glucose tolerance and insulin 

sensitivity in obese girls, but not boys.  

 

In girls, the glucose tolerance, determined as Kg, was improved by 39 % after n-3 treatment 

(p<0.05). In line with this, ISI obtained from euglycemic-hyperinsulinemic clamp was 

increased by 20 % after n-3 treatment, but borderline significantly so (p=0.07). The 

restoration of insulin concentration (ΔAUC60-80min) was improved by 34 % after n-3 treatment 

(p=0.02). Thus, our data indicate that n-3 PUFAs, or the balance between n-6/n-3 fatty acids, 

have an important role in the insulin and glucose metabolism and that this association is more 

readily influenced in girls than boys at this young age. Peripheral insulin sensitivity is mostly 

regulated by the skeletal muscle tissue, but in obese patients with a large fat mass, the adipose 

tissue and liver are also of importance163, 164. After n-3 treatment the n-6/n-3 ratio in skeletal 

muscle phospholipids was decreased by 37 % (p<0.0001) and 38 % (p=0.002) in females and 

males, respectively, mostly due to an increase of the total percentage of n-3 PUFAs, and 

mainly EPA. Similar pattern was found in adipose tissue, although only EPA was statistically 

significantly altered by n-3 supplementation.  

 

Obese children with impaired glucose tolerance demonstrate defects in non-oxidative glucose 

metabolism, and visceral fat deposits and intramyocellular lipid accumulation are related to 

insulin resistance117. As n-3 PUFAs prevents fatty acid accumulation in liver and skeletal 

muscle, and thereby improve defects in insulin signalling and prevent alterations in glucose 

homeostasis165, 166, they might be important in the effort of preventing the development of 

type 2 diabetes in obese children. A number of different metabolic abnormalities may increase 

intramyocellular fatty acid metabolites, such as increased fat delivery to muscle as a 

consequence of either excess energy intake or defects in adipocyte fat metabolism75.  Another 

possible mechanism behind intramyocellular lipid accumulation could be reduced 

mitochondrial oxidative phosphorylation, since mitochondria convert fatty acid and glucose 

into energy via oxidation.  Indeed, muscular mitochondrial dysfunction does cause deposits of 

lipids inside the muscle, producing insulin resistance and leading to diabetes76, 77, 167. Since 
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mitochondriae are rich in EPA and DHA it would be of interest to investigate the different 

species of phospholipids in the skeletal muscle whether an improvement would be associated 

with enrichment of the n-3 fatty acids in phosphatidyl ethanolamine and phosphatidyl serine, 

especially concentrated in the inner membrane of the mitochondria.  

 

Our data suggest that changes in the fatty acid composition of skeletal muscles modulate the 

action of insulin, which might be associated with increased oxidative capacity168. Insulin 

action and resistance are also associated to the regulation of exercise capacity, heart rate 

recovery and autonomic nervous system function135, 143, 145, 169, 170, as well as in the 

development of atherosclerosis, measured as endothelial function, arterial stiffness and IMT55, 

125, 171. This means that insulin resistance is involved in the development of the cardiovascular 

risk factors we examined in our studies, and may be modulated by the membrane fatty acid 

composition. The membrane fatty acid composition in itself might be important not only in 

muscle tissue, regulating insulin action and oxidation, but also in the nerve cell, enhancing 

signalling. N-3 PUFAs are important not only in regulating cardiac autonomic function92, but 

also in cognitive function and development93, 172, 173, suggesting effects on different parts of 

the nervous system. In our study of n-3 supplementation, we did not examine the subjects 

regarding autonomic function. 

Fatty acid composition of the endothelium, where n-3 PUFAs regulate formation of 

leukotriens, prostaglandins, thromboxanes and adhesion molecules98, 152, 174, is also important 

in the development of atherosclerosis, besides the inflammation and insulin action on this 

tissue, and we were able to show that supplementation of n-3 PUFAs improves endothelial 

function in obese adolescents.   

 

The subjects received 1,2 g pure n-3 fatty acids per day, which is relatively low dose for 

healthy adults175, 176. It corresponds to a daily consumption of 70 g herring, which could be 

considered reasonable to incorporate into the diet. Considering the influence of the large 

amount of adipose tissue in obese children, this dose might be too low for optimal results. In 

obese adults, 4 g/day seems to be an adequate dosage175-177, which is almost four times as high 

as the dose we used. Since there are no studies of n-3 supplementation in obese children, we 

can only speculate that a higher dose might have influenced the results.  

 

Taken together, the insulin resistance is an important factor in the development of the 

metabolic syndrome and cardiovascular disease. In obese children, we have shown that it 
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might be possible to improve insulin resistance, at least to some extent, with supplementation 

of n-3 LC-PUFAs. The reduced insulin resistance and the direct vascular effect of n-3 LC-

PUFAs in terms of improved vascular function, reduced inflammation and a possible 

improvement of autonomic function, makes this treatment of cardiovascular effects of 

childhood obesity appealing; of course as a complement to the optimal diet and exercise 

programmes.  

 



  

What was known? 

• Obese children show increased carotid IMT, impaired endothelial function and arterial 

stiffness.  

• Obese children show a deranged FA pattern in plasma, with low n-3 FAs. 

• Supplementation with n-3 FAs in adults is beneficial for cardiovascular risk factors. 

  

What this study adds? 

• Increased understanding of the cardiac vagal function in obese children. Obese 

children show a reduced cardiac vagal function compared to both overweight and lean 

children. 

• Deeper knowledge of the vascular changes in obese children, and possible gender 

effects. Obese children show increased vascular diameter in peripheral arteries and 

decreased pulse wave velocity compared to lean subjects, and obese girls also show 

increased intimal wall thickness in radial artery compared to lean girls. 

• This unique placebo-controlled study of n-3 supplementation shows, for the first time 

in obese children: 

-  large changes in muscle FAs consisting of increased concentrations of EPA, DHA, total n-3 

and decreased n-6/n-3 ratio 

-  improved endothelial function as determined by increased vasodilatory capacity in response 

to hyperaemia 

-  improved insulin resistance in girls



  

Clinical relevance and perspectives 

 

Obese children and adolescents are a growing population of patients in strong need for 

effective treatment to prevent future morbidity. Omega 3 PUFAs present with a wide range of 

positive effects on different aspects of the metabolic syndrome (Fig 8), and are probably more 

effective in preventing disease the earlier they are used. Considering the negligible side 

effects and positive effects we have shown in this study, n-3 PUFA supplementation should 

be used as a complement to the ordinary diet and exercise programmes in the treatment of 

children and adolescents with obesity. 

 

 

 
 
Figure 8 Integrative illustrations of the consequences of obesity in different organs and possible antagonists 

Insulin 

Lipolysis-FFA 
Inflammation-IL-6, TNFα 

Leptin, Adiponectin 
Endocannabinoids 

TG 

TG 
VLDL 

Insulin signalling 
Glucose homeostasis 

Lipid accumulation 
 

Insulin resistance 
Glucose tolerance 
Intramyocellular lipids 

Arrhythmias 
Autonomic regulation 
Intramyocellular lipids 

 
Exercise  

N-3 PUFAs 

Adhesion 
Inflammation 
Leukotriens 
Prostaglandins 
Endothelial function  
Lipoprotein and lipid retention 
 

Inflammation  
Chemotaxis 
Cytokines β-cell function 

Lipid and glucose metabolism 
Insulin sensitivity  

Autonomic regulation 
Transmitter function 
Appetite regulation 



 40

Acknowledgements 

 
I am deeply indebted to many people who made this thesis feasible. I especially would like to 

express my gratitude to 

 

My supervisor, Professor Peter Friberg, for your great enthusiasm, which convinced me that 

Clinical Physiology is the best field of science, for your never ending support on all levels, for 

your persistent encouragement and for letting me think that I am capable of anything! I will 

be grateful forever.  

 

My co-supervisor, Reinhard Volkmann, for your kindness, for ingenious remarks and 

scrutinized reading of my papers and for making me think in new ways, and, of course, great 

travel companionship. 

 

Professor Birgitta Strandvik, for great collaboration, for generously sharing your astonishing 

wisdom, for genuinely caring for not only me but also my children, and for always answering 

my late night calls regardless of the matter!  

 

Walter Osika for the fun collaboration, your never ever failing enthusiasm, for always being 

supportive, believing in me, finding the positive in everything and, of course, for great travel 

companionship, “tail wagging” and language skills on our “congress trips”… 

 

Gun Bodehed-Berg, for every day providing friendship and support, invaluable help with 

organizing and performing my studies and for filing my papers!    

 

Marika Friman, for taking care of practical matters, for our conversations and lunches, but 

above all for your encouragement and care! 

 

Yun Chen for great collaboration, deep knowledge and positive spirit despite late night 

mailing and Li-Ming Gan for inspirational swiftness and fruitful collaboration, and of course, 

for your Ukulele talents… 

 



 41

Eva Gronowitz and Ann-Katrin Karlsson, for accepting the challenge with a smile, always 

problem-solving and supporting, and for the many laughs, Berit Holmberg for excellent fatty 

acid analyses, taking care of samples and providing baby sitting at the same time, Charlotte 

Eklund for great assistance with physiological examinations and Ylva Magnusson, Jovanna 

Dahlgren and Bengt Eriksson for collaboration and support. 

 

The staff at Barnfysiologen, especially Anna-Maria Edvardsson for excellent ultrasound 

assistance and Monica Rosberg for great ergospirometry, Barbro Ljung, Rune Sixt, Tina 

Linnér, Gerd Bengtsson, Per-Håkan Aronsson and Arvid Berzelius, for invaluable help 

and support, and all of you for making me feel welcome at all times! 

 

My other co-workers and co-authors, in particular Kajsa Nilén, Mina Zafar, Pari Allahyari, 

Staffan Mårild, Sinsia Gao and Jenny Framme for great collaboration and Anna Nilsén for 

also trying to be my PT!  

 

My best friends Sandra, Caroline and Helena and their families for always listening, 

helping me out, shopping for me and always being there when I need you! I hope to someday 

make it up to you … 

 

My parents in law, Solveig and Ulf, for always, always being there, supporting, taking care of 

the children at all times and feeding us! Without you, this thesis would not have been 

possible.  

 

My parents, Katarina and Göran, for your love and support and letting me be who I am, 

especially mom for always showing your pride in me, and of course for baby sitting in times 

of need.  

 

My sister, Emma, for looking up to me in many ways, for your love, support and comfort and 

my brother, Anders, and his family for love and encouragement. 

 

My beloved husband Jonas and our children Albin and Märta, for your patience and never 

failing support despite the missed bed-time stories, for bags of candy instead of complaints 

when I work yet another night! I will always love you! 

 



 42

References 

 
1. Organization WH. The WHO Global InfoBase. Available at: http://www.who.int. 
2. Raitakari O, Juonala M, Viikari J. Obesity in childhood and vascular changes in 

adulthood: insights into the Cardiovascular Risk in Young Finns Study. Int J Obes 
(London). 2005;29(Sep):101-104. 

3. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-mass index and 
incidence of cancer: a systematic review and meta-analysis of prospective 
observational studies. Lancet. 2008;371(9612):569-578. 

4. Baker JL, Olsen LW, Sorensen TIA. Childhood Body-Mass Index and the Risk of 
Coronary Heart Disease in Adulthood. N Engl J Med. 2007;357(23):2329-2337. 

5. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, Flegal KM. Prevalence 
of Overweight and Obesity in the United States, 1999-2004. JAMA. 
2006;295(13):1549-1555. 

6. Strauss RS, Pollack HA. Epidemic Increase in Childhood Overweight, 1986-1998. 
JAMA. 2001;286(22):2845-2848. 

7. Bibbins-Domingo K, Coxson P, Pletcher MJ, Lightwood J, Goldman L. Adolescent 
Overweight and Future Adult Coronary Heart Disease. N Engl J Med. 
2007;357(23):2371-2379. 

8. Ailhaud G, Guesnet P. Fatty acid composition of fats is an early determinant of 
childhood obesity: a short review and an opinion. Obesity Reviews. 2004;5(1):21-26. 

9. Ailhaud G, Guesnet P, Cunnane SC. An emerging risk factor for obesity: does 
disequilibrium of polyunsaturated fatty acid metabolism contribute to excessive 
adipose tissue development? Br J Nutr. 2008;28:1-10. 

10. Ailhaud G, Massiera F, Weill P, Legrand P, Alessandri JM, Guesnet P. Temporal 
changes in dietary fats: role of n-6 polyunsaturated fatty acids in excessive adipose 
tissue development and relationship to obesity. Prog Lipid Res. 2006;45(3):203-236. 

11. O'Keefe JH, Jr., Cordain L. Cardiovascular disease resulting from a diet and lifestyle 
at odds with our Paleolithic genome: how to become a 21st-century hunter-gatherer. 
Mayo Clin Proc. 2004;79(1):101-108. 

12. Pan DA, Hulbert AJ, Storlien LH. Dietary fats, membrane phospholipids and obesity. 
J Nutr. 1994;124(9):1555-1565. 

13. Mozaffarian D, Ascherio A, Hu FB, Stampfer MJ, Willett WC, Siscovick DS, Rimm 
EB. Interplay Between Different Polyunsaturated Fatty Acids and Risk of Coronary 
Heart Disease in Men. Circulation. 2005;111(2):157-164. 

14. Wilson CR, Tran MK, Salazar KL, Young ME, Taegtmeyer H. Western diet, but not 
high fat diet, causes derangements of fatty acid metabolism and contractile 
dysfunction in the heart of Wistar rats. Biochem J. 2007;406(3):457-467. 

15. Murphy MG. Dietary Fatty Acids and Membrane Protein Function. The Journal of 
Nutritional Biochemistry. 1990;1(2):68-79. 

16. Fernandez-Quintela A, Churruca I, Portillo MP. The role of dietary fat in adipose 
tissue metabolism. Public Health Nutr. 2007;10(10A):1126-1131. 

17. Hulbert AJ, Turner N, Storlien LH, Else PL. Dietary fats and membrane function: 
implications for metabolism and disease. Biological Reviews. 2005;80(1):155-169. 

18. Storlien LH, Hulbert AJ, Else PL. Polyunsaturated fatty acids, membrane function and 
metabolic diseases such as diabetes and obesity. Curr Opin Clin Nutr Metab Care. 
1998;1(6):559-563. 



 43

19. van Houwelingen AC, Hornstra G, Kromhout D, de Lezenne Coulander C. Habitual 
fish consumption, fatty acids of serum phospholipids and platelet function. 
Atherosclerosis. 1989;75(2-3):157-165. 

20. Amri EZ, Ailhaud G, Grimaldi PA. Fatty acids as signal transducing molecules: 
involvement in the differentiation of preadipose to adipose cells. J. Lipid Res. 
1994;35(5):930-937. 

21. Perkins JM, Davis SN. Endocannabinoid system overactivity and the metabolic 
syndrome: prospects for treatment. Curr Diab Rep. 2008;8(1):12-19. 

22. Nissen SE, Nicholls SJ, Wolski K, Rodes-Cabau J, Cannon CP, Deanfield JE, Despres 
J-P, Kastelein JJP, Steinhubl SR, Kapadia S, Yasin M, Ruzyllo W, Gaudin C, Job B, 
Hu B, Bhatt DL, Lincoff AM, Tuzcu EM, for the SI. Effect of Rimonabant on 
Progression of Atherosclerosis in Patients With Abdominal Obesity and Coronary 
Artery Disease: The STRADIVARIUS Randomized Controlled Trial. JAMA. 
2008;299(13):1547-1560. 

23. D'Eon TM, Pierce KA, Roix JJ, Tyler A, Chen H, Teixeira SR. The Role of Adipocyte 
Insulin Resistance in the Pathogenesis of Obesity-Related Elevations in 
Endocannabinoids. Diabetes. 2008;57(5):1262-1268. 

24. Bellocchio L, Vicennati V, Cervino C, Pasquali R, Pagotto U. The endocannabinoid 
system in the regulation of cardiometabolic risk factors. Am J Cardiol. 
2007;100(12A):7P-17P. 

25. Woodside JV, Kromhout D. Fatty acids and CHD. Proc Nutr Soc. 2005;64(4):554-
564. 

26. Kok FJ, Kromhout D. Atherosclerosis--epidemiological studies on the health effects of 
a Mediterranean diet. Eur J Nutr. 2004;43 Suppl 1:I/2-5. 

27. Kromhout D. Epidemiology of cardiovascular diseases in Europe. Public Health Nutr. 
2001;4(2B):441-457. 

28. Kromhout D. Diet and cardiovascular diseases. J Nutr Health Aging. 2001;5(3):144-
149. 

29. Oomen CM, Feskens EJ, Rasanen L, Fidanza F, Nissinen AM, Menotti A, Kok FJ, 
Kromhout D. Fish consumption and coronary heart disease mortality in Finland, Italy, 
and The Netherlands. Am J Epidemiol. 2000;151(10):999-1006. 

30. Feskens EJ, Virtanen SM, Rasanen L, Tuomilehto J, Stengard J, Pekkanen J, Nissinen 
A, Kromhout D. Dietary factors determining diabetes and impaired glucose tolerance. 
A 20-year follow-up of the Finnish and Dutch cohorts of the Seven Countries Study. 
Diabetes Care. 1995;18(8):1104-1112. 

31. Agostoni C, Riva E, Bellu R, Vincenzo SS, Grazia BM, Giovannini M. Relationships 
between the Fatty-Acid Status and Insulinemic Indexes in Obese Children. 
Prostaglandins Leukotrienes and Essential Fatty Acids. 1994;51(5):317-321. 

32. Innis SM. Dietary lipids in early development: relevance to obesity, immune and 
inflammatory disorders. . Current Opinion in Endocrinology, Diabetes & Obesity. 
2007;14(5):359-364. 

33. Wang C, Harris WS, Chung M, Lichtenstein AH, Balk EM, Kupelnick B, Jordan HS, 
Lau J, Harris WS, Poston WC, Haddock CK, Harris WS, Harris WS, Kris-Etherton 
PM, Harris WS, Appel LJ. n-3 Fatty acids from fish or fish-oil supplements, but not 
alpha-linolenic acid, benefit cardiovascular disease outcomes in primary- and 
secondary-prevention studies: a systematic review. Am J Clin Nutr. 2006;84(1):5-17. 

34. Ambring A, Johansson M, Axelsen M, Gan L, Strandvik B, Friberg P. Mediterranean-
inspired diet lowers the ratio of serum phospholipid n-6 to n-3 fatty acids, the number 
of leukocytes and platelets, and vascular endothelial growth factor in healthy subjects. 
Am J Clin Nutr. 2006;83(3):575-581. 



 44

35. Faintuch J, Horie L, Barbeiro H, Barbeiro D, Soriano F, Ishida R, Cecconello I. 
Systemic Inflammation in Morbidly Obese Subjects: Response to Oral 
Supplementation with Alpha-Linolenic Acid. Obesity Surgery. 2007;17(3):341-347. 

36. Cañete R, Gil-Campos M, Aguilera C, Gil A. Development of insulin resistance and 
its relation to diet in the obese child. European Journal of Nutrition. 2007;46(4):181-
187. 

37. Browning LM, Krebs JD, Moore CS, Mishra GD, O'Connell MA, Jebb SA. The 
impact of long chain n-3 polyunsaturated fatty acid supplementation on inflammation, 
insulin sensitivity and CVD risk in a group of overweight women with an 
inflammatory phenotype. Diabetes, Obesity and Metabolism. 2007;9(1):70-80. 

38. Ambring A, Friberg P, Axelsen M, Laffrenzen M, Taskinen M-R, Basu S, Johansson 
M. Effects of a Mediterranean-inspired diet on blood lipids, vascular function and 
oxidative stress in healthy subjects. Clin. Sci. 2004;106(5):519-525. 

39. Hu FB, Bronner L, Willett WC, Stampfer MJ, Rexrode KM, Albert CM, Hunter D, 
Manson JE. Fish and Omega-3 Fatty Acid Intake and Risk of Coronary Heart Disease 
in Women. JAMA. 2002;287(14):1815-1821. 

40. Kris-Etherton PM, Harris WS, Appel LJ, for the Nutrition C. Fish Consumption, Fish 
Oil, Omega-3 Fatty Acids, and Cardiovascular Disease. Arterioscler Thromb Vasc 
Biol. 2003;23(2):e20-30. 

41. Bonaa KH, Bjerve KS, Straume B, Gram IT, Thelle D. Effect of eicosapentaenoic and 
docosahexaenoic acids on blood pressure in hypertension. A population-based 
intervention trial from the Tromso study. N Engl J Med. 1990;322(12):795-801. 

42. Storlien LH, Baur LA, Kriketos AD, Pan DA, Cooney GJ, Jenkins AB, Calvert GD, 
Campbell LV, Pan DA, Hulbert AJ, Storlien LH. Dietary fats and insulin action 

 Dietary fats, membrane phospholipids and obesity. Diabetologia. 1996;39(6):621-631. 
43. Ailhaud G, Amri EZ, Grimaldi PA. Fatty acids and adipose cell differentiation. 

Prostaglandins Leukot Essent Fatty Acids. 1995;52(2-3):113-115. 
44. Rabinowitz D, Zierler KL. Forearm metabolism in obesity and its response to intra-

arterial insulin. Characterization of insulin resistance and evidence for adaptive 
hyperinsulinism. J Clin Invest. 1962;41:2173-2181. 

45. Gustafson B, Hammarstedt A, Andersson CX, Smith U. Inflamed Adipose Tissue: A 
Culprit Underlying the Metabolic Syndrome and Atherosclerosis. Arterioscler Thromb 
Vasc Biol. 2007;27(11):2276-2283. 

46. Lenz A, Diamond FB, Jr. Obesity: the hormonal milieu. Curr Opin Endocrinol 
Diabetes Obes. 2008;15(1):9-20. 

47. Kolterman OG, Gray RS, Griffin J, Burstein P, Insel J, Scarlett JA, Olefsky JM. 
Receptor and postreceptor defects contribute to the insulin resistance in noninsulin-
dependent diabetes mellitus. J Clin Invest. 1981;68(4):957-969. 

48. Ciaraldi TP, Kolterman OG, Olefsky JM. Mechanism of the postreceptor defect in 
insulin action in human obesity. Decrease in glucose transport system activity. J Clin 
Invest. 1981;68(4):875-880. 

49. Watson RT, Kanzaki M, Pessin JE. Regulated Membrane Trafficking of the Insulin-
Responsive Glucose Transporter 4 in Adipocytes. Endocr Rev. 2004;25(2):177-204. 

50. Tounian P, Aggoun Y, Dubern B, Varille V, Guy-Grand B, Sidi D, Girardet J-P, 
Bonnet D. Presence of increased stiffness of the common carotid artery and 
endothelial dysfunction in severely obese children: a prospective study. The Lancet. 
2001;358(9291):1400-1404. 

51. Woo KS, Chook P, Yu CW, Sung RY, Qiao M, Leung SS, Lam CW, Metreweli C, 
Celermajer DS. Overweight in children is associated with arterial endothelial 



 45

dysfunction and intima-media thickening. Int J Obes Relat Metab Disord. 
2004;28(7):852-857. 

52. Bonetti PO, Lerman LO, Lerman A. Endothelial Dysfunction: A Marker of 
Atherosclerotic Risk. Arterioscler Thromb Vasc Biol. 2003;23(2):168-175. 

53. Sorensen KE, Celermajer DS, Georgakopoulos D, Hatcher G, Betteridge DJ, 
Deanfield JE. Impairment of endothelium-dependent dilation is an early event in 
children with familial hypercholesterolemia and is related to the lipoprotein(a) level. J 
Clin Invest. 1994;93(1):50-55. 

54. Fleming I, Busse R. Endothelium-Derived Epoxyeicosatrienoic Acids and Vascular 
Function. Hypertension. 2006;47(4):629-633. 

55. Lee S, Gungor N, Bacha F, Arslanian S. Insulin Resistance: Link to the components of 
the metabolic syndrome and biomarkers of endothelial dysfunction in youth. Diabetes 
Care. 2007;30(8):2091-2097. 

56. Tabas I, Williams KJ, Boren J. Subendothelial Lipoprotein Retention as the Initiating 
Process in Atherosclerosis: Update and Therapeutic Implications. Circulation. 
2007;116(16):1832-1844. 

57. Berenson GS, Srinivasan SR, Bao W, Newman WP, Tracy RE, Wattigney WA, The 
Bogalusa Heart Study. Association between Multiple Cardiovascular Risk Factors and 
Atherosclerosis in Children and Young Adults. N Engl J Med. 1998;338(23):1650-
1656. 

58. Bhuiyan AR, Srinivasan SR, Chen W, Paul TK, Berenson GS. Correlates of vascular 
structure and function measures in asymptomatic young adults: The Bogalusa Heart 
Study. Atherosclerosis. 2006;189(1):1-7. 

59. McGill HC, Jr, McMahan CA, Herderick EE, Zieske AW, Malcom GT, Tracy RE, 
Strong JP, for the Pathobiological Determinants of Atherosclerosis in Youth (PDAY) 
Research Group. Obesity Accelerates the Progression of Coronary Atherosclerosis in 
Young Men. Circulation. 2002;105(23):2712-2718. 

60. McMahan CA, Gidding SS, Malcom GT, Tracy RE, Strong JP, McGill HC, Jr, for the 
Pathobiological Determinants of Atherosclerosis in Youth Research Group. 
Pathobiological Determinants of Atherosclerosis in Youth Risk Scores Are Associated 
With Early and Advanced Atherosclerosis. Pediatrics. 2006;118(4):1447-1455. 

61. McMahan CA, Gidding SS. Risk scores predict atherosclerotic lesions in young 
people. Arch Intern Med. 2005;165:883-890. 

62. Reinehr T, Kiess W, de Sousa G, Stoffel-Wagner B, Wunsch R. Intima media 
thickness in childhood obesity: Relations to inflammatory marker, glucose 
metabolism, and blood pressure. Metabolism. 2006;55(1):113-118. 

63. Juonala M, Viikari JS, Ronnemaa T, Taittonen L, Marniemi J, Raitakari OT. 
Childhood C-reactive protein in predicting CRP and carotid intima-media thickness in 
adulthood: the Cardiovascular Risk in Young Finns Study. Arterioscler Thromb Vasc 
Biol. 2006;26(8):1883-1888. 

64. Roh EJ, Lim JW, Ko KO, Cheon EJ. A Useful Predictor of Early Atherosclerosis in 
Obese Children: Serum High-sensitivity C-reactive Protein. J Korean Med Sci. 
2007;22(2):192-197. 

65. Meyer AA, Kundt G, Steiner M, Schuff-Werner P, Kienast W. Impaired Flow-
Mediated Vasodilation, Carotid Artery Intima-Media Thickening, and Elevated 
Endothelial Plasma Markers in Obese Children: The Impact of Cardiovascular Risk 
Factors. Pediatrics. 2006;117(5):1560-1567. 

66. Ruengsakulrach P, Sinclair R, Komeda M, Raman J, Gordon I, Buxton B. 
Comparative Histopathology of Radial Artery Versus Internal Thoracic Artery and 



 46

Risk Factors for Development of Intimal Hyperplasia and Atherosclerosis. 
Circulation. 1999;100(90002):139II--144. 

67. Lee JW, Lee DC, Im JA, Shim JY, Kim SM, Lee HR. Insulin resistance is associated 
with arterial stiffness independent of obesity in male adolescents. Hypertens Res. 
2007;30(1):5-11. 

68. Singh TP, Groehn H, Kazmers A. Vascular function and carotid intimal-medial 
thickness in children with insulin-dependent diabetes mellitus. J Am Coll Cardiol. 
2003;41(4):661-665. 

69. Giannini C, de Giorgis T, Scarinci A, Ciampani M, Marcovecchio ML, Chiarelli F, 
Mohn A. Obese related effects of inflammatory markers and insulin resistance on 
increased carotid intima media thickness in pre-pubertal children. Atherosclerosis. 
2008;197(1):448-456. 

70. Ignarro LJ, Balestrieri ML, Napoli C. Nutrition, physical activity, and cardiovascular 
disease: an update. Cardiovasc Res. 2007;73(2):326-340. 

71. Magnusson Y, Friberg P, Sjovall P, Dangardt F, Malmberg P, Chen Y. Lipid imaging 
of human skeletal muscle using TOF-SIMS with bismuth cluster ion as a primary ion 
source. Clinical Physiology and Functional Imaging. 2008;28(3):202-209. 

72. Aas V, Rokling-Andersen MH, Kase ET, Thoresen GH, Rustan AC. Eicosapentaenoic 
acid (20:5 n-3) increases fatty acid and glucose uptake in cultured human skeletal 
muscle cells. J. Lipid Res. 2006;47(2):366-374. 

73. Borkman M, Storlien LH, Pan DA, Jenkins AB, Chisholm DJ, Campbell LV. The 
Relation between Insulin Sensitivity and the Fatty-Acid Composition of Skeletal-
Muscle Phospholipids. N Engl J Med. 1993;328(4):238-244. 

74. Weiss R, Dufour S, Taksali SE, Tamborlane WV, Petersen KF, Bonadonna RC, 
Boselli L, Barbetta G, Allen K, Rife F, Savoye M, Dziura J, Sherwin R, Shulman GI, 
Caprio S. Prediabetes in obese youth: a syndrome of impaired glucose tolerance, 
severe insulin resistance, and altered myocellular and abdominal fat partitioning. 
Lancet. 2003;362(9388):951-957. 

75. Savage DB, Petersen KF, Shulman GI. Mechanisms of insulin resistance in humans 
and possible links with inflammation. Hypertension. 2005;45(5):828-833. 

76. Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI. Impaired mitochondrial 
activity in the insulin-resistant offspring of patients with type 2 diabetes. N Engl J 
Med. 2004;350(7):664-671. 

77. Wilson-Fritch L, Nicoloro S, Chouinard M, Lazar MA, Chui PC, Leszyk J, Straubhaar 
J, Czech MP, Corvera S. Mitochondrial remodeling in adipose tissue associated with 
obesity and treatment with rosiglitazone. J Clin Invest. 2004;114(9):1281-1289. 

78. Guo W, Xie W, Lei T, Hamilton JA. Eicosapentaenoic acid, but not oleic acid, 
stimulates beta-oxidation in adipocytes. Lipids. 2005;40(8):815-821. 

79. Borkman M, Storlien LH, Pan DA, Jenkins AB, Chisholm DJ, Campbell LV. The 
relation between insulin sensitivity and the fatty-acid composition of skeletal-muscle 
phospholipids. N Engl J Med. 1993;328(4):238-244. 

80. Fernandez-Real JM, Broch M, Vendrell J, Ricart W. Insulin resistance, inflammation, 
and serum fatty acid composition. Diabetes Care. 2003;26(5):1362-1368. 

81. Summers LK, Fielding BA, Bradshaw HA, Ilic V, Beysen C, Clark ML, Moore NR, 
Frayn KN. Substituting dietary saturated fat with polyunsaturated fat changes 
abdominal fat distribution and improves insulin sensitivity. Diabetologia. 
2002;45(3):369-377. 

82. Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyunsaturated fatty acids, 
and eicosanoids are ligands for peroxisome proliferator-activated receptors alpha and 
delta. Proc Natl Acad Sci U S A. 1997;94(9):4312-4317. 



 47

83. Flachs P, Horakova O, Brauner P, Rossmeisl M, Pecina P, Franssen-van Hal N, 
Ruzickova J, Sponarova J, Drahota Z, Vlcek C, Keijer J, Houstek J, Kopecky J. 
Polyunsaturated fatty acids of marine origin upregulate mitochondrial biogenesis and 
induce beta-oxidation in white fat. Diabetologia. 2005;48(11):2365-2375. 

84. Gao SA, Johansson M, Rundqvist B, Lambert G, Jensen G, Friberg P. Reduced 
spontaneous baroreceptor sensitivity in patients with renovascular hypertension. J 
Hypertens. 2002;20(1):111-116. 

85. Myredal A, Gao S, Friberg P, Jensen G, Larsson L, Johansson M. Increased 
myocardial repolarization lability and reduced cardiac baroreflex sensitivity in 
individuals with high-normal blood pressure. J Hypertens. 2005;23(9):1751-1756. 

86. Cole CR, Blackstone EH, Pashkow FJ, Snader CE, Lauer MS. Heart-Rate Recovery 
Immediately after Exercise as a Predictor of Mortality. N Engl J Med. 
1999;341(18):1351-1357. 

87. Cole CR, Foody JM, Blackstone EH, Lauer MS. Heart Rate Recovery after 
Submaximal Exercise Testing as a Predictor of Mortality in a Cardiovascularly 
Healthy Cohort. Ann Intern Med. 2000;132(7):552-555. 

88. Rabbia F, Silke B, Conterno A, Grosso T, De Vito B, Rabbone I, Chiandussi L, Veglio 
F. Assessment of Cardiac Autonomic Modulation during Adolescent Obesity. Obes 
Res. 2003;11(4):541-548. 

89. Grassi G, Seravalle G, Cattaneo BM, Bolla GB, Lanfranchi A, Colombo M, 
Giannattasio C, Brunani A, Cavagnini F, Mancia G. Sympathetic Activation in Obese 
Normotensive Subjects. Hypertension. 1995;25(4):560-563. 

90. Mundinger TO, Cummings DE, Taborsky GJ, Jr. Direct Stimulation of Ghrelin 
Secretion by Sympathetic Nerves. Endocrinology. 2006;147(6):2893-2901. 

91. Imai K, Sato H, Hori M, Kusuoka H, Ozaki H, Yokoyama H, Takeda H, Inoue M, 
Kamada T. Vagally mediated heart rate recovery after exercise is accelerated in 
athletes but blunted in patients with chronic heart failure. Journal of the American 
College of Cardiology. 1994;24(6):1529-1535. 

92. Christensen JH, Schmidt EB. Autonomic nervous system, heart rate variability and n-3 
fatty acids. J Cardiovasc Med (Hagerstown). 2007;8 Suppl 1(1):S19-22. 

93. Hibbeln JR, Ferguson TA, Blasbalg TL. Omega-3 fatty acid deficiencies in 
neurodevelopment, aggression and autonomic dysregulation: Opportunities for 
intervention. International Review of Psychiatry. 2006;18(2):107 - 118. 

94. Christensen JH, Christensen MS, Dyerberg J, Schmidt EB. Heart rate variability and 
fatty acid content of blood cell membranes: a dose-response study with n-3 fatty acids. 
Am J Clin Nutr. 1999;70(3):331-337. 

95. Burr ML. Lessons from the story of n-3 fatty acids1. Am J Clin Nutr. 
2000;71(1):397S-398. 

96. Sinclair H. Deficiency of essential fatty acids and atherosclerosis, etcetera. The 
Lancet. 1956;1:381–383. 

97. Bang HO, Dyerberg J, Nielsen AB. Plasma lipid and lipoprotein pattern in 
Greenlandic West-coast Eskimos. Lancet. 1971;1(7710):1143-1145. 

98. Dyerberg J, Bang HO, Stoffersen E, Moncada S, Vane JR. Eicosapentaenoic acid and 
prevention of thrombosis and atherosclerosis? Lancet. 1978;2(8081):117-119. 

99. Kromhout D, Bosschieter EB, de Lezenne Coulander C. The inverse relation between 
fish consumption and 20-year mortality from coronary heart disease. N Engl J Med. 
1985;312(19):1205-1209. 

100. Karlsson M, Marild S, Brandberg J, Lonn L, Friberg P, Strandvik B. Serum 
Phospholipid Fatty Acids, Adipose Tissue, and Metabolic Markers in Obese 
Adolescents. Obesity. 2006;14(11):1931-1939. 



 48

101. Klein-Platat C, Drai J, Oujaa M, Schlienger J-L, Simon C. Plasma fatty acid 
composition is associated with the metabolic syndrome and low-grade inflammation in 
overweight adolescents. Am J Clin Nutr. 2005;82(6):1178-1184. 

102. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard definition for 
child overweight and obesity worldwide: international survey. BMJ. 
2000;320(7244):1240-. 

103. Bertinieri G, Di Rienzo M, Cavallazzi A, Ferrari AU, Pedotti A, Mancia G. Evaluation 
of baroreceptor reflex by blood pressure monitoring in unanesthetized cats. Am J 
Physiol. 1988;254(2 Pt 2):H377-383. 

104. Gao SA, Johansson M, HammarÃ©n A, Nordberg M, Friberg P. Reproducibility of 
methods for assessing baroreflex sensitivity and temporal QT variability in end-stage 
renal disease and healthy subjects. Clinical Autonomic Research. 2005;15(1):21-28. 

105. Electrophysiology TFotESoCtNASoP. Heart Rate Variability : Standards of 
Measurement, Physiological Interpretation, and Clinical Use. Circulation. 
1996;93(5):1043-1065. 

106. Osika W, Dangardt F, Gronros J, Lundstam U, Myredal A, Johansson M, Volkmann 
R, Gustavsson T, Ming Gan L, Friberg P. Increasing Peripheral Artery Intima 
Thickness From Childhood to Seniority. Arterioscler Thromb Vasc Biol. 
2007;27(3):671-676. 

107. Wendelhag I, Gustavsson T, Suurkula M, Berglund G, Wikstrand J. Ultrasound 
measurement of wall thickness in the carotid artery: fundamental principles and 
description of a computerized analysing system. Clin Physiol. 1991;11(6):565-577. 

108. Dangardt F, Osika W, Volkmann R, Gan LM, Friberg P. Obese Children Show 
Increased Intimal Wall Thickness and Decreased Pulse Wave Velocity. Clinical 
Physiology and Functional Imaging. 2007(In press). 

109. De Angelis L, Millasseau SC, Smith A, Viberti G, Jones RH, Ritter JM, Chowienczyk 
PJ. Sex Differences in Age-Related Stiffening of the Aorta in Subjects With Type 2 
Diabetes. Hypertension. 2004;44(1):67-71. 

110. Bonetti PO, Pumper GM, Higano ST, Holmes JDR, Kuvin JT, Lerman A. 
Noninvasive identification of patients with early coronary atherosclerosis by 
assessment of digital reactive hyperemia. Journal of the American College of 
Cardiology. 2004;44(11):2137-2141. 

111. Kuvin JT, Patel AR, Sliney KA, Pandian NG, Sheffy J, Schnall RP, Karas RH, 
Udelson JE. Assessment of peripheral vascular endothelial function with finger arterial 
pulse wave amplitude. American Heart Journal. 2003;146(1):168-174. 

112. Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F, Creager MA, 
Deanfield J, Drexler H, Gerhard-Herman M, Herrington D, Vallance P, Vita J, Vogel 
R. Guidelines for the ultrasound assessment of endothelial-dependent flow-mediated 
vasodilation of the brachial artery: a report of the International Brachial Artery 
Reactivity Task Force. J Am Coll Cardiol. 2002;39(2):257-265. 

113. Celermajer DS, Sorensen KE, Gooch VM, Spiegelhalter DJ, Miller OI, Sullivan ID, 
Lloyd JK, Deanfield JE. Non-invasive detection of endothelial dysfunction in children 
and adults at risk of atherosclerosis. Lancet. 1992;340(8828):1111-1115. 

114. Folch J, Lees M, Stanley GHS. A Simple Method for the Isolation and Purification of 
Total Lipides from Animal Tissues. J. Biol. Chem. 1957;226(1):497-509. 

115. Rose HG, Oklander M. Improved procedure for the extraction of lipids from human 
erythrocytes. J. Lipid Res. 1965;6(3):428-431. 

116. Silversand C, Haux C. Improved high-performance liquid chromatographic method 
for the separation and quantification of lipid classes: application to fish lipids. J 
Chromatogr B Biomed Sci Appl. 1997;703(1-2):7-14. 



 49

117. Weiss R, Dufour S, Taksali SE, Tamborlane WV, Petersen KF, Bonadonna RC, 
Boselli L, Barbetta G, Allen K, Rife F. Prediabetes in obese youth: a syndrome of 
impaired glucose tolerance, severe insulin resistance, and altered myocellular and 
abdominal fat partitioning. The Lancet. 2003;362(9388):951-957. 

118. Johanson EH, Jansson P-A, Lonn L, Matsuzawa Y, Funahashi T, Taskinen M-R, 
Smith U, Axelsen M. Fat Distribution, Lipid Accumulation in the Liver, and Exercise 
Capacity Do Not Explain the Insulin Resistance in Healthy Males with a Family 
History for Type 2 Diabetes. J Clin Endocrinol Metab. 2003;88(9):4232-4238. 

119. Jarvisalo MJ, Jartti L, Nanto-Salonen K, Irjala K, Ronnemaa T, Hartiala JJ, 
Celermajer DS, Raitakari OT. Increased Aortic Intima-Media Thickness: A Marker of 
Preclinical Atherosclerosis in High-Risk Children. Circulation. 2001;104(24):2943-
2947. 

120. Woo KS, Chook P, Yu CW, Sung RYT, Qiao M, Leung SSF, Lam CWK, Metreweli 
C, Celermajer DS. Effects of Diet and Exercise on Obesity-Related Vascular 
Dysfunction in Children. Circulation. 2004;109(16):1981-1986. 

121. Iannuzzi A, Licenziati MR, Acampora C, Salvatore V, Auriemma L, Romano ML, 
Panico S, Rubba P, Trevisan M. Increased Carotid Intima-Media Thickness and 
Stiffness in Obese Children. Diabetes Care. 2004;27(10):2506-2508. 

122. Sorof JM, Alexandrov AV, Cardwell G, Portman RJ. Carotid Artery Intimal-Medial 
Thickness and Left Ventricular Hypertrophy in Children With Elevated Blood 
Pressure. Pediatrics. 2003;111(1):61-66. 

123. Davis PH, Dawson JD, Riley WA, Lauer RM. Carotid Intimal-Medial Thickness Is 
Related to Cardiovascular Risk Factors Measured From Childhood Through Middle 
Age: The Muscatine Study. Circulation. 2001;104(23):2815-2819. 

124. Rosengren A, Wallentin L, A KG, Behar S, Battler A, Hasdai D. Sex, age, and clinical 
presentation of acute coronary syndromes. Eur Heart J. 2004;25(8):663-670. 

125. Iannuzzi A, Licenziati MR, Acampora C, Salvatore V, De Marco D, Mayer MC, De 
Michele M, Russo V. Preclinical changes in the mechanical properties of abdominal 
aorta in obese children. Metabolism. 2004;53(9):1243-1246. 

126. Talbott EO, Guzick DS, Sutton-Tyrrell K, McHugh-Pemu KP, Zborowski JV, 
Remsberg KE, Kuller LH. Evidence for Association Between Polycystic Ovary 
Syndrome and Premature Carotid Atherosclerosis in Middle-Aged Women. 
Arterioscler Thromb Vasc Biol. 2000;20(11):2414-2421. 

127. Lakhani K, Hardiman P, Seifalian AM. Intima-media thickness of elastic and 
muscular arteries of young women with polycystic ovaries. Atherosclerosis. 
2004;175(2):353-359. 

128. Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, Ducimetiere P, 
Benetos A. Aortic Stiffness Is an Independent Predictor of All-Cause and 
Cardiovascular Mortality in Hypertensive Patients. Hypertension. 2001;37(5):1236-
1241. 

129. Blacher J, Safar ME, Guerin AP, Pannier B, Marchais SJ, London GM. Aortic pulse 
wave velocity index and mortality in end-stage renal disease. 2003;63(5):1852-1860. 

130. Messerli FH, Christie B, DeCarvalho JG, Aristimuno GG, Suarez DH, Dreslinski GR, 
Frohlich ED. Obesity and essential hypertension. Hemodynamics, intravascular 
volume, sodium excretion, and plasma renin activity. Arch Intern Med. 
1981;141(1):81-85. 

131. Leeper NJ, Dewey FE, Ashley EA, Sandri M, Tan SY, Hadley D, Myers J, Froelicher 
V. Prognostic Value of Heart Rate Increase at Onset of Exercise Testing. Circulation. 
2007;115(4):468-474. 



 50

132. Falcone C, Buzzi MP, Klersy C, Schwartz PJ. Rapid Heart Rate Increase at Onset of 
Exercise Predicts Adverse Cardiac Events in Patients With Coronary Artery Disease. 
Circulation. 2005;112(13):1959-1964. 

133. Lauer MS, Francis GS, Okin PM, Pashkow FJ, Snader CE, Marwick TH. Impaired 
Chronotropic Response to Exercise Stress Testing as a Predictor of Mortality. JAMA. 
1999;281(6):524-529. 

134. Gregoire J, Tuck S, Yamamoto Y, Hughson RL. Heart rate variability at rest and 
exercise: influence of age, gender, and physical training. Can J Appl Physiol. 
1996;21(6):455-470. 

135. Yale JF, Leiter LA, Marliss EB. Metabolic responses to intense exercise in lean and 
obese subjects. J Clin Endocrinol Metab. 1989;68(2):438-445. 

136. Wu H-C, Hsu W-H, Chen T. Complete recovery time after exhaustion in high-
intensity work. Ergonomics. 2005;48(6):668 - 679. 

137. Dietrich A, Riese H, van Roon AM, van Engelen K, Ormel J, Neeleman J, Rosmalen 
JG. Spontaneous baroreflex sensitivity in (pre)adolescents. J Hypertens. 
2006;24(2):345-352. 

138. Nagai N, Moritani T. Effect of physical activity on autonomic nervous system 
function in lean and obese children. 0000;28(1):27-33. 

139. Tanaka H, Borres M, Thulesius O, Tamai H, Ericson MO, Lindblad L-E. Blood 
pressure and cardiovascular autonomic function in healthy children and adolescents. 
The Journal of Pediatrics. 2000;137(1):63-67. 

140. Straznicky NE, Lambert EA, Lambert GW, Masuo K, Esler MD, Nestel PJ. Effects of 
Dietary Weight Loss on Sympathetic Activity and Cardiac Risk Factors Associated 
with the Metabolic Syndrome. J Clin Endocrinol Metab. 2005;90(11):5998-6005. 

141. Gudbjornsdottir S, Friberg P, Elam M, Attvall S, Lonnroth P, Wallin BG. The effect 
of metformin and insulin on sympathetic nerve activity, norepinephrine spillover and 
blood pressure in obese, insulin resistant, normoglycemic, hypertensive men. Blood 
Press. 1994;3(6):394-403. 

142. Vollenweider P, Randin D, Tappy L, Jequier E, Nicod P, Scherrer U. Impaired 
insulin-induced sympathetic neural activation and vasodilation in skeletal muscle in 
obese humans. J Clin Invest. 1994;93(6):2365-2371. 

143. Pricher MP, Freeman KL, Brooks VL. Insulin in the Brain Increases Gain of 
Baroreflex Control of Heart Rate and Lumbar Sympathetic Nerve Activity. 
Hypertension. 2008;51(2):514-520. 

144. Grekin RJ, Dumont CJ, Vollmer AP, Watts SW, Webb RC. Mechanisms in the pressor 
effects of hepatic portal venous fatty acid infusion. Am J Physiol Regul Integr Comp 
Physiol. 1997;273(1):R324-330. 

145. Kaufman CL, Kaiser DR, Steinberger J, Kelly AS, Dengel DR. Relationships of 
Cardiac Autonomic Function With Metabolic Abnormalities in Childhood Obesity. 
Obesity. 2007;15(5):1164-1171. 

146. Bautista-Castaño I, Doreste J, Serra-Majem L. Review: Effectiveness of Interventions 
in the Prevention of Childhood Obesity. European Journal of Epidemiology. 
2004;19(7):617-622. 

147. Doak CM, Visscher TLS, Renders CM, Seidell JC. The prevention of overweight and 
obesity in children and adolescents: a review of interventions and programmes. 
Obesity Reviews. 2006;7(1):111-136. 

148. Ribeiro MM, Silva AG, Santos NS, Guazzelle I, Matos LNJ, Trombetta IC, Halpern 
A, Negrao CE, Villares SMF. Diet and Exercise Training Restore Blood Pressure and 
Vasodilatory Responses During Physiological Maneuvers in Obese Children. 
Circulation. 2005;111(15):1915-1923. 



 51

149. Raitakari OT, Porkka KV, Taimela S, Telama R, Rasanen L, Viikari JS. Effects of 
persistent physical activity and inactivity on coronary risk factors in children and 
young adults. The Cardiovascular Risk in Young Finns Study. Am J Epidemiol. 
1994;140(3):195-205. 

150. Leino M, Porkka KV, Raitakari OT, Laitinen S, Taimela S, Viikari JS. Influence of 
parental occupation on coronary heart disease risk factors in children. The 
Cardiovascular Risk in Young Finns Study. Int J Epidemiol. 1996;25(6):1189-1195. 

151. Lopez-Garcia E, Schulze MB, Manson JE, Meigs JB, Albert CM, Rifai N, Willett 
WC, Hu FB. Consumption of (n-3) Fatty Acids Is Related to Plasma Biomarkers of 
Inflammation and Endothelial Activation in Women. J. Nutr. 2004;134(7):1806-1811. 

152. De Caterina R, Liao JK, Libby P. Fatty acid modulation of endothelial activation. Am 
J Clin Nutr. 2000;71(1):213S-223. 

153. Esposito K, Marfella R, Ciotola M, Di Palo C, Giugliano F, Giugliano G, D'Armiento 
M, D'Andrea F, Giugliano D. Effect of a Mediterranean-Style Diet on Endothelial 
Dysfunction and Markers of Vascular Inflammation in the Metabolic Syndrome: A 
Randomized Trial. JAMA. 2004;292(12):1440-1446. 

154. Chin JP, Gust AP, Nestel PJ, Dart AM. Marine oils dose-dependently inhibit 
vasoconstriction of forearm resistance vessels in humans. Hypertension. 
1993;21(1):22-28. 

155. Prabodh Shah A, Ichiuji AM, Han JK, Traina M, El-Bialy A, Kamal Meymandi S, 
Yvonne Wachsner R. Cardiovascular and Endothelial Effects of Fish Oil 
Supplementation in Healthy Volunteers. Journal of Cardiovascular Pharmacology 
and Therapeutics. 2007;12(3):213-219. 

156. Harris WS, Rambjor GS, Windsor SL, Diederich D. n-3 fatty acids and urinary 
excretion of nitric oxide metabolites in humans. Am J Clin Nutr. 1997;65(2):459-464. 

157. McVeigh GE, Brennan GM, Johnston GD, McDermott BJ, McGrath LT, Henry WR, 
Andrews JW, Hayes JR. Dietary fish oil augments nitric oxide production or release in 
patients with Type 2 (non-insulin-dependent) diabetes mellitus. Diabetologia. 
1993;36(1):33-38. 

158. Tagawa H, Shimokawa H, Tagawa T, Kuroiwa-Matsumoto M, Hirooka Y, Takeshita 
A. Long-Term Treatment with Eicosapentaenoic Acid Augments Both Nitric Oxide-
Mediated and Non-Nitric Oxide-Mediated Endothelium-Dependent Forearm 
Vasodilatation in Patients with Coronary Artery Disease. Journal of Cardiovascular 
Pharmacology. 1999;33(4):633-640. 

159. Komatsu W, Ishihara K, Murata M, Saito H, Shinohara K. Docosahexaenoic acid 
suppresses nitric oxide production and inducible nitric oxide synthase expression in 
interferon-gamma plus lipopolysaccharide-stimulated murine macrophages by 
inhibiting the oxidative stress. Free Radic Biol Med. 2003;34(8):1006-1016. 

160. Undeland I, Hultin HO, Richards MP. Aqueous Extracts from Some Muscles Inhibit 
Hemoglobin-Mediated Oxidation of Cod Muscle Membrane Lipids. J. Agric. Food 
Chem. 2003;51(10):3111-3119. 

161. Sannaveerappa T, Westlund S, Sandberg A-S, Undeland I. Changes in the 
Antioxidative Property of Herring (Clupea harengus) Press Juice during a Simulated 
Gastrointestinal Digestion. J. Agric. Food Chem. 2007;55(26):10977-10985. 

162. Parra D, Bandarra N, Kiely M, Thorsdottir I, Martínez J. Impact of fish intake on 
oxidative stress when included into a moderate energy-restricted program to treat 
obesity. European Journal of Nutrition. 2007;46(8):460-467. 

163. Kotronen A, Seppälä-Lindroos A, Bergholm R, Yki-Järvinen H. Tissue specificity of 
insulin resistance in humans: fat in the liver rather than muscle is associated with 
features of the metabolic syndrome. Diabetologia. 2008;51(1):130-138. 



 52

164. Luo J, Rizkalla SW, Boillot J, Alamowitch C, Chaib H, Bruzzo F, Desplanque N, 
Dalix A-M, Durand G, Slama G. Dietary (n-3) Polyunsaturated Fatty Acids Improve 
Adipocyte Insulin Action and Glucose Metabolism in Insulin-Resistant Rats: Relation 
to Membrane Fatty Acids. J. Nutr. 1996;126(8):1951-1958. 

165. Delarue J, LeFoll C, Corporeau C, Lucas D. N-3 long chain polyunsaturated fatty 
acids: a nutritional tool to prevent insulin resistance associated to type 2 diabetes and 
obesity? Reprod Nutr Dev. 2004;44(3):289-299. 

166. Carpentier YA, Portois L, Malaisse WJ. n-3 Fatty acids and the metabolic syndrome. 
Am J Clin Nutr. 2006;83(6):S1499-1504. 

167. Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI. Impaired Mitochondrial 
Activity in the Insulin-Resistant Offspring of Patients with Type 2 Diabetes. N Engl J 
Med. 2004;350(7):664-671. 

168. Goodpaster BH, He J, Watkins S, Kelley DE. Skeletal Muscle Lipid Content and 
Insulin Resistance: Evidence for a Paradox in Endurance-Trained Athletes. J Clin 
Endocrinol Metab. 2001;86(12):5755-5761. 

169. Lind L, Andren B. Heart rate recovery after exercise is related to the insulin resistance 
syndrome and heart rate variability in elderly men. Am Heart J. 2002;144(4):666-672. 

170. Landsberg L. Role of the Sympathetic Adrenal System in the Pathogenesis of the 
Insulin Resistance Syndrome. Ann NY Acad Sci. 1999;892(1):84-90. 

171. Lee S, Gungor N, Bacha F, Arslanian S. Insulin Resistance: Link to the components of 
the metabolic syndrome and biomarkers of endothelial dysfunction in youth. Diabetes 
Care. 2007;30(8):2091-2097. 

172. Kalmijn S, Feskens EJ, Launer LJ, Kromhout D. Polyunsaturated fatty acids, 
antioxidants, and cognitive function in very old men. Am J Epidemiol. 
1997;145(1):33-41. 

173. Kalmijn S, van Boxtel MP, Ocke M, Verschuren WM, Kromhout D, Launer LJ. 
Dietary intake of fatty acids and fish in relation to cognitive performance at middle 
age. Neurology. 2004;62(2):275-280. 

174. Abeywardena MY, Head RJ. Longchain n-3 polyunsaturated fatty acids and blood 
vessel function. Cardiovascular Research. 2001;52(3):361-371. 

175. Wang C, Harris WS, Chung M, Lichtenstein AH, Balk EM, Kupelnick B, Jordan HS, 
Lau J. n-3 Fatty acids from fish or fish-oil supplements, but not {alpha}-linolenic acid, 
benefit cardiovascular disease outcomes in primary- and secondary-prevention studies: 
a systematic review. Am J Clin Nutr. 2006;84(1):5-17. 

176. Nordoy A, Marchioli R, Arnesen H, Videbaek J. n-3 polyunsaturated fatty acids and 
cardiovascular diseases. Lipids. 2001;36 Suppl(9):S127-129. 

177. Chan DC, Watts GF, Nguyen MN, Barrett PHR. Factorial study of the effect of n-3 
fatty acid supplementation and atorvastatin on the kinetics of HDL apolipoproteins A-
I and A-II in men with abdominal obesity. Am J Clin Nutr. 2006;84(1):37-43. 

 
 

 


