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ABSTRACT  

Obesity is a potentially fatal disease associated with serious comorbidities. Individual and 

public health efforts to prevent obesity are hard to achieve. The most effective treatment 

obesity for obesity has been bariatric surgery, which pertains certain health risks. Thus, 

prevention or reduction of obesity associated complications seem a suitable alternative to 

weight loss. A common cause for obesity-associated complications to ensue is adipose tissue 

(AT) dysfunction. Chronic silent and subclinical AT inflammation contributes to AT insulin 

resistance. Anti-inflammatory long-chain n-3 polyunsaturated fatty acids (PUFA) could reduce 

AT inflammation in vivo in mice with obesity. 

The main aim of my thesis was to show whether n-3 PUFA reduce AT and systemic 

inflammation in adults with class III obesity. In a randomized controlled open label trial 

(clinicaltrials.gov identifier NCT00760760), I treated n=55 patients (BMI ≥ 40 kg/m², without 

diabetes mellitus) with either 3.6 g/d n-3 PUFA or a similar amount of butter (as 

placebo/control) for eight weeks. The primary end-point of the trial was the difference in AT 

inflammatory gene expression between the two groups. Secondary end-points included 

metabolic parameters, the local AT concentration of specialized n-3 PUFA derived resolving 

lipid mediators (RLM), systemic inflammatory proteins and the pharmacogenomic interaction 

between n-3 PUFA and a known PPARG polymorphism (Pro12Ala). Furthermore, I studied 

whether n-3 PUFA treatment leads to lower vitamin D status.  

I detected a significant downregulation of genes relevant for AT inflammation after n-3 PUFA 

treatment, parallel to an increase in RLM. Although glucose metabolism was unaltered, I 

detected a lowering in serum triglyceride and systemic inflammatory marker concentration after 

treatment. Cholesterol concentration in Pro12Ala carriers slightly increased after n-3 PUFA 

treatment. Both groups had vitamin D deficiency at baseline and remained deficient by 

treatment end.  

To summarize, I showed that n-3 PUFA help reduce AT inflammation (primary endpoint) and 

improve triglyceride concentration adult patients with class III obesity.  
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ZUSAMMENFASSUNG 

Adipositas ist eine schwerwiegende Erkrankung mit potenziell tödlichen Folgen. Viele der 

Adipositas-assoziierten Komplikationen sind auf eine Fettgewebsdysfunktion zurück zu 

führen, besonders eine chronische geringgradige Fettgewebsentzündung und 

Insulinresistenz. Bariatrische Chirurgie ist derzeit die effizienteste Behandlungsmethode, um 

dauerhafte Gewichtsreduktion zu erzielen, kann jedoch auch wesentliche Komplikationen mit 

sich bringen. Eine Behandlung mit anti-inflammatorischem Ansatz könnte zur Risikosenkung 

oder Prävention der Adipositas-assoziierten Komplikationen beitragen. Langkettige mehrfach 

ungesättigte n-3 Fettsäuren (hier „n-3 PUFA“ genannt) haben nachweislich anti-

inflammatorische, lipidsenkende Effekten und vermindern die Fettgewebsentzündung und die 

Insulinresistenz in Mausmodellen. 

Ziel meiner Dissertation war es die Effekte einer n-3 PUFA Behandlung auf die systemische 

und lokale Fettgewebsentzündung, sowie auf die metabolische Kontrolle bei PatientInnen mit 

hochgradiger Adipositas zu untersuchen. In einer kontrollierten, randomisierten offenen 

klinischen Studie habe ich 55 PatientInnen mit Adipositas (BMI ≥ 40 kg/m2) ohne Diabetes 

mellitus, die für eine elektive bariatrische Chirurgie vorgesehen waren, mit entweder 3,6 g/d n-

3 PUFA oder der selben Menge an Butter für 8 Wochen behandelt.  Der primäre Endpunkt der 

Studie war die Reduktion der Expression relevanter entzündlicher Gene im Fettgewebe. 

Weitere sekundäre Endpunkte waren die Wirkung der n-3 PUFA auf Stoffwechsel-relevante 

Parameter, inkl. der Konzentration anti-entzündlicher Lipidmediatoren im Fettgewebe, der 

Konzentration zirkulierender systemischen Entzündungsmarkern und der 

pharmakogenomischen Interaktion zwischen einen bestimmtem Polymorphismus im PPARG 

Gen (Pro12Ala) und der n-3 PUFA Wirkung. Weiters habe ich den Effekt der n-3 PUFA Gabe 

auf den Vitamin D Status untersucht.  

Ich habe eine signifikante Expressionsreduktion von relevanten Entzündungsgenen im 

Fettgewebe der mit n-3 PUFA behandelten PatientInnen zeigen können sowie einen Anstieg 

in der Konzentration von spezialisierten Entzündungs-auflösenden Lipidmediatoren. Obwohl 

der Glukosestoffwechsel nicht signifikant beeinflusst wurde, habe ich eine signifikante 

Reduktion in der Serumkonzentration von Triglyzeriden und Entzündungsmarkern durch die 

Behandlung festgestellt. Die Cholesterinkonzentration ist durch die n-3-PUFA-Behandlung in 

Pro12Ala-Trägern leicht angestiegen. Der Vitamin-D-Status war bei den meisten PatientInnen 

zu Studienbeginn niedrig und wurde durch eine n-3-PUFA-Gabe nicht beeinflusst. 

Zusammenfassend konnte ich zeigen, dass n-3-PUFA die Fettgewebsentzündung reduziert 

und die Stoffwechsellage bei PatientInnen mit hochgradiger Adipositas aber ohne Diabetes 

verbessert. 
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CHAPTER 1 - INTRODUCTION 

Obesity brings about nefarious consequences for affected individuals and society. The 

death toll caused by obesity comes from its many ensuing complications. Insulin resistance, 

low-grade inflammation and immune dysfunction are major determinants of most associated 

complications and primarily affect AT. Non-invasive, effective, simple, and safe approaches for 

consistent weight-loss would be essential for better care of patients with obesity, yet there are 

not many options in this regard. However, long chain n-3 polyunsaturated fatty acids (PUFA) 

have anti-inflammatory and immunomodulating effects, therefore treatment with these 

substances could help mend the risk of obesity complications. 

1.1 OBESITY – DEFINITION, CAUSES AND A HISTORICAL PERSPECTIVE  

1.1.1 Obesity definition and classification 

Due to its deleterious health effects, obesity has been classified by the WHO as disease 

since 2000 [3]. For the diagnosis of obesity only the calculation of the body mass index (BMI) 

is necessary. This is a robust (although not ideal) measure, calculated by the formula 
𝑤𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)

ℎ𝑒𝑖𝑔ℎ𝑡(𝑚)2
 

[3]. In adults from Europe and North-America a BMI ≥ 30 kg/m2 represents the threshold of 

obesity (ICD10 code E66.-). It is presumed that obesity ensues due to increases in body fat, 

regardless of its distributions. Furthermore, obesity is categorized in 3 classes, each with a 

different risk profile:  

• class I - BMI between 30 to 34,9 kg/m2 - moderate risk of comorbidities  

• class II – BMI between 35 – 39,9 kg/m2 - severe health risk  

• class III - BMI ≥ 40 kg/m2, also known as “morbid” obesity - highest risk of 

complications, including higher mortality [3].  

 

1.1.2. Causes of obesity 

The main cause of obesity is long-term high caloric intake (“over-eating”) where the supply 

of energy exceeds the demand (sedentary lifestyle, little to insufficient physical activity). One 

factor driving obesity prevalence up is the “obesogenic” environment in nearly every stable 

country on the planet. Here “obesogenic” environment is defined as a setting where high 

quantities of cheap and high caloric, (ultra-) processed foods are readily available. 

Consequently, an excessive calorie intake over a longer timeframe will cause weight gain in 

all but a few “genetically resistant” subjects [4]. Obesity is and has been highly stigmatized 

(also called “the last socially acceptable form of discrimination”), seen as a moral deficit caused 
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by overeating due to lack of willpower, laziness and other character flaws ([5, 6], personal 

observations). Yet, obesity is an insidious disease depending on several factors. 

Secondary causes of obesity are for instance monogenic syndromes [7], drugs facilitating 

weight gain or endocrine disease [8]. Genetic predisposition to develop obesity has been 

thoroughly assessed in genome-wide association studies (GWAS). GWAS helped identify 

“obesity genes”, i.e. genes that affect the onset of severe obesity and show close associations 

to BMI (examples include leptin, leptin-receptor, “fat mass and obesity-associated protein” 

(FTO), melanocortin-4-receptor (MC4R), proconvertase, proopiomelanocortin etc.) [9-12]. 

These “obesity genes” seem to affect appetite regulation, central control of energy 

homeostasis, insulin secretion, insulin action and adipogenesis [11]. Monogenic obesity is thus 

caused by various pathogenic mutations in one of these genes mostly via uncontrolled 

hyperphagia [9]. Mutations in the MC4R gene (OMIM 601665) are among the most frequently 

described causes of monogenic obesity and also seem to contribute to non-syndromic, 

multifactorial obesity [11]. 

The endocrine spectrum of diseases known to cause weight gain, are usually limited to 

hypothalamic pathology, hypothyroidism, polycystic ovarian syndrome or Cushing’s syndrome 

[8]. However, secondary obesity due to endocrine pathology is rather uncommon, as shown 

by Jankovic et al [13].  More frequently, obesity causes endocrine dysfunction [14]. In my thesis 

I will focus only on primary “non-syndromic” and “non-endocrine” obesity.  

1.1.3. Short historical perspective on obesity 

Historical perspectives facilitate for me a deeper understanding of specific issues. I was 

interested to find out how societal attitudes towards obesity manifested. From the beginning of 

written records thousands of years ago, obese people were described to suffer from ill health 

and to experience social discrimination [15]. Evolutionary perspectives are only theoretical and 

can hardly be validated by empirical evidence. So far, two theories dominate the discussion 

about natural selection and obesity: the “thrifty gene” [16] hypothesis and the “predation 

release” hypothesis [17, 18].  

At the Natural History Museum in Vienna the “Venus of Willendorf” (which originated 

between 25000 – 23000 B.C.) displays earliest depictions of obesity [15]. Observations from 

Hippocrates state that obese would die sooner and be less fertile than normal weight 

individuals [19, 20]. In the middle ages, obesity was perceived as moral failing. Excess caloric 

intake, defined by Dante in “The Inferno” as gluttony [21] causes not only obesity but is 

regarded as a “deadly sin”. Unsurprisingly, this led to stigmatization of obesity. This 

stigmatization shifted by the late middle ages, once obesity came to represent success, power, 
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and well-being [22]. Following the industrial revolution between the 18th-19th century, the road 

to nowadays obesity “epidemic” was set: first, agricultural improvements yielded more crop 

and calories and machines help reduce energy expenditure [23]. Interestingly, the stethoscope 

was invented by the French physician Laennec out of necessity to auscultate the chest of a 

woman whose “great degree of fatness” made percussion futile [24]. In the 20th century 

famines were largely reduced, and food abundance became permanent.  

Since the 1950s evidence linking obesity to severe health outcomes and death has 

permanently increased [25-27]. The WHO has already set targets to tackle the rise in obesity, 

yet these targets are rarely met, since the debate between individual and societal responsibility 

is tilted by strong opposition from the food industry, which leads to poor regulation of food 

environment by governments [28].  

1.1.4 Obesity prevalence  

In 2008, when I started working on my PhD, the percentage of obese adults ≥ 20 years 

was around 20% for the WHO European Region (20.4% males and 23.1% females) [29], while 

for the US it is 33,9%. Severe obesity (BMI ≥ 40kg/m2) also increases in prevalence and affects 

over 6% of the US population [30]. Although the percentage of affected adults is arguably low, 

the disease burden is disproportionately high. For class III obesity excess mortality is caused 

primarily by overt heart failure, type 2 diabetes mellitus (DM) and solid cancers [31, 32]. 

Starting from a BMI of 50 kg/m² a new class of obesity has emerged i.e. “super obesity”. For 

Austria, self-reported data from 2015 or the nearest year showed that obesity affected 14.7% 

of the population, with slightly more women than men being obese (OECD Health Statistics 

2017).  

1.2 OBESITY AND ITS DELETERIOUS HEALTH IMPLICATIONS  

Currently, the clinical consequences of obesity involve diseases in the spectrum of 

almost all medical specialties [32]. These include (in a randomized order): cardiology (coronary 

heart disease, heart failure, arterial hypertension), endocrinology (type 2 DM, hirsutism, 

infertility and various micronutrient deficiencies such as vitamin D deficiency [33, 34]), 

neurology (stroke), gastroenterology, rheumatology (rheumatologic degenerative diseases, 

gout, low-grade inflammation,), psychiatry (depression and anxiety, higher risk of dementia), 

pneumology (sleep apnea with hypoxemia), oncology (many forms of cancer), dermatology 

(acanthosis nigricans, varicose veins, striae, fungal infections of skin folds) [35], gynecology 

and obstetrics (hyperandrogenemia, gestational diabetes mellitus), urology (nephrotic 

syndrome, incontinence), dentistry (periodontal disease) [32, 36]. 



 
 

17 
 

Consequently, patients in all obesity classes are predisposed to premature death [32, 37]. 

“Metabolically healthy obesity” as put forward by Sims in 2001 [38] meant that besides BMI ≥ 

30 kg/m² no other clinical or laboratory abnormalities were detectable. However, even without 

significant comorbidities, “metabolically healthy” patients with obesity still die prematurely [39]. 

More recently, a large meta-analysis published in Lancet in 2016 [40], including almost 4 million 

non-smoker patients from four continents (without chronic disease at the time of recruitment) 

with a median follow-up time of almost 14 years, showed elevated hazard ratios (HRs) relative 

to a “normal” BMI of 1.45, 1.94 and 2.76 for obesity classes I, II and III , respectively.   

Based on clinical exam, laboratory findings, functional impairment, comorbidities and 

psychological health the “Edmonton Obesity Staging System” was proposed in 2009 [41]. This 

staging was superior in predicting mortality than BMI alone [42] as it already included obesity-

associated chronic disease and diagnosed end organ damage. 

1.2.1 Insulin resistance in obesity 

A common denominator of both type 2 DM or cardiovascular disease (CVD) in obesity is 

insulin resistance (IR) [43]. IR is defined as diminished reaction to insulin in cells from 

metabolically relevant tissues and organs like AT, skeletal muscle and liver [44]. Glucose 

transport in these tissue is thus impaired, and liver gluconeogenesis is not sufficiently 

suppressed [45].  

Simply put, insulin signaling works as follows: circulating insulin binds to the glycoprotein 

insulin receptor, which has two alpha subunits as an extracellular domain and two beta 

subunits as intracellular domain [46]. The binding of insulin activates the tyrosine kinase 

domains on the beta subunits. Phosphorylation of the insulin receptor occurs on serine and 

threonine residues [46]. After tyrosine autophosphorylation insulin receptor substrate (IRS) 

proteins (1-4) bind the receptor-ligand complex and further intracellular use of glucose ensues 

[47]. Serine phosphorylation of IRS reduces phosphatidylinositol-3-kinase activation and can 

induce IRS1 degradation.  

In AT insulin inhibits lipolysis. In obesity, particularly in adipocytes that are insulin resistant, 

lipolysis is not inhibited by insulin and this leads to a chronic overproduction of free fatty acids 

(FFA) in serum  [48]. In order to compensate for the diminished insulin actions, pancreatic beta 

cells secrete more insulin into the circulation, thus hyperinsulinemia is a surrogate parameter 

of insulin resistance.  

Impaired insulin action by reduced insulin signaling contributes to both type 2 DM and CVD. 

Interestingly, risk to develop type 2 DM in obesity is also linked to vitamin D deficiency and/or 
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insufficiency [49, 50]. Furthermore, vitamin D status (assessed by measuring circulating 25-

hydroxy-vitamin D concentration in serum) predicts excess mortality in some populations [51, 

52]. 

The gold standard to measure IR is by hyperinsulinemic-euglycemic clamp, even almost 

forty years since its development [53, 54]. Through insulin infusion and consequent 

hyperinsulinemia gluconeogenesis in the liver is suppressed. In order to maintain euglycemia 

glucose infusions run parallel to insulin infusions. The glucose infusion rate is the same as the 

glucose disposal rate (or metabolic rate). In insulin resistant subjects, this infusion rate is low. 

In general, clamps are expensive, work-intensive and lengthy [55].  

Alternative ways to quantify IR and insulin sensitivity have been established. Indices that 

can be calculated from parameters obtained by an oral glucose tolerance tests (OGTT) which 

generally last 2 or 3 hours are more practical. OGTTs are technically easier to perform 

compared to clamps and patients tolerate them well. Several indices have been validated by 

comparison with clamp data [56]. Glucose, insulin and C-Peptide concentrations in serum are 

measured at prespecified time-points during the OGTT (such as 0, 1h, 2h). Areas under the 

curve for these three parameters are calculated by applying the trapezoidal rule. 

Measurements of glucose, insulin or C-peptide at time point zero help determine “fasting” 

indices. These include the “homeostasis model assessment - insulin resistance” index (HOMA-

IR) or fasting beta-cell function [56, 57]. A highly sensitive index to estimate the glucose 

infusion rates from a clamp study by OGTT in nondiabetic subjects and validated across a 

wide BMI range is called the clamp-like index (CLIX) [58]. These indices are often used in 

clinical trials in order to quantify IR and evaluate the impact of a specific intervention on IR 

over a given time frame. 

1.2.2 Chronic low-grade inflammation and immune dysfunction in obesity  

Obesity is accompanied by some degrees of IR but also low grade inflammation [59]. 

Obesity and IR negatively influence adaptive immunity [60]. This has become evident as 

nosocomial infections after surgery more frequently affect patients with obesity [60]. Mortality 

rates in patients with obesity diagnosed with influenza A (H1N1) during the pandemic of 2009 

was higher than in patients with normal weight [61].  

Obesity seems to affect both leucocyte function and leucocyte count. Interestingly, 

leucocyte count and thrombocytes are slightly increased [62-64], especially in women with 

obesity. Nieman et al. found that leukocytosis in these women mostly occurs through an 

increase in lymphocytes [65].  The function of T- and B-cells seemed to be reduced while 

monocyte phagocytosis activity seemed increased [65]. Likewise, peripheral blood 
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mononuclear cells (PBMC) are in a pro-inflammatory state. Expression of many inflammatory 

cytokines is increased in these cells, for instance “tumor necrosis factor” (TNF)-alpha and 

interleukin (IL)-6 increases in obesity correlates with both FFA concentration in plasma and 

the BMI [66].  

The inflammatory state in obesity differs from the classic understanding of inflammation as 

a process caused by infectious agents or autoimmunity, leading to significant tissue injury [67]. 

First no exogenous factors are involved. The resolution of inflammation is not adequate. Thus 

concentration of inflammatory mediators and activated immune cells both in the blood and at 

sites of tissue damage is increased [59]. Ending an inflammatory reaction necessitates an 

active process by which inflammation is resolved, but this process seems to be dampened in 

obesity [68]. Chronic low-grade inflammation is a feature shared by many non-communicable 

diseases (NCD) and is not pathognomonic for obesity. Yet, what is specific for obesity is the 

role of AT as major site of inflammatory alterations and source of several pro-inflammatory 

cytokines [60] released into circulation upon immune cell activation. 

1.2.3 Crosstalk between IR and chronic low-grade inflammation 

One mechanistic link between IR and inflammation in obesity was first described in the 

early nineties. In 1993 the landmark study by Hotamisligil et al., [69] showed that TNF-alpha 

was upregulated in white AT from genetically obese, insulin resistant mice. Upon TNF-alpha 

neutralization via specific antibodies, inflammation was reduced and insulin sensitivity 

improved [69].  Afterwards, many inflammatory secreted molecules stemming from AT have 

been described, many of which trigger the persistence low grade chronic inflammation and 

contribute to ensuing IR and atherosclerosis [59]. Of note, the adipokines leptin and 

adiponectin are possibly the most prominent representatives of their class and seem to affect 

IR and inflammation in opposite ways [70, 71].      

Studies aiming to identify patients at risk to develop metabolic syndrome showed increased 

C-reactive protein (CRP) concentration in serum of patients where metabolic syndrome criteria 

are met. Moreover, chronic increased circulating IL-6 predicts the development of type 2 DM 

and CVD [72-74]. These and similar observations have put forth the idea that inflammation and 

IR are the main causes underlying cardiovascular risk in obesity. For instance, upon stimulation 

with inflammatory cytokines in vitro, insulin signaling pathways in insulin-responsive 

adipocytes, myocytes or hepatocytes become impaired [75].  

A mechanistic explanation linking insulin resistance to inflammation was demonstrated 

using PBMC from women with obesity and normal weight. PBMC are sensitive to insulin action. 
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In obesity, phosphorylation of insulin receptor subunit beta in PBMCs was diminished while 

nuclear factor kappa beta (NFκB) DNA binding was increased [76].  

TNF-alpha promotes serine phosphorylation of IRS1 and IRS2 via the effector kinase c-

Jun N-terminal kinase (JNK) and thus partially inhibits insulin signaling [77] [78]. Knocking out 

Jnk1 in mice or inhibiting serine kinases by salicylate treatment leads to impaired serine 

phosphorylation and normalization of glucose concentration [79].  

In the next section I will discuss the importance of AT in understanding the immune and 

inflammatory complications of obesity. 

 

1.3 CHARACTERIZATION OF ADIPOSE TISSUE IN OBESITY 

Surplus energy is stored mostly in the form of triacylglycerol in adipocytes from different 

anatomic adipose tissue compartments. Two main compartments with pathological relevance 

for metabolic disease in obesity are the subcutaneous AT (SAT) compartment and the visceral 

AT (VAT) compartment. All adipocytes that store triacylglycerol into lipid droplets become 

enlarged (hypertrophic) in obesity. Once their size exceeds a critical limit, oxygen supply 

seems impaired, adipocytes become stressed and die an apoptotic or necrotic death. This 

“stress” causes local low-grade inflammation, with macrophages infiltrating the tissue and 

secreting pro-inflammatory cytokines. The extracellular matrix (ECM) proliferates due to 

fibrosis, further aggravating AT inflammation. AT lipid storage capacity is impaired thus lipids 

are incorporated at other ectopic sites causing IR and potentially aggravating inflammation 

(Figure 1). A systemic low-grade inflammation ensues, which leads to metabolic dysregulation. 

Mechanisms by which inflammation can resolve are also impaired in obesity for instance 

through reduced concentration of specialized resolving lipid mediators (RLM) .  
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Figure 1. – Adipose tissue dysfunction in obesity  

Adipocyte hypertrophy coincides with lipid metabolism dysfunction and inflammatory adipokine 

secretion inducing local AT- IR with further detrimental systemic effects.  

© 2015 Goossens and Blaak. Reprinted under the terms of the Creative Commons Attribution License 

(CC BY) from  [1]  

 

1.3.1 The metabolic relevance of VAT and SAT 

AT stores lipids converted from glucose metabolism whenever there is an energy surplus. 

In lean adults AT mass reaches 8-18% of total body weight (BW) in men and 18-28% of BW 

in women, in class III obesity it can reach up to 60-70% of BW [80, 81]. AT mass outweighs by 

a large muscle mass in these patients and consequently has a prominent contribution to whole 

body IR [78].  

AT is localized throughout the body. Specific AT compartments are formed once a 

significant amount of lipids accumulates at an anatomical site. Two prominent compartments 

are the subcutaneous AT (SAT) and the visceral AT (VAT). SAT is the primary site of lipid 

storage and accordingly also the largest compartment [82]. A healthy distribution means SAT 

predominates below the abdomen (the proliferation of SAT in the gluteal region has been 

compared to a pear shape). Pathological situations where SAT proliferates locally can occur 

as well [83]. When the lipid “storage capacity” exceeds the supply, lipids accumulate in visceral 

AT (VAT) or in ectopic sites, primarily liver and muscle [84].  

A substantial increase in VAT will determine a change in body shape towards an increase 

in waist circumference i.e. “apple shape”, which is an indicator of metabolic syndrome [82]. 



 
 

22 
 

Increased waist circumference reflects abdominal obesity, as is the “waist to hip ratio” (WHR). 

A waist cutoff > 102 cm in men and > 88 cm in women, and a WHR > 1.0 in men and 0.8 in 

women is a prerequisite criteria for metabolic syndrome, suggesting that abdominal obesity 

indicates metabolic dysfunction and a high risk for type 2 DM [82, 85, 86]. Indeed to much VAT 

is a sign and a cause of IR [87, 88].  

What about VAT excess is so harmful to metabolic health? A controversial theory from 

Bjorntorp [89] states that FFA derived from lipolytic reactions in VAT are spilled directly into 

the portal circulation because of the anatomic situation. This directly affects liver function by 

increasing both IR and gluconeogenesis. While FFA increase in portal circulation of obese 

dogs has been demonstrated, there has been no consistent proof of an increase in obese 

humans [82, 90]. Cytokines have an established role mediating excess VAT effects. IL-6 or 

CRP produced by VAT can directly affect the liver via portal circulation [82]. VAT excess can 

also reflect an insufficient storage capacity of SAT, as previously mentioned [84], thus VAT 

accumulation and in turn abdominal obesity are also markers for ectopic fat depots in other 

metabolically active tissues. Ectopic fat deposition causes IR though lipotoxicity [82]. 

Lipotoxicity reflects long-term effects of FFA elevation on reducing pancreatic β-cells function 

i.e. insulin secretion [48]. Another possible explanation a common genetic or epigenetic factor 

causes both central obesity and IR [78]. 

1.3.2. AT – role and functions as endocrine organ 

The most important function of AT is to regulate energy homeostasis [91]. This occurs 

mainly via lipolysis and lipogenesis. Consequently, AT is responsive to insulin actions, next to 

muscle and liver. Surplus energy is stored in AT lipids (mainly triacylglycerols) in large lipid 

droplets occupying the most space of any white adipocyte. When energy demand increases, 

AT releases glycerol and FFA by lipolysis [78].  

Other important AT functions include thermal isolation, thermoregulation, wound healing 

and reproduction. AT functions as a site of crosstalk with other organs metabolically active 

tissues and organs and such as muscle or liver, via adipokines. Regarding its function in 

reproduction, lack of AT as well as severe excessive AT accumulation lead to infertility while 

AT distribution is a criteria for sexual selection [91]. Subcutaneous but not visceral AT, 

especially when distributed in the lower body is a marker for sexual selection in humans [92]. 

Nevertheless, severe obesity in women of fertile age is also associated with secondary 

amenorrhea and infertility.  

Far from being just a passive “lipid reservoir” [93], AT is an active and large endocrine 

organ able to secrete into circulation endocrine active proteins and peptides (hormones, 
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inflammatory mediators, growth factors and immune mediators) as well as bioactive lipids [94], 

such as eicosanoids or other eicosanoid-derived RLM - most noteworthy resolvins and 

protectins [95].   

In 1994 Friedman et al. published work on the isolation of leptin, the first hormone secreted 

by AT, with a role in appetite regulation, lipid metabolism, angiogenesis, and inflammation [96, 

97].  The secretion profile of AT is deeply altered in obesity and shifts towards an increase in 

pro-inflammatory AT secreted cytokines – subsequently called adipokines [98]. This 

inflammatory state might amounts to a significant increased risk for CVD in obesity [99]. 

Currently hundreds of secreted proteins within the “adipokinome” have been discovered, these 

include hormones, cytokines and chemokines as well as proteins which still need to be 

characterized [100, 101]. Adipokines mediate many biological functions including appetite 

regulation, angiogenesis, energy homeostasis and insulin sensitivity, chemotaxis, coagulation, 

inflammation and immune responses [102]. Their effects are mediated either in an endocrine 

(by targeting other tissues such as brain or liver) or paracrine/autocrine (they affect various cell 

populations within AT) manner [103]. Among the top adipokines relevant to inflammation and 

IR, leptin, adiponectin, TNF-alpha, IL-6 and “monocyte chemoattractant protein-1” (MCP-1, 

gene name CCL2) have been thoroughly investigated. 

In Table 1 I present some details on these well-known adipokines in obesity.  
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Table 1. Selected adipokines relevant to obesity  

Adipokine 
Roles and processes 

involved in 

Phenotype of knock-

out mice 

Effect of obesity vs. 

weight loss 

Leptin 

appetite, body weight, glucose 

homeostasis [104], 𝛽 cell 

function [100], reproductive 

function [70], angiogenesis 

[105], inflammation [106]  

ob/ob mice – obese, 

diabetic, reduced 

temperature and 

reduced basal 

metabolism [107]  

↑ in obesity, correlates 

with % body fat [108]; 

↓ upon weight loss 

Adiponectin 

protective against metabolic 

disease [100], anti-

inflammatory, insulin-

sesitizing, angiogenic [94] 

severe diet-induced 

IR,  

↑ TNF concentration 

[109] 

↓ in obesity, ↑ upon 

weight loss 

TNF-alpha 

angiogenesis, inflammation, 

cachexia, inhibits insulin 

action, promotes lipolysis [110, 

111], humoral immune 

response 

↓ insulin, triglyceride, 

and leptin [112, 113], ↑ 

weight gain [114] 

↑ in obesity and DM 

[115], ↓ upon weight 

loss 

Interleukin-6 

pro-inflammatory [100], acts to 

increase the lipolysis and to 

improve IR [116, 117] 

obesity, hepatic IR 

more pronounced on 

high fat diet [114] 

↑ in obesity and DM, ↓ 

upon weight loss, 

correlates with BMI 

[118], release from in 

VAT > SAT [119] 

CCL2 (MCP1) 

Recruitment of monocytes 

[100], induces hepatic 

steatosis in vitro [120] 

glucose intolerant,  

↓ adiponectin,  

↑ insulin upon high fat 

feeding [121]  

↑ in obese patients 

with DM, ↓ upon 

weight loss, mRNA in 

AT correlates with BMI 

[122] 

 

1.3.3. AT cellular compartments in obesity 

AT is comprised of an adipocyte compartment, a stromal vascular fraction (SVF) [123] and 

an extracellular matrix (ECM). The SVF includes all cell types except adipocytes. SVF cells 

include preadipocytes, endothelial cells, fibroblasts, lymphocytes, macrophages or mast cells 

[91]. Upon collagenase digestion of whole tissue and centrifugation, adipocytes float up and 

SVF separates. The ECM is the structural non-cellular scaffold for the two cellular fractions 
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[124]. In obesity, pathological alterations affect all compartments, i.e. the adipocytes, the SVF 

and the ECM [125]. 

The adipocyte compartment in white AT is made of unilocular adipocytes with a central 

lipid droplet mainly composed of triacylglycerol. Adipocytes are extremely insulin responsive 

[78]. Basically, insulin acts on the adipocyte by promoting lipogenesis and inhibiting lipolysis. 

As a result, adipocyte enlargement and increased adipocyte count occurs in obesity, especially 

in the subcutaneous depot [126]. The expansion capacity of an adipocyte is determined by 

location (in SAT, adipocytes are larger than in VAT [127]) and it is limited. Adipocyte size often 

correlates negatively with insulin sensitivity [61]. Hypertrophic “big” adipocytes show 

pronounced mitochondrial catabolism and “endoplasmic reticulum stress”, which triggers local 

inflammatory reactions [127]. Electron microscopy studies by Cinti et al. documented 

quantitative changes in cellular organization of hypertrophic adipocytes from VAT and SAT in 

db/db and ob/ob murine models of obesity [127-129]. Hypertrophic adipocytes have a thinner 

cytoplasmic rim, a smaller mitochondrial area or giant mitochondria with abnormal cristae, 

expanded endoplasmic reticulum and hypertrophic Golgi complex [127]. These alterations are 

more pronounced in VAT than in SAT [127]. Because of increased cellular stress the fate of 

approximately 15% of adipocytes from SAT and VAT of obese mice is to degenerate and die 

[127]. The release of lipid droplets outside the cells is a signal for macrophage infiltration, a 

key cell component of the SVF. 

The stromal vascular fraction (SVF) is composed of preadipocytes and other stem cells, 

immune cells such as dendritic cells and leukocytes, endothelial cells and fibroblasts [91]. 

Resident leukocytes in AT from lean subjects include many subsets such as macrophages, T 

cells, mast cells and B cells [130]. These cell types secrete most inflammatory cytokines [131].  

Macrophages represent around 5–10% of  white AT cells and are the most investigated 

leukocyte subset in AT [103]. Tissue-resident macrophages maintain tissue integrity by 

removing parasites and cellular debris and by contributing to tissue remodeling [132]. When 

there are not enough resident macrophages  at an inflamed site, blood monocytes migrate 

from the blood into the affected tissue and differentiate into macrophages [132]. In AT this 

process is somewhat elusive. One theory postulates that macrophage recruitment occurs due 

to some metabolic alterations within hypertrophic stressed adipocytes via chemotactic 

cytokines such as C-C chemokine ligand-2 (CCL2) and CCL3 (i.e. macrophage inflammatory 

protein 1-alpha)  [133]. Both CLL2 and CCL3 mRNA expression is increased in obesity in 

humans and mice [134]. CCL2 knockout mice have less AT macrophages and they are in 

better metabolic health, whereas CCL2 overexpression causes IR in AT [135]. CCL3 

expression is likewise increased in obesity and correlates with VAT accumulation [136].  
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In obesity, as adipocyte size increases so does the number of infiltrating macrophages 

[137]. Furthermore macrophages are the trigger of the chronic low-grade AT inflammation (and 

possibly IR) characterizing obesity [138]. Macrophages are a main source of secreted IL-6 and 

TNF-alpha [137, 139]. In obesity, macrophages are predominantly localized around necrotic 

adipocytes and form “crown like structures” (CLS) [127]. In mice, macrophages are found 

around CLS in obese AT, especially under conditions of high-fat feeding [138]. CLS density in 

VAT seems to outweigh SAT [129], although their frequency is more abundant in mice than in 

humans [128]. The main role of AT macrophages in obesity is the uptake of cellular debris, 

lipids, hemoglobin and glycoproteins.  

AT macrophages show great heterogeneity. Depending on the secretion profile and 

polarization induced by various stimuli such as bacterial components or cytokines, 

macrophages have been generally categorized into “classically activated” – “M1” macrophages 

(when activated by interferon-gamma/lipopolysaccharide they can induce pro-inflammatory 

Th1-polarized T-cell responses) and “alternatively activated” – “M2” macrophages (when 

activated by interleukin 4 they induce an anti-inflammatory Th2-polarized T-cell response) 

which promote wound healing [140]. This characterization is performed by analyzing the 

surface proteins expressed by macrophages [140]. In humans, CD68 is a pan macrophage-

membrane marker widely used to characterize all ATM subsets [141, 142]. CD40 is an M1 

macrophage marker and a member of the TNF receptor superfamily. CD40 can induce 

secretion of pro-inflammatory cytokines after interaction with CD40 ligand, therefore it falls into 

the M1 spectrum [143, 144]. CD40 is upregulated in AT in from patients with obesity and 

strongly correlates with BMI, leptin and IL-6 serum concentration [145].  

Human ATM express both M1 and M2 markers [140]. CD163 is a receptor expressed on M2 

macrophages, which is implicated in the clearance of  the hemoglobin-haptoglobin complex 

which results after erythrocyte lysis and protects from tissue damage.[146]. The macrophage 

mannose receptor (MRC) 1 also called CD206 has a role in glycoprotein clearance [146]. In 

vitro, when M2 macrophages ingest apoptotic cells, they show an upregulation of transforming 

growth factor beta (TGF-b) parallel to a downregulation in many inflammatory cytokines. 

Among the many functions of TGF-b macrophage activation, collagen production and fibrosis 

are of particular relevance in this context. [147, 148]. Overall, macrophages are functionally 

very diverse and the M1/M2 classification is seen as an over-simplification of a large functional 

repertoire [149].  

In humans, AT macrophages express MRC1 and CD163 (M2 markers) and secrete 

significant amounts of inflammatory cytokines, specifically TNF-alpha, IL-6, CCL2 and CCL3 

[140]. Hence, AT macrophages can both repair and aggravate inflammation in human obesity 
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[135]. By analyzing cell surface marker mRNA expression, it appears that the predominant 

macrophage “type” in human AT are anti-inflammatory (expressing CD206 or CD163), 

alternatively activated with an M2 phenotype [140, 150].  

The extracellular matrix (ECM) surrounding hypertrophic adipocytes is composed of 

large amounts of collagen, such as collagen type VI alpha 3 [127]. Collagen type VI is highly 

enriched in AT in obesity and elevated collagen type VI levels are associated with IR. [151]. 

ECM components are cleaved by matrix metalloproteinases, which are neutral endopeptidases 

crucial for AT remodeling [151]. 

1.3.4. AT hypoxia, inflammation and remodeling 

As mentioned, AT is a main site affected by obesity-associated inflammatory alterations 

[133]. Hypoxia is a major culprit alteration that actuates  inflammatory and fibrotic processes 

in AT and possibly causes IR [152].  

In obesity, AT oxygenation seems to be decreased [153, 154]. The current hypothesis 

is that the enlargement of adipocytes occurs faster than the expansion of the vascular network 

via angiogenesis. The blood diffusion distance is 100-200 µm and adipocytes are known to get 

enlarged to 150 µm or greater [152]. Accordingly, the capillary density in obese AT is markedly 

reduced compared to AT from lean subjects [153]. Once the diffusion capacity increases, local 

hypoxia ensues in some AT [155], leading to cellular stress and adipocyte death followed by 

macrophage infiltration, fibrosis and insulin resistance [151]. Microarray analysis of human 

adipocytes under hypoxic conditions in vitro revealed that glucose utilization, lipid oxidation, 

and cell death are among the several pathways modulated by hypoxia [152].  

Hypoxia, inflammation, and fibrosis appear concomitantly in the process of AT 

dysfunction in obesity. Local hypoxia is speculated to induce a pro-inflammatory shift in the 

secretion profile of AT [102] and to stimulate macrophage recruitment to inflammatory clusters 

in AT. Under hypoxic conditions in vitro, mRNA expression of IL6, leptin (gene name: LEP) 

and CCL3 increases [156]. AT oxygen partial pressure correlates negatively in obesity with 

CD68 and CCL3 mRNA [153], linking hypoxia to macrophage accumulation. In monocytes, 

hypoxia triggers CD40-CD40 ligand mediated inflammation [157]. Interestingly, 

immunostaining of AT shows that hypoxic clusters colocalize with macrophages [158]. Since 

macrophages are also responsible for clearing up cell debris of dead adipocytes, hypoxia might 

be also linked to apoptosis in AT [159]. 

The increased scavenging activity of AT macrophages seems to be caused by the great 

extent of necrotic and apoptotic events in AT in obesity, particularly when glycolysis is switched 
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on by hypoxia [160, 161]. Indeed, in adipocytes glucose utilization under hypoxic conditions 

occurs preferentially through glycolysis, reflecting the switch from aerobic to anaerobic 

metabolism [152]. Increased glucose uptake leads to increased glycolysis which results in 

increased lactate production. AT has can generate substantial amounts of lactate in obesity, 

[162], as a result of hypoxia in the tissue.  

  

1.4 OBESITY THERAPY: CONSERVATIVE VERSUS SURGICAL OPTIONS 

Treatment goals for obesity should aim further than just reducing weight, therefore 

cardiovascular risk reduction and improved survival ought to be central to every intervention 

[163]. Once clinical complications of obesity have set in, these obviously need to be treated as 

well [164]. Of note, weight loss can improve comorbidities and reduce the number of prescribed 

drugs accordingly [165, 166], yet just concentrating on weight loss alone is not the only goal 

of adequate care (similar to HbA1c for diabetes care). 

 Management of obesity is multidisciplinary, encompassing conservative medical therapy, 

surgical therapy or both. The many interventions and procedures available summarized shortly 

in figure 2. 

The goal regarding % weight loss after treatment should be realistic and individual. Already 

an average of 10% weight loss (between 5-15%) over 6 month has been shown to benefit 

overall health [167].  Beginning from obesity class II (BMI > 35 kg/m2), the percentage should 

be set higher (> 20%/year) [167], however this goal is hard to reach by means of “will-power” 

or conservative approaches. I risk of weight cycling, i.e. “the yo-yo effect” also increases, 

predisposing to comorbidities such as hypertension, dyslipidemia or depression [168]. Thus 

the recommended amount of weight to be lost in one year is around 10% body weight, which 

is relatively “unspectacular” and renders affected individuals at times discontent [169]. 
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 Figure 2. Current approaches to the management of obesity. Column on the left shows 

the recommended conservative means, column on the right shows available surgical methods 

[166, 170-175]. 

Clinical evidence from randomized control trials reveals that diet combined with exercise 

and psychotherapy results in weight loss (on average < 10 kg) and improvement of type 2 DM 

control and metabolic syndrome during a follow-up time of 2 – 8 years, but without an impact 

on outcomes such as death, stroke, cardiovascular end-points or cancer [166]. Diet plus 

exercise is more effective than diet alone. When comparing diet with exercise in terms of 

effectiveness it’s clear that dietary interventions alone are more effective for weight loss 

compared to increasing patients physical activity levels [176]. For a person with severe obesity, 

the reversal of obesity i.e. reaching of a normal body weight by conservative means is very 

strenuous, maybe impossible. Patients long-term success in weight maintenance is challenged 

by counter-regulatory mechanisms such as a diminished resting metabolic rate [177].  

Conservative treatment is complex and relies on a functioning network of health-care 

providers such as primary care physician, dietician, endocrinologist, psychologist, psychiatrist, 

sports physician, physical therapist. In many health care systems, time and financial resources 

Conservative treatment

Nutritional therapy

•low calory diet (1200 - 1800 kcal/day)

•very low calory diet (<800 kcal/day)

•Various Diets (Vegetarian, Paleo, Ornish, Atkins, 
Mediteranean, intermittent fasting)

Physical Activity

•Aerobic training

•Anaerobic training

Motivational interviewing

Psychotherapy / Behaviour therapy

Pharmacological treatment

• Orlistat

• Liraglutid (Saxenda) 

•Naltrexon/bupropion (Mysimba) 

Bariatric Surgery

Roux-en-Y Gastric Bypass / 
Omega Loop Bypass

Sleeve Gastrectomy

Biliopancreatic Diversion with 
Duodenal Switch (rarely 

performed)

Adjustable Gastric Banding 
(outdated)



 
 

30 
 

needed for a successful conservative approach are scarce. Thus, this complex, sometimes 

meandering conventional approach to weight loss, combined with the rather small long-term 

effects it produces dampens both physicians and patient’s expectations [178]. Furthermore, 

although physicians can prescribe drugs for weight loss, no drug has shown improved survival. 

To date, many anti-obesity drugs (whether on or off-label), including synthetic thyroid 

hormones, amphetamine, rimonabant, sibutramine have shown such serious adverse events, 

that they were discontinued and physicians have become extremely weary of the safety of any 

drug [179]. Currently, only three drugs are approved for obesity treatment by the “European 

Medicinal Agency”: orlistat, bupropione/naltrexone (Mysimba) and liraglutide (Saxenda) [167]. 

Clinical use of these drugs is limited in Austria (and other countries) mainly because of their 

costs (as insurance companies generally don’t refund any costs). Side effects are present 

(steatorrhea for orlistat; nausea, dizziness, and headaches for bupropione/naltrexone; nausea, 

vomiting, pancreatitis for liraglutide). Effectiveness is around 5% of body weight. Phase two 

trials are ongoing for novel substance such as semaglutide [180]. Therefore, out of necessity 

to reduce the risk of obesity-associated complications. many medical interventions with 

established benefits in primary prevention are also essential in the pharmacotherapy  of 

obesity. 

Bariatric surgery means any procedure meant to reduce weight. Best known are as the 

techniques “sleeve gastrectomy” or “Roux-en-Y gastric bypass” (also the two most common 

procedures in Austria) which reduce weight by shortening of the gastric passage and through 

malabsorption of nutrients (Figure 2). It proved a successful treatment strategy as it helps 

reduce not only body-weight effectively but also major obesity-associated complications and 

improves mortality rates [181]. All these surgical techniques are invasive, require general 

anesthesia, are rarely reversible and can lead to grueling surgical or medical complications 

ranging from stenosis of the anastomosis to sarcopenia or cachexia with severe protein 

malnutrition along with vitamin D insufficiency and post-prandial hypoglycemia [158, 159, 182-

186].  

Whereas life-style interventions are low-risk but not so effective, surgery yields good long-

term results but comes at a price for both the patient and insurance companies (Figure 3).  
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Figure 3. Potency vs. risks and costs of available treatment options for obesity 

therapy 

LAGB – laparoscopic adjustable gastric banding, VSG – vertical sleeve gastrectomy, RNY – 

Roux-ex-Y Gastric Bypass (Bays HE, Seger JC, Primack C, McCarthy W, Long J, Schmidt SL, 

Daniel S, Wendt J, Horn DB, Westman EC: Obesity Algorithm 2017, presented by the 

American Society of Bariatric Physicians. 2016 - 2017. www.obesityalgorithm.org  (Accessed 

= January 2, 2017)). With Permission from The Obesity Medicine Association. Obesity 

Algorithm®, ©2017‐2018 Obesity Medicine Association. 

 

Ideally, obesity treatment should have very few side effects while providing optimal health 

benefits. Thus, reducing obesity associated comorbidities by means other than weight loss 

alone is an alternative worth pursuing. In the next sections of my thesis I will focus on 

supplementation with long-chain n-3 PUFA as a strategy to curb AT inflammation. 

 

1.5 N-3 PUFA AS THERAPEUTIC TOOL IN OBESITY 

1.5.1. Classification of dietary fatty acids  

Next to carbohydrates and proteins, lipids are basic and essential dietary components 

in humans. Dietary lipids affect many facets of human physiology in health and disease [187]. 

There are simple lipids and complex lipids. Complex lipids such as phospholipids in cell 

membranes are composed primarily of glycerol and fatty acids which are acquired via diet. 

http://www.obesityalgorithm.org/
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Fatty acids are organic carboxylic compounds (“COOH”) with aliphatic hydrocarbon (methyl) 

tails.  

Depending on their saturation, fatty acids (FA) are subdivided into: saturated (SFA), 

monounsaturated (MFA) and polyunsaturated (PUFA). PUFAs include more subsets, 

classified according to the carbon number where the first double bond occurs, counting from 

the CH3- end of the chain: either n-3, n-6, n-9 FA. FA have either a short (less than 6 carbon 

atoms) -, medium (6-12 carbon atoms), - long-chain (13-21 carbon atoms) or very long chain 

(22 or more carbon atoms). The dietary fatty acid content and quality is extremely diverse, 

depending on food type, cooking method, processing methods, season, geographical location 

or religious practice [188]. Depending on saturation and length FA have different metabolic 

effects. A very high intake of saturated FA (found in animal fats for instance) can cause 

deleterious health effects while long-chain polyunsaturated FA are beneficial for cardiovascular 

health [189].  

FA are synthetized in the cytosol from carbohydrates and stored and metabolized to 

yield energy, but they also have effects on regulating immunity, metabolism and inflammation. 

Fatty acids which cannot be synthetized in mammals and must be ingested via diet and are 

called “essential fatty acids”. In mammals, all n-3 and n-6 FA are essential, since it’s not 

physiologically possible to introduce double bonds more distal than delta-9 is not possible. The 

main essential FA are alpha-linolenic acid (C18:3, n-3) and linoleic acid (C18:2, n-6). Human 

metabolism has only a minimal capacity to convert C18:3, n-3 into longer-chain n-3 PUFA such 

as eicosapentaenoic acid (EPA, “C20:5, n-3”) and docosahexaenoic acid (DHA, “C22:6, 

n-3”) – which are relevant in for medical uses. EPA and DHA abound in fatty fish, fish liver or 

fish oil [190]. They are themselves precursors of more potent substances such as eicosanoids, 

but also act directly on gene expression or transcription factor activation.  

1.5.2. The effects of n-3 PUFA in human health and obesity 

Among the earliest scientific evidence on n-3 PUFA health effects in humans are data 

on the use of cod liver oil in rheumatic disease which dates back to 1945  [191]. Research on 

n-3 PUFA effects has been going on ever since. Different trends in interpreting their relevance 

also come and go. Among well-known medical effects it’s worth emphasizing their lipid-

lowering, anti-thrombotic and anti-inflammatory effects [59]. Their cardioprotective effects 

come about not only from their TG lowering properties but also their effects on cardiac 

electrophysiology, immunomodulatory and other mechanisms. In the 80s epidemiological data 

from Innuit populations showed that although their diets were rich in fat, their cardiovascular 

risk was negligible compared to western populations [192]. This high intake of n-3 PUFA 

(mainly EPA/DHA) was subsequently identified to account for the very low cardiovascular risk 
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[193]. Interventional trials followed, a pivotal one being the “GISSI Preventione” Trial, where 

heart attack rates and mortality significantly decreased [194].  

Besides the use in cardiovascular prevention, n-3 PUFA have been administered in 

many inflammatory conditions: rheumatoid arthritis [195], inflammatory bowel disease [196], 

allergic asthma [197], autoimmune disease [198], adjuvant cancer-therapy [199, 200], attention 

deficit and hyperactivity disorder [201], schizophrenia and depression [202]. Supplementation 

with DHA in formula milk is a current standard. Pregnant women get counselling to consume 

higher amounts of DHA [203].  

In obesity, n-3 PUFA have helped improve metabolic health by lowering lipids and 

improving inflammation and tended to improve insulin sensitivity [204]. Work published by 

Todoric et al., on n-3 PUFA effects in mice demonstrated that treatment prevents AT 

inflammation which results from feeding mice with high fat diets continuously [205]. Huber et 

al., went a step further and demonstrated that n-3 PUFA treatment in high-fat diet fed mice 

also reduces AT remodeling [206]. In humans, the association between the plasma 

phospholipid n-3 PUFA (specifically EPA) content with inflammatory markers is skewed [207]. 

The content of plasma n-3 PUFA concentration seemingly decreases with increased BMI [208].  

Dietary composition of n-3 PUFA is skewed between fish eaters and non-fish eaters. In 

Austria, a country with no seaside, fish consumption is reduced (approximately 8 kg/yr 

compared to 100 kg/year of meat according to data from Statistic Austria www.statistik.at 

accessed on March 12th 2019). LC n-3 PUFA cannot be easily “measured” in blood. Fatty acid 

composition in triglycerides is fluctuating depending on the diet. Measuring fatty acid content 

in membrane phospholipids reflects the intake of n-3 PUFA over a longer period more 

accurately. As is the case for many lipids, LC n-3 PUFA are also incorporated into 

phospholipids of cellular membranes. There conversions by enzymes such as phospholipase 

A2 (PLA2), cyclooxygenase (COX) and lipoxygenase (LOX) occurs resulting in eicosanoid 

generation, which are substances crucial to inflammatory processes [188]. Increased intake of 

EPA and DHA results in higher EPA and DHA content in phospholipids from plasma or various 

cell membranes [209]. The relative concentration of EPA and DHA in plasma phospholipids 

will reflect a person’s intake whether by diet or by supplements.  

N-6 PUFA representants arachidonic acid (“C20:4, n-6”), linoleic acid (“C18:2, n-6”) or 

gamma-linolenic acid (“C18:3, n-6”) abound in vegetable oils used at large in western diet. 

They act pro-inflammatory at increased concentrations while LC n-3 PUFA seem to act anti-

inflammatory and immune-modulating [210]. 

http://www.statistik.at/
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In contrast, n-3 PUFA are “healthier” than n-6 PUFA [211]. Since high dietary intake of 

saturated animal-derived fat is associated with increased mortality in many epidemiological 

studies, a reduction of saturated fat content has been attempted by the food industry via 

replacement of SFA with n-6 PUFA. With the increase in n-6 PUFA there has been a decrease 

in n-3 PUFA use, which was reflected by the skewing of the n-6 to n-3 PUFA ratio to extreme 

increases in the past 100 years [212, 213]. This increase  was paralleled by an increased risk 

for several chronic inflammatory conditions, suggesting a plausible connection between these 

two [214]. The two above mentioned PUFA subgroups affect intracellular pathways partly in 

opposite manner. they require the same enzymes for elongation, desaturation and 

incorporation into membranes, which occurs in a competitive manner [213]. From within 

intracellular membranes EPA and DHA can modulate cellular responses by altering membrane 

protein functions. Furthermore, they can impact transcription factors peroxisome proliferator 

activated receptors (PPAR) [215] which are key to lipid metabolism, inflammation and 

adipocyte function.   

N-3 PUFA are known to lower serum triglycerides and help improve insulin sensitivity. 

Regarding progression to diabetes, many studies are showing that n-3 PUFA counteract 

insulin resistance through increased glucose clearance [216] and lower insulinemia [217]. 

N-3 PUFA act anti-inflammatory by acting on gene expression and cell signaling 

pathways thus reducing inflammatory cytokine secretion [204]. In rodents, EPA and DHA 

decreased macrophage mRNA expression of TNF, IL6 and IL1B [218, 219]. Several studies in 

humans have confirmed these results, showing a decreased production of the same 

inflammatory markers in mononuclear cells in vitro [220-222].  

EPA and DHA are generally well-tolerated and have hardly any noteworthy interactions 

with other drugs. Since they can increase bleeding time, concerns have been raised about 

their use together with warfarin, sintrom or phenocupron. These concerns were mostly 

unfounded as no major bleeding has been reported under n-3 PUFA treatment [223]. 

Interestingly, n-3 PUFA intake was considered to reduce vitamin D concentration in old patients 

undergoing vitamin D supplementation [224], which if applied to obese persons with chronically 

low vitamin D status, could be seen as an unwanted side-effect. This finding has captured my 

attention, as it might imply that n-3 PUFA supplementation would have negative consequences 

on vitamin D status and consequently adversely impact processes where vitamin D plays a 

key role. 

1.5.3. Eicosanoids 
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Eicosanoids are compounds derived from 20-carbon PUFA via cyclooxygenase 

(prostaglandins, thromboxanes), lipoxygenase (leukotrienes and other products) and 

cytochrome P450 pathways. High amounts of n-6 derived eicosanoids can have deleterious 

paracrine effects on inflammation, immunity, thrombosis and bone turnover [210]. Arachidonic 

acid derived from linoleic acid is a key substrate for n-6 PUFA-derived eicosanoids. High n-6 

PUFA concentrations available as substrate will direct immune cells’ ability to  generate 

eicosanoids [225, 226]. Eicosanoids such as prostaglandins (PG), leukotrienes and 

thromboxanes have potentially inflammatory as well as anti-inflammatory properties. The 

eicosanoids synthesized from n-6 PUFA such as PGE2 are believed to mainly be pro-

inflammatory, for example through activation of cyclooxygenase-2 (COX-2) [225]. Increased 

intake of n-3 PUFA translates into increased incorporation of n-3 PUFA into immune cell 

membranes, partially replacing arachidonic acid as a substrate for eicosanoid production [225]. 

This leads to a lower production of PGE2 and other pro-inflammatory eicosanoids, and the 

production of different EPA- and DHA-derived eicosanoids [225]. These non-classic 

eicosanoids – named resolving lipid mediators (RLM) include resolvins, protectins and 

maresins [227]. Resolvins derived from EPA form the E series, whereas resolvins derived from 

DHA form the D series. Compounds from both series are further divided by numbering, for 

example resolvin E1, resolving D1.   

The name “RLM” comes from the function they exert, namely to actively promote the  

resolution of inflammation [228] and immune modulation at extremely low concentrations – in 

the nanomolar range [227]. They have anti-inflammatory, anti-fibrotic and antimicrobial 

properties [227]. The resolution of inflammation does not occur passive, it is an active process 

with many cellular and circulating factors involved [229]. It occurs by inhibition of leukocyte 

migration and induction of apoptosis of some immune cells, followed by debris clearance 

through macrophages leading to a return to tissue integrity and healing (“restitutio ad 

integrum”) [229, 230]. Charles N. Serhan’s work in this field is prominent. His group has been 

characterizing lipid and protein mediators relevant to inflammation since the early 

2000s.Serhan identified these compounds through lipidomic analysis of various inflammatory 

exudates [229, 230]. 

 Erspecially the RLM Resolvins and protectins are “switched on” to dampen inflammation. 

They stimulate phagocytosis of cell debris by macrophages and inhibit further monocyte 

recruitment [229]. Resolvin E1 is formed from 18R-hydroperoxyeicosapentaenoic acid (18R-

HPEPE) by lipoxygenase, while 18-HPEPE is generated via cyclooxygenase-2 acetylation 

from EPA. RvE1 can also be synthetized by cytochrome P450 enzymatic conversion of EPA 

to 18-HEPE. Resolvin E1 stimulates phagocytosis of cells undergoing apoptosis [229]. 

Resolvins synthetized from DHA via the intermediate 17-hydroxy-DHA (17-HDHA) are 
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classified as resolvins D1, D2. Resolvin D1 stops transmigration of mononuclear cells [231]. 

DHA is also the precursor to protectins. Protectins are named as such due to their 

neuroprotective effects. They are potent resolving mediators and effectively reduce 

mononuclear transmigration in inflammation at even lower concentrations than resolvins in 

models of peritonitis [231]. Whether resolvins and protectins play any part in obesity-

associated inflammation or can even be detected in human obesity has long been unclear. 

 

Figure 4 

 

Figure 4: Eicosanoid Synthesis Pathways from n-6 and n-3 PUFA. 

“LA linolenic acid, ALA α-linolenic acid, GLA γ-linoleic acid, DGLA dihomo-γ-linoleic acid, 

SDA stearidonic acid, ETA eicosatetraenoic acid, PG prostaglandins, PLA2 phospholipase 

A2, AA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid, COX 

cyclooxygenase, LOX lipoxygenase, HEPE hydroxyeicosapentaenoic acid, HETE 

hydroxyeicosatetraenoic acid, HpDHA hydroperoxydocosahexaenoic acid, HpEPE 

hydroperoxyeicosapentaenoic acid, LOX lipoxygenase, LT 4 leukotriene 4. “reprinted from 

[2], with permission from Springer Nature (license number 4533560299546). 
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1.5.4. PHARMACOGENOMIC INTERACTION WITH N-3 PUFA 

In times of precision medicine, many pharmacogenomic interactions becomes relevant 

to treatment strategies. For n-3 PUFA research, one polymorphism has been in the spotlight 

due to its importance in mediating PUFA-effects. The PPARG Pro12Ala polymorphism has 

been described by Yen et al in 1997 in patients with diabetes where proline (Pro) is substituted 

for alanine (Ala) at codon 12 [232]. Interestingly, Pro12Ala carriers had lower weight and better  

insulin sensitivity, partly due to decreased PPARG receptor activity [233]. This polymorphism 

seems to convey protective health effects with effects on lipids, inflammation and subsequently 

diabetes risk [234-237]. [238]. What was even more interesting in Pro12Ala carriers was that 

triglycerides had a different trajectory after n-3 PUFA treatment compared to Pro12Pro carriers 

[239]. The same observation was made when supplementation with other dietary fats were 

analyzed [240]. This could be because many PUFA effects are mediated by PPARG target 

genes [241]. In the general population up to 10% carry this polymorphism [232], thus carrier 

status is a factor that should be considered when analyzing effects of n-3 PUFA. 

 

1.6 VITAMIN D IN OBESITY 

Vitamin D has many pleiotropic effects on bone and skeletal health and low vitamin D 

concentration is frequently associated with many NCD [242] and obesity makes no exception. 

Obesity is a state of caloric overnutrition often accompanied by micronutrient and vitamin 

deficiencies [243]. Vitamin D deficiency or insufficiency has a higher prevalence in obesity. 

[244]. Specifically abdominal obesity and concomitant vitamin D insufficiency predisposes to 

insulin resistance [245]. Vitamin D insufficiency is often detected in patients with chronic 

inflammatory conditions [246]. 

Current recommendations regarding bariatric surgery suggest evaluating vitamin D 

status and already beginning vitamin D supplementation before surgery [247]. However, 

vitamin D supplementation in patients with obesity is followed by a lower increased in 

circulating vitamin D in serum compared to normal weight individuals [248]. 

Moreover, dietary intake of n-3 PUFA seemed to negatively impact vitamin D status in 

elderly patients [224]. Since vitamin D status is frequently lowin obesity, a reduction on 

circulating vitamin D by n-3 PUFA supplementation would be of concern. 
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1.7 HYPOTHESIS 

Obesity is a disease associated with low grade chronic inflammation which accentuates 

insulin resistance. These principal pathological alterations are intertwined and cause several 

obesity  associated complications. Long chain n-3 PUFA have validated anti-inflammatory 

effects and can restore insulin sensitivity to some extent in mice. Some evidence suggested 

that n-3 PUFA can negatively interfere with vitamin D absorption and concentration, which is 

important for overall health. Since Vitamin D is frequently too low in obesity, a potential 

negative impact of n-3 PUFA would be unwanted. 

My hypothesis was (i) that treatment with n-3 PUFA in severe obesity results in reduced 

inflammatory alterations and improved insulin sensitivity. I further hypothesized that (ii) n-3 

PUFA treatment does not interact with vitamin D status. 

 

 

Figure 5: Schematic representation of the hypotheses of my doctoral thesis.    
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1.7 AIMS  

The main aims of my PhD Thesis were to show whether n-3 PUFA treatment influences:  

• AT and systemic inflammation (primary endpoint) 

• metabolic parameters (secondary endpoints) 

I aimed to also investigate: 

• the pharmacogenomic interaction of n-3 PUFA with a known polymorphism in the 

PPARG gene (Pro12Ala)  

• n-3 PUFA interaction with vitamin D serum concentration and serum markers of 

inflammation. 
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CHAPTER 2 – RESULTS 

2.1 PROLOGUE 

The main paper derived from my PhD has been published in 2012 by the “American 

Journal of Clinical Nutrition”. It includes the main data obtained from my trial regarding gene 

expression, analysis of plasma and serum markers, plasma fatty acid composition, AT 

concentration of specialized lipid mediators and pharmacogenomic interaction between the 

Pro12Ala polymorphism and n-3 PUFA treatment. The paper has been cited more than 100 

times so far. 
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Long-chain n23 PUFAs reduce adipose tissue and systemic
inflammation in severely obese nondiabetic patients: a randomized
controlled trial1–3

Bianca K Itariu, Maximilian Zeyda, Eva E Hochbrugger, Angelika Neuhofer, Gerhard Prager, Karin Schindler,
Arthur Bohdjalian, Daniel Mascher, Suman Vangala, Michael Schranz, Michael Krebs, Martin G Bischof,
and Thomas M Stulnig

ABSTRACT
Background: Chronic adipose tissue inflammation is a hallmark
of obesity, triggering the development of associated pathologies,
particularly type 2 diabetes. Long-chain n23 PUFAs reduce car-
diovascular events and exert well-established antiinflammatory
effects, but their effects on human adipose tissue inflammation
are unknown.
Objective: We investigated whether n23 PUFAs reduce adipose
tissue inflammation in severely obese nondiabetic patients.
Design: We treated 55 severely obese nondiabetic patients, sched-
uled to undergo elective bariatric surgery, with 3.36 g long-chain
n23 PUFAs/d (EPA, DHA) or an equivalent amount of butterfat as
control, for 8 wk, in a randomized open-label controlled clinical
trial. The primary efficacy measure was inflammatory gene expres-
sion in visceral and subcutaneous adipose tissue samples (subcuta-
neous adipose tissue and visceral adipose tissue), collected during
surgery after the intervention. Secondary efficacy variables were
adipose tissue production of antiinflammatory n23 PUFA–derived
eicosanoids, plasma concentrations of inflammatory markers, met-
abolic control, and the effect of the Pro12Ala PPARG polymor-
phism on the treatment response.
Results: Treatment with n23 PUFAs, which was well tolerated,
decreased the gene expression of most analyzed inflammatory genes
in subcutaneous adipose tissue (P , 0.05) and increased production
of antiinflammatory eicosanoids in visceral adipose tissue and sub-
cutaneous adipose tissue (P , 0.05). In comparison with control
subjects who received butterfat, circulating interleukin-6 and tri-
glyceride concentrations decreased significantly in the n23 PUFA
group (P = 0.04 and P = 0.03, respectively). The Pro12Ala poly-
morphism affected the serum cholesterol response to n23 PUFA
treatment.
Conclusions: Treatment with long-chain n23 PUFAs favorably
modulated adipose tissue and systemic inflammation in severely
obese nondiabetic patients and improved lipid metabolism. These
effects may be beneficial in the long-term treatment of obesity. This
trial was registered at clinicaltrials.gov as NCT00760760. Am J
Clin Nutr 2012;96:1137–49.

INTRODUCTION

The dramatic extent of the obesity epidemic has become
a public health issue of worldwide importance, by substantially
raising metabolic and cardiovascular morbidity (1). The risk of

developing obesity-related complications is proportional to the
degree of obesity (2) and is tightly correlated with chronic low-
grade adipose tissue and systemic inflammation (3). Two hall-
marks of adipose tissue inflammation are increased inflammatory
gene expression (4) and macrophage infiltration (5, 6). Adipose
tissue macrophages differentiate into inflammatory M1 or regu-
latory M2 macrophages (6). The transition of M2 to M1 mac-
rophage polarization may be facilitated by relative adipose tissue
hypoxia (7) and is characterized by increased expression of
transcription factor hypoxia inducible factor 1a. Hypoxia is hy-
pothesized to upregulate inflammatory adipokines, cytokines, and
chemokines (8) secreted and released by adipocytes and macro-
phages (9); to sustain inflammation; and to initiate adipose tissue
fibrotic remodeling (10). Elevated concentrations of proin-
flammatory cytokines such as IL-6 and acute phase reactants such as
C-reactive protein are in turn independent risk factors for the de-
velopment of type 2 diabetes (11) and cardiovascular disease (12).

Dietary factors substantially modulate obesity-related in-
flammation (13) and cardiovascular risk (14). An increased
ratio of dietary n26 to n23 PUFAs has been linked to the risk
of chronic inflammatory diseases (15). Despite a lower di-
etary PUFA intake, obese individuals have higher proportions
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of arachidonic acid (AA)4 in their adipose tissue than do their
nonobese twins, which renders their adipocytes more vul-
nerable to inflammation (16). Long-chain n23 PUFAs are
natural opponents of many n26 PUFA actions: they reduce
inflammation (17) and confer cardiovascular protection (18,
19). In addition to modulating inflammatory gene expression
in immune cells (20), antiinflammatory effects of n23 PUFAs
are mediated to a large extent through eicosanoids (21). Re-
cent studies have identified EPA and DHA as precursors of
new classes of potent anti-inflammatory- and inflammation-
resolving eicosanoids, known as resolvins and protectins,
which actively help terminate an inflammatory response (22).
The implication of n23 PUFAs in general and, specifically, re-
solvins and protectins in human adipose tissue inflammation has
not been elucidated to date. On the basis of the broad published
evidence on the antiinflammatory effects of n23 PUFAs and our
own finding that n23 PUFAs block high-fat-diet–induced adipose
tissue inflammation in a murine model of obesity and type 2 di-
abetes (23, 24), we hypothesized that treatment with n23 PUFAs
interferes with adipose tissue and systemic inflammation and
improves metabolic control in severely obese patients. We ex-
amined the effect of an 8-wk treatment with EPA and DHA on
adipose tissue inflammation, adipose tissue production of antiin-
flammatory-resolving lipid mediators, plasma fatty acid profiles
(such as the n23 to n26 fatty acid ratio), circulating inflammatory
marker molecule and adipokine concentrations, and finally meta-
bolic control in obese patients in a randomized controlled clinical
trial. Because the Pro12Ala polymorphism in the PPARG gene is
a potent modifier of n23 PUFA effects with respect to plasma lipids
(25), we investigated a potential dependence on this polymorphism.

SUBJECTS AND METHODS

Study population

Eligible participants were severely obese [BMI (in kg/m2)$40)
and nondiabetic patients [fasting plasma glucose ,126 mg/dL
and 2-h plasma glucose after a 75-g oral-glucose-tolerance test
(OGTT) ,200 mg/dL] between 20 and 65 y of age who were
scheduled to undergo elective bariatric surgery at the De-
partment of Surgery of the Medical University of Vienna. Pa-
tients were excluded in cases of acute illness within the past
2 wk; known diabetes mellitus or use of antidiabetic medication;
acquired immunodeficiency (HIV infection, AIDS); hepatitis or
other significant liver disease; severe or untreated cardiovascu-
lar, renal, or pulmonary disease; untreated or inadequately
treated clinically significant thyroid disease; anemia; active
malignant disease; inborn or acquired bleeding disorder, including
warfarin treatment; pregnancy or breastfeeding; or documented
intolerability to n23 PUFA.

Study design and intervention

This clinical trial was randomized, open-label, controlled, and
single center, performed in compliance with the Helsinki Dec-

laration of 1975 as revised in 1983 and with the Good Clinical
Practice guidelines. The trial had been approved by the Ethics
Committee of the Medical University of Vienna (EK-Nr. 488/
2006) and was conducted at the Clinical Research Unit of the
Division of Endocrinology and Metabolism, Department of
Medicine III, Medical University of Vienna. All recruited patients
were randomly assigned to n23 PUFA or control treatment by
using minimization software balanced for age and sex and made
available by the local Department of Medical Statistics and In-
formatics. Patients were either assigned to treatment with 3.36 g
long-chain n23 PUFAs/d or an equivalent amount of butterfat
matched for caloric content, which served as the control. Long
chain n23 PUFAs were supplied in 1-g gelatin capsules
(Omacor; Solvay Pharma) containing 90% ethyl esters of long-
chain n23 PUFAs, including 460 mg EPA and 380 mg DHA.
Butter was supplied in 20-g portions as a control, containing
82% (wt:wt) fat. Generally, butter is very popular in Austria and
is widely used in the habitual diets of the resident population,
with an average person ingesting w10 g/d (26) Therefore,
butterfat was selected as a control fat—in an amount meant to
match the caloric content of the n23 PUFA capsules. We did not
restrict butter consumption for the n23 PUFA group; therefore,
patients from both groups were likely to include butter in their
diets throughout the trial. Participants were advised to consume
4 capsules or 5 g butter/d, respectively, in addition to an iso-
caloric diet consisting of 55% carbohydrates, 15% protein, and
30% fat throughout the trial. Consumption of marine fish was
explicitly discouraged for the entire study period. None of the
patients were on intensive exercise training before or during the
trial, but each subject was advised to maintain usual physical
activity at a constant level.

The intervention lasted for 8 wk, and the participants returned
for follow-up visits every other week. At baseline and at the end
of the intervention, we performed anthropometric measurements
(BMI, hip and waist circumference, and systolic and diastolic
blood pressure), blood sampling, and a 75-g 2-h OGTT. We
measured systemic inflammatory markers and metabolic vari-
ables (secondary efficacy variables). At the end of the in-
tervention, patients underwent elective bariatric surgery. During
the operation, visceral adipose tissue (VAT) and subcutaneous
adipose tissue (SAT) biopsy samples were collected to assess
inflammatory gene expression (primary efficacy measures) and as
n23 PUFA–derived lipid mediator production (secondary effi-
cacy variables). Sample size was calculated to 25 per group to
detect a 50% change in the expression of inflammatory genes at
a P value ,0.05 with a power of 80%. We supposed a reduction
of most primary outcome variables (inflammatory gene expres-
sion in adipose tissue) by 50% to be clinically significant. This
difference corresponds to a change of +1.0 in dCt values. dCt is
the logarithmic measure of gene expression analysis by quan-
titative real-time polymerase chain reaction (PCR) normalized
to a control (housekeeping) gene. A dropout rate of 20% was
expected, thus we aimed to recruit 62 patients.

Dietary long-chain n23 PUFA intake and compliance

Usual dietary intake of EPA and DHA as well as overall intake
of SFAs was evaluated at baseline by using a food-frequency
questionnaire asking for the usual intake and portion size of the
main sources for EPA and DHA. EPA and DHA contents were

4Abbreviations used: AA, arachidonic acid; AIFAI, antiinflammatory fatty acid
index; ddCt, delta delta Ct; HETE, hydroxyeicosatetraenoic acid; hsCRP, high-
sensitivity C-reactive protein; OGTT, oral-glucose-tolerance test; PCR, polymerase
chain reaction; PD1, protectin D1; PPARG, peroxisome proliferator–activated re-
ceptor-g; RM-ANOVA, repeated-measures ANOVA; RvD1, resolvin D1; RvE1,
resolvin E1; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; 17-
HDHA, 17-hydroxy-DHA; 18-HEPE, 18-hydroxy-EPA.
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taken from the German Federal Food Code (BLS III) and from
a standardized food screener validated in the European Prospective
Investigation into Cancer and Nutrition (27, 28). Medication
compliance was assessed by 2 methods. First, we counted the
number of returned capsules at the follow-up visits. Second, we
determined n23 PUFA fatty acyl moieties of plasma phospho-
lipids at baseline and at the end of treatment.

Plasma phospholipid fatty acid profiles

We determined the fatty acid profiles in plasma phospholipids
by thin-layer chromatography followed by gas chromatography–
mass spectrometry. Lipids were extracted according to a method
previously described by Nikolaidis et al (29) with minor mod-
ifications. Major lipids were separated by chromatography on
silica gel 60W plates (Merck) by using n-hexane:diethyl
ether:acetic acid (80:30:1; vol:vol:vol) with 50 mg butylated
hydroxytoluene/100 mL as a mobile phase and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (Avanti Polar Lipids Inc) as
a standard for phospholipid extraction. Lipid spots were visu-
alized under ultraviolet light after the plate was sprayed with
a solution of 100 mg berberine chloride in 100 mL ethanol.
Phospholipids were scraped into glass tubes containing metha-
nol:toluene solution (4:1) followed by methanolysis and ex-
traction by using a one-step procedure, as described previously
(30). Fatty acid methyl esters were analyzed by gas chroma-
tography and electron-impact ionization mass spectroscopy by
using appropriate standards, as described elsewhere (30, 31).
Results are expressed as mol% of the sum of all detected fatty
acids. The antiinflammatory fatty acid index (AIFAI) (32) was
calculated as the ratio of the total mol% of 20:5n23, 22:6n23,
and 20:3n26 divided by mol% of 20:4n26; the antiin-
flammatory AA/EPA index was calculated as the ratio (mol%) of
20:4n26 to 20:5n23.

Plasma concentration of cytokines, adipokines, and
metabolic variables

We used commercial enzyme-linked immunosorbent assays
(R&D Systems) to measure plasma concentrations of IL-6 and
serum concentrations of high-sensitivity C-reactive protein
(hsCRP) and a commercial radioimmunoassay for measuring
serum leptin and adiponectin concentrations (Millipore)
according to the manufacturer’s instruction. Free fatty acids
were quantitatively determined by an in vitro enzymatic color-
imetric method at 546 nm wavelength (Wako Diagnostics).
Fasting plasma concentrations of triglycerides, cholesterol, HDL
cholesterol, LDL cholesterol, apolipoprotein B, glucose, insulin,
C-peptide, and glycosylated hemoglobin and red and white
blood cell counts were determined by routine laboratory meth-
ods. Insulin sensitivity and pancreatic b cell function were as-
sessed by homeostasis model assessment of insulin resistance
indexes (33) and established OGTT-derived indexes (34), in-
cluding the clamp-like index (35).

Analysis of adipose tissue inflammation

Biopsy samples of VAT and SAT (w3 g each), which we
obtained during bariatric surgery, were immediately divided for
further analysis and either immersed in RNAlater (Ambion Inc)
for isolation of total RNA, immediately snap-frozen in liquid

nitrogen and stored at 2808C for immunohistochemistry, or
applied to solid-phase extraction for subsequent determination
of lipid mediators. Gene expression was analyzed in duplicate
by reverse-transcriptase real-time PCR by using commercial
TaqMan Gene Expression Assays (Applied Biosystems), nor-
malized to ubiquitin as endogenous control. Gene expression
was analyzed according to the delta delta Ct (ddCt) method
normalized to ubiquitin C, and expression levels were calculated
as 2–ddCt as described (36). The arithmetic mean expression
levels for a given target gene in SAT in the control group was
arbitrarily set to 100%.

Lipid mediator analysis of adipose tissue samples

Lipid mediators were extracted by using solid-phase extraction
and analyzed by HPLC-tandem mass spectrometry as described
in detail elsewhere (A Neuhofer et al, unpublished observations,
2012). Briefly, VATand SAT (w400 mg) were homogenized in 1
mL methanol after the addition of deuterated prostaglandin E2
(Cayman Chemical) as internal standard. Cleared supernatant
fluid was acidified to pH 3.0, loaded onto Oasis HLB Extraction
Cartridges (Waters), and eluted with ethyl acetate/methanol
(1:99, vol:vol). The extracts were analyzed by HPLC tandem
mass spectrometry by using a triple quadrupole mass spec-
trometer (API 5000; AB SCIEX) equipped with a reversed-
phase column (ACE 3 C18-AR, 150 3 2.1 mm; ACT). Tandem
mass spectrometric analysis was conducted in electrospray
negative ionization mode, and lipid mediators were identified by
multiple reaction monitoring and by using specific transitions.
HPLC retention times were established and optimized by using
synthetic standards (kindly provided by Serhan CN or purchased
from Cayman Chemical). Calibration curves were calculated,
and recovery was checked for each compound.

Immunohistochemistry

Frozen VAT samples from each group were sectioned in 20-
mm thin slices and stained for macrophages by using a mono-
clonal mouse CD68 antibody (Dako Clone KP1) followed by
biotinylated goat anti-mouse second step (Vector Laboratories)
and detected with streptavidine Alexa Fluor 488 (Invitrogen,
Molecular Probes) and nuclei counterstaining with DAPI.

DNA extraction and genotyping

Genomic DNA was isolated from whole blood by using
a commercial kit (Qiagen Inc). The PPARG Pro12Ala poly-
morphism (rs1801282) was genotyped by using a commercial
real-time PCR TaqMan SNP genotyping assay (Applied Bio-
systems) on an ABI real-time PCR system (Applied Bio-
systems).

Statistical analysis

The statistical analysis included all patients who completed the
trial and from which appropriate materials were obtained (n = 49
for adipose tissue and 55 for blood variables, except as other-
wise indicated). Normally distributed data are presented as
means 6 SDs or means 6 SEMs, otherwise as medians (IQRs).
Group differences between ddCt values in VAT and SAT
were analyzed by Student’s t test. Treatment effectiveness was
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considered achieved if statistical significance was demonstrated
at the prespecified nominal a-level (0.05) for most of the pri-
mary endpoints. No adjustment for multiple endpoints is nec-
essary under this scenario (37). Continuous variables determined
before and after the treatment were log transformed if required
and analyzed by repeated-measures ANOVA (RM-ANOVA), in
a full factorial design, considering the time 3 treatment in-
teraction, where time stands for the within-subject and within-
treatment of the between-subject effect, respectively. The group
3 time (before and after intervention) interaction was used to
test the null hypothesis that the changes in values of the vari-
ables over the period of treatment were parallel for both groups.
An ANCOVA was conducted in case of significant baseline
differences between treatment groups. A secondary analysis was
performed for those variables significantly changed in RM-
ANOVA by paired t tests for normally distributed data, other-
wise Wilcoxon’s test, to identify treatment-induced differences
between individual groups. Correlations were explored by using
the Pearson product-moment correlation coefficient (r), with the
use of a 2-tailed test for significance or Spearman’s method as
relevant. To test the effect of the Pro12Ala PPARG poly-
morphism on the treatment effects, we calculated a 2-factor
factorial ANOVA, with polymorphism (Pro12 compared with
Ala12 allele carriers) and group (control compared with n23
PUFA group) as the 2 independent variables and the ddCt
values, resolving lipid mediator concentration, and treatment-

induced differences of the analyzed serum and plasma variables
as dependent variables. All analyses were performed with
PASW Statistics 18 (SPSS Inc). The differences were considered
statistically significant at 2-sided values of P , 0.05.

RESULTS

Study population and intervention

This trial was aimed to evaluate the effect of long chain n23
PUFAs on adipose tissue and systemic inflammation and on
metabolic control in severely obese nondiabetic patients. The
recruitment of study participants began in August 2008 and was
completed in July 2010. Sixty-two of 148 screened patients were
enrolled in the study and randomly assigned to n23 PUFA or
control treatment; the progression of patients throughout the
study is shown in Figure 1. Fifty-five patients completed the
study (n = 27 patients in the intervention group and 28 in the
control group). Adipose tissue samples were collected for
analysis of adipose tissue inflammation, the primary efficacy
variable, from only 49 patients (n = 23 in the intervention group,
26 in the control group) because of technical reasons. No pa-
tients were lost to follow-up. After randomization, we excluded
4 patients (3 from the control and 1 from the n23 PUFA group)
whom had newly diagnosed type 2 diabetes mellitus during the
2-h OGTT and 1 other patient from the n23 PUFA group in

FIGURE 1. CONSORT flow diagram. AE, adverse event.
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whom we diagnosed anemia. During the follow-up period, we
further excluded 2 patients: 1 patient from the control group
developed a psychotic episode that required hospitalization, and
1 patient from the n23 PUFA group required hospitalization for
decompensation of preexisting heart failure. Baseline de-
mographic, anthropometric, and clinical characteristics of the
patients were comparable in both groups (Table 1), with the
exception of slightly elevated baseline glycosylated hemoglobin
concentration and leukocyte count in the n23 PUFA group (P =
0.03 and 0.001, respectively). Compared with baseline values,
we did not detect significant changes in weight, BMI, waist-to-
hip ratio, and blood pressure during the intervention period. The
median (IQR) daily intake of EPA and DHA [+(EPA,DHA)/d]
before the intervention was 0.25 (0.00–0.69) g/d, which is much
lower than recommended in the Technical Committee on Di-
etary Lipids of the International Life Sciences Institute North

America (38). The overall dietary intake of SFAs, evaluated at
baseline, was either moderate (17–24 g/d) or high (.24 g/d)
for most patients. The use of supplementary medication was
documented in 30 patients and did not differ between groups
(16 in the control group, 14 in the n23 PUFA group). Most
commonly used drugs were proton pump inhibitors (20% of
all patients) and antihypertensive drugs (16.4% angiotensin-
converting enzyme inhibitors, 14.5% diuretics, and 12.7%
b-blockers).

The n23 PUFA capsules were safe, with only 2 dropouts as a
result of adverse events: 1 in the n23 PUFA and 1 in the control
group (Figure 1). n23 PUFAs were well tolerated; a similar
number of patients reported any adverse event (12 of 27 and 12
of 28 in the n23 PUFA and control groups, respectively). Par-
ticipants reported nausea, diarrhea, or change in bowel habits
and fatigue, never exceeding moderate intensity, as the most

TABLE 1

Anthropometric, inflammatory, and metabolic variables at baseline and at the end of the study in both groups1

Baseline After treatment

P2
Control

(n = 28)

n23 PUFA

(n = 27)

Control

(n = 28)

n23 PUFA

(n = 27)

Age (y) 38 6 23 39 6 2

Sex, female (n) 23 23

+EPA+DHA intake (g/d)4 0.18 (0.01, 0.67)5 0.26 (0.00, 0.73)

SFA intake .17 g/d (%)6 94.4 100

Anthropometric measurements

Weight (kg) 132 (111.3, 147.8) 130 (116, 142.8) 133 (112.9, 152.6) 130 (115.5, 147.9) 0.10

BMI (kg/m2) 44.6 (40.1, 48.3) 48.7 (44.0, 51.7) 45.1 (40.8, 48.1) 48.9 (44.7, 51) 0.07

Waist-to-hip ratio 0.92 (0.86, 0.95) 0.91 (0.86, 0.96) 0.92 (0.86, 0.96) 0.91 (0.85, 0.94) 0.08

Systolic BP (mm Hg) 126 6 3 125 6 3 119 6 3 118 6 3 0.94

Diastolic BP (mm Hg) 79 6 2 81 6 2 78 6 2 80 6 2 0.36

Inflammatory markers and adipokines

IL-6 (pg/mL) 4.17 (3.10, 6.08) 4.78 (3.85, 8.86) 4.72 (3.10, 6.30) 4.40 (3.48, 6.25)* 0.04

hsCRP (mg/dL) 0.80 (0.39, 1.06) 0.65 (0.34, 2.00) 0.75 (0.37, 0.98) 0.84 (0.37, 1.61) 0.51

Leukocytes (mg/dL)7 6.45 6 0.29 8.18 6 0.29 7.19 6 0.30 7.87 6 0.36# 0.32

Adiponectin (mg/mL) 8.9 6 0.6 8.4 6 0.7 8.3 6 0.6 8.3 6 0.6 0.12

Leptin (ng/mL) 66.0 6 4.6 69.7 6 3.8 70.3 6 4.1 69.0 6 3.6 0.10

Metabolic variables

Triglycerides (mg/dL) 154 6 10 153 6 8 164 6 15 130 6 6* 0.03

Total cholesterol (mg/dL) 198 6 7 210 6 7 206 6 8 213 6 7 0.46

HDL cholesterol (mg/dL) 44 6 2 49 6 2 46 6 2 49 6 3 0.22

LDL cholesterol (mg/dL) 123.1 6 5.7 130.8 6 6 128.7 6 6.7 138.4 6 6.1 0.78

Apolipoprotein B (mg/dL) 101.8 6 4.5 108.4 6 4.7 101.9 6 4.4 109.3 6 4.5 0.87

Hb A1c (%)7 5.4 6 0.1 5.7 6 0.1 5.4 6 0.1 5.6 6 0.1# 0.70

Fasting glucose (mg/dL) 93 6 2 94 6 2 91 6 2 93 6 2 0.11

Fasting insulin (mg/mL) 17.1 (11.4, 28.4) 17.6 (8.5, 29.4) 17.2 (10.5, 26.2) 19.2 (10.3, 24.0) 0.98

Fasting C-peptide (ng/mL) 4.1 6 0.4 4.1 6 0.4 3.4 6 0.3 4.0 6 0.3 0.24

AUC glucose 135.2 6 3.7 140.1 6 5.1 135.0 6 3.6 141.8 6 5.0 0.40

AUC insulin 80.7 (49.7, 123.3) 95.7 (51.7, 146.2) 85.2 (56.6, 123.2) 112.0 (59.8, 150.7) 0.96

AUC C-peptide 10.8 (8.0, 13.5) 11.3 (8.2, 13.5) 10.4 (8.92, 12.18) 11.99 (8.7, 15.1) 0.31

HOMA-IR 3.79 (2.60, 6.84) 4.17 (1.81, 7.62) 3.96 (2.37, 5.64) 4.50 (2.22, 6.03) 0.88

CLIX 3.64 (2.94, 4.83) 3.24 (2.7, 4.98) 3.76 (3.36, 4.92) 3.48 (3.00, 4.30) 0.20

1 *Significantly different from baseline (within group), P , 0.05 (paired t test or Wilcoxon’s test for nonnormally distributed variables). #Significantly

different at baseline, P , 0.05 (Student’s t test or Mann-Whitney U test for nonnormally distributed variables). BP, blood pressure; CLIX, clamp-like index;

Hb A1c, glycosylated hemoglobin; hsCRP, high-sensitivity C-reactive protein.
2 P values for treatment-induced changes were calculated by group 3 time interaction (repeated-measures ANOVA) unless indicated otherwise.
3Mean 6 SEM (all such values).
4 Information was missing for 10 cases and 9 controls.
5Median; IQR in parentheses (all such values).
6 Information is missing for 10 cases and 10 controls.
7 P values derived from ANCOVA because of significant baseline differences.
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commonly occurring adverse events in both groups. A small but
clinically insignificant elevation of alanine aminotransferase was
detected in the n23 PUFA group as compared with the control
group (mean change from baseline: 7.3 6 3.5 U/L in the n23
PUFA group and22.062.3 U/L in the control group; P = 0.02);
no differences were found during the subsequent follow-up visit
(P = 0.7; data not shown).

Dietary n23 PUFAs lead to an antiinflammatory shift in
plasma fatty acids

An average compliance of 94% with the n23 PUFA treatment
was confirmed by analysis of plasma phospholipid fatty acids
(Table 2), which showed a significant increase in long-chain
n23 PUFAs (20:5, 22:5, and 22:6) at the expense of n26 PU-
FAs in the intervention group. Consequently, the mean n26 to
n23 PUFA ratio decreased by 210.58 6 1.04 in the n23 PUFA
group compared with 20.15 6 0.87 in the control group; P ,
0.0001). Similarly, the mean ratio of AA to EPA was dramati-
cally reduced in the n23 PUFA group at the end of the treatment
period (236.18 6 4.69 in the n23 PUFA group compared with
24.38 6 4.27 in the control group; P , 0.0001). The AIFAI
was consistently increased after the treatment (0.26 6 0.03 in

the n23 PUFA group compared with 0.00 6 0.02 in the control
group; P , 0.0001).

Reduction of adipose tissue inflammatory gene expression
by n23 PUFAs

In this trial, we detected a significant reduction in gene ex-
pression of a panel of classic inflammatory genes in the n23
PUFA group. Expression of both CCL2 [chemokine (C-C motif)
ligand 2 or “MCP-1”] and CCL3 [chemokine (C-C motif) ligand
3 or MIP-1-a] in SAT was downregulated by n23 PUFA
treatment compared with the control treatment (Figure 2, A and
B). In addition, n23 PUFA treatment also tended to reduce
expression of IL6 and tended to increase expression of the an-
tiinflammatory gene ADIPOQ (adiponectin) in SAT (Figure 2, C
and D) with borderline significance (P , 0.10). The expression
of HIF1A decreased after n23 PUFA treatment in SAT (P =
0.04). In addition gene expression of the established profibrotic
marker TGFB (transforming growth factor b1) was significantly
downregulated in SAT after n23 PUFA treatment (Figure 2,
E and F). Expression of overall (CD68) and M2 macrophage
markers CD163 and MRC1 (mannose receptor C type 1) was
not significantly changed between treatment groups and

TABLE 2

Plasma phospholipid fatty acid profile in control subjects and n23 PUFA–treated patients before and after the intervention1

Fatty acid

Baseline After treatment

P2
Control

(n = 28)

n23 PUFA

(n = 27)

Control

(n = 28)

n23 PUFA

(n = 27)

14:0 (mol% of total fatty acids) 0.7 6 0.3 0.8 6 0.2 0.9 6 0.3 0.9 6 0.2 0.94

15:0 (mol% of total fatty acids) 0.3 6 0.1 0.3 6 0.1 0.3 6 0.1 0.4 6 0.1 0.30

16:0 (mol% of total fatty acids) 53.8 6 3.1 53.9 6 2.8 53.8 6 5.2 55.4 6 4.7 0.23

16:1n27 (mol% of total fatty acids) 0.08 6 0.03 0.08 6 0.02 0.08 6 0.03 0.08 6 0.03 0.67

18:0 (mol% of total fatty acids) 30.9 6 3.0 30.7 6 2.6 30.7 6 5.8 29.0 6 5.5 0.35

18:1n29 (mol% of total fatty acids) 2.1 6 0.3 2.2 6 0.3 2.2 6 0.4 2.3 6 0.3 0.43

18:2n26 (mol% of total fatty acids) 5.1 6 0.5 5.2 6 0.8 5.2 6 0.6 4.7 6 0.9* 0.002

18:3n26 (mol% of total fatty acids) 0.02 6 0.01 0.02 6 0.01 0.02 6 0.01 0.01 6 0.01* 0.01

18:3n23 (mol% of total fatty acids) 0.04 6 0.02 0.04 6 0.02 0.04 6 0.03 0.05 6 0.05 0.21

20:0 (mol% of total fatty acids) 0.3 6 0.1 0.3 6 0.1 0.3 6 0.1 0.4 6 0.1 0.26

20:1n29 (mol% of total fatty acids) 0.04 6 0.01 0.04 6 0.01 0.13 6 0.48 0.04 6 0.01 0.33

20:2n26 (mol% of total fatty acids) 0.09 6 0.02 0.09 6 0.02 0.10 6 0.02 0.08 6 0.02* 0.001

20:3n26 (mol% of total fatty acids) 0.4 6 0.4 0.3 6 0.1 0.4 6 0.4 0.2 6 0.1* ,0.0001

20:4n26 (mol% of total fatty acids) 1.7 6 0.5 1.6 6 0.4 1.7 6 0.4 1.5 6 0.4 0.07

20:5n23 (mol% of total fatty acids) 0.05 6 0.02 0.04 6 0.02 0.05 6 0.03 0.22 6 0.1* ,0.0001

22:0 (mol% of total fatty acids) 2.2 6 0.4 2.2 6 0.5 2.1 6 0.4 2.3 6 0.7 0.52

22:4n26 (mol% of total fatty acids) 0.07 6 0.02 0.06 6 0.01 0.07 6 0.02 0.04 6 0.02* 0.01

22:5n23 (mol% of total fatty acids) 0.11 6 0.04 0.09 6 0.03 0.12 6 0.03 0.13 6 0.03* ,0.0001

22:6n23 (mol% of total fatty acids) 0.3 6 0.1 0.2 6 0.1 0.3 6 0.1 0.5 6 0.1* ,0.0001

24:0 (mol% of total fatty acids) 1.3 6 0.3 1.3 6 0.4 1.3 6 0.3 1.4 6 0.3 0.24

24:1n29 (mol% of total fatty acids) 0.5 6 0.2 0.5 6 0.2 0.5 6 0.1 0.5 6 0.1 0.89

SFA (mol% of total fatty acids) 89.5 6 0.8 89.5 6 0.7 89.4 6 1.1 89.7 6 1.1 0.20

UFA (mol% of total fatty acids) 10.6 6 0.8 10.6 6 0.7 10.8 6 1.2 10.4 6 1.1 0.12

n23 PUFA (mol% of total fatty acids) 0.5 6 0.1 0.4 6 0.1 0.5 6 0.2 0.9 6 0.3* ,0.0001

n26 PUFA (mol% of total fatty acids) 7.4 6 0.2 7.3 6 0.2 7.5 6 0.2 6.6 6 0.2* 0.001

n26/n23 ratio 17.3 6 4.7 19.1 6 5.1 17.2 6 5.1 8.9 6 3.1* ,0.0001

AA/EPA 44.7 6 21.0 45.6 6 21.1 40.3 6 20.2 9.5 6 9.2* ,0.0001

AIFAI 0.5 6 0.3 0.4 6 0.1 0.4 6 0.3 0.6 6 0.1* ,0.0001

1All values are means 6 SDs. *Significantly different from baseline (within group), P , 0.05 (paired t test). There were no significant differences

between the fatty acid profiles of the 2 groups at baseline. AA, arachidonic acid (20:4); AIFAI, antiinflammatory fatty acid index; UFA, unsaturated fatty acid.
2 P values for treatment-induced changes were calculated by group 3 time interaction (repeated-measures ANOVA).
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immunohistochemistry did not show differences in macrophage
numbers (Figure 3, A and B). However, expression of CD40, an
M1 macrophage marker, was significantly reduced in the SAT of
n23 PUFA–treated patients. Interestingly, we found a signifi-
cant positive correlation between expression of HIF1A and
CD40 in VAT of the control and the n23 PUFA group, which
indicated an association between macrophage action and hyp-
oxia (Figure 3C).

Increased abundance of antiinflammatory-resolving lipid
mediators by n23 PUFA treatment

The resolving lipid mediators 18-hydroxy-EPA (18-HEPE)
and its derivative resolvin E1 (RvE1) are enzymatically
generated from EPA, whereas 17-hydroxy-DHA (17-HDHA),

resolvin D1 (RvD1), and protectin D1 (PD1) are derived from
DHA. AA is metabolized to eicosanoid precursors and eicos-
anoids such as prostaglandin E2, 15-hydroxyeicosatetraenoic
acid (15-HETE), and 12-HETE. Abundance of these n23 and
n26 PUFA2derived lipid mediators was analyzed in 42 pa-
tients (18 n23 PUFA2treated and 24 control subjects), from
which we collected sufficient amounts of adipose tissue. In
general, these substances were more abundant in VAT than in
SAT, with the exception of 18-HEPE and 12-HETE, which
showed similar concentrations at both sites (Figure 4). n23
PUFA significantly increased the production of RvE1, 17-
HDHA, PD1, and RvD1 in the VAT of n23 PUFA–treated
patients compared with controls (Figure 4, B, C, D, and E).
Abundance of 17-HDHA and PD1 in the n23 PUFA group was
more than double that in the control-treated patients (P = 0.02
and P = 0.03, respectively). We did not detect PD1 in the SAT
of either group. RvD1 and RvE1 were only detected in adipose
tissue from n23 PUFA–treated patients, with RvD1 limited to
VAT. Production of AA-derived eicosanoids was not different
between groups.

n23 PUFA modulates the concentration of circulating
systemic inflammatory markers and adipokines

Treatment of obese patients with n23 PUFA or control dif-
ferentially affected mean plasma IL-6 concentrations (P = 0.04
for group 3 time interaction in RM-ANOVA), but secondary
analysis showed that this change was confined to a significant
reduction in the n23 PUFA group only (P = 0.045). We found
significant positive correlations between both plasma IL-6 and
serum hsCRP concentrations with AA plasma phospholipid
concentrations at the end of n23 PUFA treatment (Figure 5, A
and B). The serum hsCRP concentration did not differ signifi-
cantly between treatments.

Metabolic changes by n23 PUFA treatment

Treatment with n23 PUFA decreased the mean serum tri-
glyceride concentration compared with the control treatment
(P = 0.03 for group 3 time interaction in RM-ANOVA) be-
cause of a significant reduction in the n23 PUFA group (P =
0.0002; paired t test). Notably, at the end of treatment, there
was a highly significant negative correlation between the
plasma phospholipid EPA content and serum triglyceride
concentration (Figure 5C). No changes in other lipid fractions
were identified between the control and the n23 PUFA groups
(Table 1). Fasting and OGTT-derived serum glucose, insulin,
and C-peptide concentrations were not affected by the treat-
ment. Moreover, we found no significant changes in the an-
alyzed variables of glucose homeostasis and insulin resistance
(clamp-like index), as shown in Table 1. Hence, changes in
important energy substrates induced by n23 PUFA were
confined to reduced triglyceride concentrations.

Effect of PPARG Pro12Ala polymorphism

In our study population we detected 36 of 55 (65.5%)
Pro12Pro (Pro12), 16 of 55 (29%) Pro12Ala, and 3 of 55
(5.5%) Ala12Ala genotypes. Ala12 carriers were pooled for all
analyses. No statistically significant differences were found in
any of the analyzed variables between genotypes at baseline,

FIGURE 2. Gene expression in the VAT and SAT of n23 PUFA–treated
patients (white bars; n = 23) and control subjects (black bars; n = 26): CCL2
or MCP-1 (A), CCL3 or MIP1-a (Β), IL6 (C), ADIPOQ (D), HIF1A (E), and
TGFB1 (F). Adipose tissue expression of inflammatory genes was lower in
patients treated with n23 PUFAs. Gene expression was normalized to
ubiquitin C and is presented as the mean (6SEM) of SAT from control
subjects (the mean of the SAT 2–ddCt was set to 100%). Statistical
analyses of the mean differences in ddCt values in each group were
performed by unpaired Student’s t test, separately for VAT and SAT. *P #
0.05, **P # 0.01, #P , 0.1. ddCt, delta delta Ct; SAT, subcutaneous adipose
tissue; VAT, visceral adipose tissue.
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except for a lower serum g-glutamyltransferase concentration
in Ala12 carriers than in Pro12 homozygotes (30.0 6 3.7
compared with 42.9 6 3.8 U/L; P = 0.03). The PPARG ge-
notype had no effect on adipose tissue gene expression
of inflammatory markers (primary outcome variable), adipose
tissue–resolving lipid mediator concentration, systemic
inflammatory marker serum concentration, and glucose
metabolism. However, serum concentrations of total and non-
HDL cholesterol and apolipoprotein B increased significantly
with n23 PUFA treatment in Ala12 carriers as compared with
Pro12 carriers (Figure 6). The same trend was observed for
LDL cholesterol and inversely for HDL cholesterol (both P ,

0.10). Triglycerides and free fatty acids concentrations remained
unaffected by genotype.

DISCUSSION

Adipose tissue inflammation is the basis of obesity-related
systemic inflammation, which predisposes patients to the de-
velopment of metabolic and cardiovascular disease (39). This is
the first randomized controlled clinical study, which shows that
treatment with long-chain n23 PUFAs alleviates obesity-asso-
ciated chronic inflammation of SAT and VAT in severely obese
nondiabetic patients, as quantified by local gene expression and

FIGURE 3. Gene expression of the macrophage markers CD68, MRC1, CD163, and CD40 in the VAT and SAT of obese n23 PUFA–treated patients (white
bars; n = 23) and control subjects (black bars; n = 26). M1 macrophage polarization after n23 PUFAs is lower than that after control treatment and correlates
with the transcription factor HIF1A. (A) Data are shown as the means (6SEMs) of SAT from control subjects (mean of the SAT 2–ddCt was set to 100%).
Statistical analyses of mean differences of ddCt values in each group were performed by unpaired Student’s t test, separately for VAT and SAT. (B)
Representative histologic sections showing macrophages in the VAT of an n23 PUFA–treated patient and one control subject, performed by CD68
immunofluorescence staining (green). Images were captured at 203 magnification. Bars represent 20 mm. (C) Expression of the M1 macrophage marker
CD40 correlated with the hypoxia marker HIF1A in the VAT of the control and n23 PUFA groups. Statistical analysis was performed with a Spearman’s rank
correlation test. Control group: Spearman’s r = 0.44, P = 0.03. n23 PUFA group: r = 0.62, P = 0.002. *P # 0.05. ddCt, delta delta Ct; SAT, subcutaneous
adipose tissue; VAT, visceral adipose tissue.
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systemic levels. As proinflammatory fatty acid indexes de-
creased, the synthesis of antiinflammatory n23 PUFA–derived
resolvins and protectins increased, which indicated that altered
eicosanoid formation could be a crucial molecular mecha-
nism underlying the effects of n23 PUFAs on obesity-driven
inflammation.

We and others previously showed that inflammatory gene
expression is increased in morbidly obese patients, including
CCL2 and CCL3 (40), and is associated with metabolic and
cardiovascular disorders (41). In this study, we showed that,
compared with control treatment, n23 PUFAs generally

downregulated SAT and VAT gene expression of most proin-
flammatory marker genes, which we analyzed, namely CCL2,
CCL3, IL6, HIF1A, and TGFB1, even though not all changes
were statistically significant. Supplementation with long-chain
n23 PUFAs for 26 wk has been shown to decrease the ex-
pression of genes involved in inflammation and atherogenesis,
but also in hypoxia signaling (42), as confirmed here by a re-
duced expression of HIF1A. A reduction in hypoxia could un-
derlie the mitigation of inflammatory gene expression in adipose
tissue by n23 PUFAs (8). In adipose tissue, hypoxia directly
induced proinflammatory M1 macrophage marker molecule

FIGURE 4.Mean (6SEM) concentration of lipid mediators derived from EPA [ie, 18-HEPE (A) and RvE1 (B)] and DHA [ie, 17-HDHA (C), PD1 (D), and
RvD1 (E)] and from AA [ie, PGE2 (F), 15-HETE (G), and 12-HETE (H)] in VAT and SAT from patients treated with n23 PUFAs (white bars; n = 18) and
control subjects (black bars; n = 24). Adipose tissue production of antiinflammatory-resolving lipid mediators is enhanced after n23 PUFA treatment.
Statistically significant differences between groups were calculated by using unpaired Student’s t test. *P , 0.05. n.d., nondetectable; PD1, protectin D1;
PGE2, prostaglandin E2; RvD1, resolvin D1; RvE1, resolvin E1; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; 12-HETE, 12-
hydroxyeicosatetraenoic acid; 15-HETE, 15-hydroxyeicosatetraenoic acid; 17-HDHA, 17-hydroxy-DHA; 18-HEPE, 18-hydroxy-EPA.
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CD40 concentrations in severe chronic obstructive pulmonary
disease (43), which produce high concentrations of chemokines,
leading to the further recruitment of macrophages to the tissue
and to the development of insulin resistance in humans (7, 44).
We found that the expression of CD40 was downregulated by
n23 PUFA treatment, whereas expression of typical overall
macrophage marker CD68 and M2 macrophage markers MRC1
and CD163 remained unchanged (Figure 3A), as was the total
number of macrophages (data not shown). Furthermore, the truly
interesting correlation between hypoxia and macrophage polar-
ization shown in Figure 3C substantially corroborates the hy-
pothesis that, by ameliorating hypoxia, n23 PUFAs cause an
antiinflammatory shift in adipose tissue macrophage phenotype.
Hypoxia could initiate pathological fibrotic remodeling in adipose
tissue (10). We showed that n23 PUFAs reduced the expression
of the well-known fibrosis marker TGFB1 (transforming growth
factor b1), which validates our previous data showing that n23
PUFAs can prevent adipose tissue remodeling in murine models of
obesity (24).

The formulation and dosage of the long-chain n23 PUFA
capsules were generally well tolerated. The plasma phospholipid
fatty acid profiles showed that most patients adhered to the study
medication, but also that long-chain n23 PUFAs reduced im-
portant inflammatory fatty acid indexes, such as AIFAI, the AA
to EPA ratio, or the n26 to n23 ratio in severely obese patients.
Specifically, the striking reduction of the n26 to n23 PUFA
ratio, a valuable surrogate marker for the level of chronic obe-
sity-associated low-grade inflammation (45), is of great prog-
nostic relevance, because it is likely that a high intake of
widespread n26 PUFAs without counteracting n23 PUFAs

increases the risk of coronary heart disease and death (19). In the
n23 PUFA group, treatment significantly decreased plasma
concentrations of circulating inflammatory marker IL-6 but not
hsCRP. At baseline, IL-6 and hsCRP did not correlate with the
proinflammatory AA (data not shown). The positive correlation
between concentrations of both IL-6 and hsCRP with the rela-
tive proportion of AA in plasma phospholipids was only de-
tected in the n23 PUFA group at treatment end and might
indicate that 1) systemic inflammatory markers are crucially
based on the systemic availability of proinflammatory n26
PUFAs, and 2) only those patients who succeed in reducing AA
respond with lower systemic inflammation, as EPA antagonizes
AA metabolism and thereby reduces the generation of in-
flammatory AA-derived eicosanoids (17). The fact that the
negative correlation of AA phospholipid concentration with
inflammatory measures was evident only at the end of n23
PUFA treatment suggests that a certain threshold of EPA con-
centration is required to successfully counteract the metabolism
of AA to proinflammatory mediators, keeping in mind that
plasma phospholipid concentrations are only a proxy marker for
fatty acid composition in other tissues. Thus, long-chain n23
PUFAs favorably affected the inflammatory status because of
their crucial function as substrates for eicosanoid synthesis. We
detected the potent antiinflammatory eicosanoids resolvins and
protectins (also known as resolving lipid mediators) in human
adipose tissue and showed that treatment with their precursors,
EPA and DHA, leads to a substantial increase in resolving lipid
mediator concentrations. After n23 PUFA treatment, EPA-derived
18-HEPE and RvE1 comparably increased in both VAT and
SAT. On the other hand, DHA-derived lipid mediators were
more increased in VAT than in SAT for unknown reasons—an
observation that is highly interesting, but not yet understood.
Because resolution of chronic adipose tissue inflammation could
be hindered by a lack of resolving lipid mediators (22), in-
creased substrate availability for synthesis of antiinflammatory
resolvins and protectins adds to the beneficial and complex
antiinflammatory actions of n23 PUFAs.

Studies evaluating the effect of n23 PUFAs on glucose ho-
meostasis in humans have contradictory outcomes (46, 47),
which largely depend on trial design and characteristics of the
study patients. Similar to many of these trials (48, 49), our re-
sults show that an 8-wk treatment with n23 PUFAs has no in-
fluence on glucose homeostasis, nor did it affect adipose tissue
gene expression or serum concentrations of the insulin-sensi-
tizing adiponectin.

Long-chain n23 PUFAs significantly reduced serum tri-
glyceride concentrations, as was also seen in other trials (49).
The main hypolipidemic constituent of the treatment appears to
be EPA rather than DHA, because plasma phospholipid EPA
concentrations significantly correlated with serum triglyceride
concentrations in the n23 PUFA group at treatment end. The
n23 PUFA effects on lipid metabolism and cardiovascular
disease risk could be influenced by the Pro12Ala polymorphism
in the PPARG gene (25, 50). The PPARG genotype affected the
treatment response on serum concentrations of total and non-
HDL cholesterol and apolipoprotein B, which was significantly
greater in Ala12 carriers than in Pro12 carriers with n23 PUFA
treatment. Hence, the cardioprotective effect of n23 PUFAs
could be mitigated in Ala12 carriers by unfavorable changes in
serum cholesterol (51, 52). However, the PPARG gene-nutrient

FIGURE 5. Correlation of plasma PUFA concentrations with
inflammatory and metabolic variables in the n23 PUFA group. The
proportion of plasma phospholipid AA correlated with plasma IL-6 (A)
and serum hsCRP (B) concentrations in the n23 PUFA group (n = 27) at
the end of the treatment. IL-6: Spearman’s r = 0.46, P = 0.02; hsCRP: r =
0.43, P = 0.006. (C) The proportion of plasma phospholipid EPA negatively
correlated with serum triglycerides in the n23 PUFA group at the end of the
treatment (n = 26; Spearman’s r = 20.46, P = 0.02). Statistical analysis was
performed by using a Spearman’s rank correlation test. AA, arachidonic
acid; hsCRP, high-sensitivity C-reactive protein.
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interaction did not affect our primary analysis variable—adipose
tissue inflammation.

One limitation of our study was that changes in gene ex-
pression from baseline are not known, because adipose tissue
biopsies were obtainable only at treatment end. The unblinded
treatment allocation is not regarded as a relevant issue because
primary efficacy measures were not based on subjectivity-related
items. For laboratory analysis, the study personnel were blinded
to the patient’s identities, and the samples were numbered and
processed in random order. Our choice of placebo (ie, butterfat)
might raise the question of whether the differences observed
between the 2 groups were due to the “antiinflammatory” effects
of n23 PUFAs or to the “proinflammatory” effects of butterfat
(or a combination). Although it cannot be completely ruled out
by the data collected here, the latter interpretation is rather
unlikely. First, butter is very popular in local diets, and the
general intake is 10 g/d in Austria (26). Second, proin-
flammatory SFAs comprise 51% butter fat; hence, the control
treatment added only w2 g SFA to the diet, which already in-
cludes.17g SFA/d at baseline in virtually all patients. Third, no

treatment-induced changes were found in the concentrations of
the main fatty acids found in butter (14:0, 16:0, 18:0, and 18:1)
specific to the control group. A slight discrepancy between gene
expression was found between SAT and VAT, which was at-
tributed to the fact that treatment with n23 PUFAs repeatedly
affected inflammatory gene expression in VAT with merely
borderline significance. This was probably to the result of
a larger heterogeneity of VAT sampling, as indicated by a higher
variance in VAT than in SAT rather than a reduced biological
response to n23 PUFAs, as evidenced by the highly increased
production of n23 PUFA–derived mediators. We and others
have shown that relevant inflammatory genes such as CCL2,
CCL3, CD40, and TNFA are expressed at comparable levels in
SAT and VAT, whereas IL6 mRNA levels are even higher in SAT
(40, 53). Therefore, our findings limited to SAT are equally
relevant in the context of adipose tissue inflammation and
obesity.

Among the strengths of our study were the randomized design,
the availability of tissue biopsy samples, and the analysis of fatty
acid profiles in plasma phospholipids as a measure of treatment

FIGURE 6. Changes in serum concentrations of TC, non-HDL-C, HDL-C, LDL-C, apoB, and TG in control (A) and n23 PUFA–treated patients (B)
according to PPARG genotypes (gray columns, Ala12 carriers; white columns, Pro12 homozygotes; n = 6 and 21 for control, and 11 and 15 for n23 PUFA-
treated groups). PPARG polymorphism affected n23 PUFA’s effects on serum lipids. The effects of treatment and genotype on the analyzed variables were
estimated by 2-factor ANOVA. Significance of the group 3 polymorphism effect (2-factor ANOVA): TC, P = 0.02; non-HDL-C, P = 0.04; HDL-C, P = 0.06;
LDL-C, P = 0.08; apoB, P = 0.003; and TG, P = 0.46. apoB, apolipoprotein B; C, cholesterol; TC, total cholesterol; TG, triglycerides.
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adherence. In addition, we investigated adipose tissue concen-
trations of n23 PUFA–derived resolving lipid mediators—
a highly exciting field that has recently emerged in chronic in-
flammation research. Hence, this was the first randomized
clinical trial to show an increase in resolving lipid mediators
after treatment with their n23 PUFA precursors.

In conclusion, n23 PUFA treatment improved adipose tissue
and systemic inflammation in severely obese patients compared
with control treatment. Whereas the beneficial effects of long-
chain n23 PUFAs are evident, the metabolic effects beyond
reduced serum triglyceride concentration need to be studied in
more detail.
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After publication of my first paper (Itariu et al., American Journal of Clinical Nutrition 

2012) I came across the work of Niramitmahapaya et al.,[224] who suggested that vitamin D 

status in elderly adults is lower when they have a higher intake of n-3 PUFA. In a post-hoc 

analysis, I analyzed Vitamin D status in serum samples of all patients from my trial at baseline 

and after n-3 PUFA treatment. Not only did I not confirm the findings of Niramitmahapaya et 

al, but I showed that n-3 PUFA treatment seemed to upend the correlation between vitamin D 

insufficiency and inflammatory marker concentration. The paper has been cited more than 20 

times so far. 
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Treatment with n-3 Polyunsaturated Fatty Acids
Overcomes the Inverse Association of Vitamin D
Deficiency with Inflammation in Severely Obese Patients:
A Randomized Controlled Trial
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1 Clinical Division of Endocrinology and Metabolism, Department of Internal Medicine III, Medical University of Vienna, Vienna, Austria, 2 Christian Doppler Laboratory for

Cardio-Metabolic Immunotherapy, Medical University of Vienna, Vienna, Austria, 3 Department of Laboratory Medicine, Medical University of Vienna, Vienna, Austria

Abstract

Obesity affects the vitamin D status in humans. Vitamin D and long-chain n-3 polyunsaturated fatty acids (PUFA) provide
benefit for the prevention of fractures and cardiovascular events, respectively, and both are involved in controlling
inflammatory and immune responses. However, published epidemiological data suggest a potential interference of n-3
PUFA supplementation with vitamin D status. Therefore, we aimed to investigate in a randomized controlled clinical trial
whether treatment with long chain n-3 PUFA affects vitamin D status in severely obese patients and potential interrelations
of vitamin D and PUFA treatment with inflammatory parameters. Fifty-four severely obese (BMI$40 kg/m2) non-diabetic
patients were treated for eight weeks with either 3.36 g/d EPA and DHA or the same amount of butter fat as control.
Changes in serum 25-hydroxy-vitamin D [25(OH)D] concentrations, plasma fatty acid profiles and circulating inflammatory
marker concentrations from baseline to end of treatment were assessed. At baseline 43/54 patients were vitamin D deficient
(serum 25(OH)D concentration ,50 nmol/l). Treatment with n-3 PUFA did not affect vitamin D status (P = 0.91). Serum
25(OH)D concentration correlated negatively with both IL-6 (P = 0.02) and hsCRP serum concentration (P = 0.03) at baseline.
Strikingly, the negative correlations of 25(OH)D with IL-6 and hsCRP were lost after n-3 PUFA treatment. In conclusion,
vitamin D status of severely obese patients remained unaffected by n-3 PUFA treatment. However, abrogation of the inverse
association of 25(OH)D concentration with inflammatory markers indicated that n-3 PUFA treatment could compensate for
some detrimental consequences of vitamin D deficiency.
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Introduction

Vitamin D is a pleiotropic prohormone [1], which regulates

calcium metabolism and helps to preserve bone mass and prevent

fractures [2]. On the other hand, vitamin D is also involved in

immunological processes [3]. In humans, the vitamin D status is

determined by quantifying the concentration of 25-hydroxyvita-

min D in serum [25(OH)D] [1]. Recommended levels, i.e. serum

25(OH)D concentration .50 nmol/l [4] are rarely achieved in

children and adults [5,6], particularly in obese subjects [7].

Vitamin D binding protein (VDBP) is a glycoprotein involved in

the transport and preservation of vitamin D and alterations in its

circulating concentration affect the availability and function of

25(OH)D [8]. The risk of developing obesity-related complications

such as insulin resistance and type 2 diabetes is proportional to the

degree of obesity [9] and tightly correlated with chronic low-grade

adipose and systemic inflammation [10,11] as well as vitamin D

deficiency [12]. In addition to insulin resistance and type 2

diabetes, obesity is independently associated with a greater risk of

hypertension, stroke, atherosclerotic, cardiovascular and neurode-

generative disease, cancer and death [13,14]. Vitamin D

deficiency is associated with hypertension, atherosclerosis, in-

creased risk of myocardial infarction, cognitive decline, some types

of cancer and overall increased mortality risk [15,16,17,18,19].

Consistent evidence from large well designed trials on the effect of

vitamin D supplementation and prevention of the above

mentioned obesity associated complications is currently lacking.

However, long chain n-3 polyunsaturated fatty acids (PUFA) are

known for their anti-inflammatory and cardio-protective effects

[20,21], which renders them as promising option for prevention of

obesity-associated cardio-metabolic complications.
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Recently, epidemiological data indicated that vitamin D status

of elderly patients receiving vitamin D supplementation was

negatively affected by PUFA ingestion [22]. Considering the

paucity of data available on the possible interference between long

chain n-3 PUFA and vitamin D, we aimed to investigate the

impact of a high dose n-3 PUFA treatment on vitamin D status

and a possible interaction with the anti-inflammatory effects of

vitamin D in severely obese subjects.

Subjects and Methods

The protocol for this trial and supporting CONSORT checklist

are available as supporting information; see Checklist S1 and

Protocol S1.

Ethics Statement
The study was performed in compliance with the Declaration of

Helsinki and Good Clinical Practice guidelines and has been

approved by the Ethics Committee of the Medical University of

Vienna (EK-Nr. 488/2006). All participants provided written

informed consent. The trial was registered at clinicaltrials.gov with

the identification no. NCT00760760.

Subjects
Fifty-five severely obese (BMI$40 kg/m2), non-diabetic (fasting

plasma glucose ,126 mg/dl and 2 hr plasma glucose after a 75 g

oral glucose tolerance test ,200 mg/dl) patients were enrolled

and completed an open randomized controlled clinical trial

between August 2008 and July 2010. The trial has been described

in detail elsewhere [21]. One patient was excluded because of a

lack of serum 25(OH)D measurements at both time-points

(Figure 1). Patients were randomized to receive either a 3.36 g

long chain n-3 PUFA (4 capsules/d OmacorH, Solvay Pharma,

Austria, each containing 460 mg eicosapentaenoic acid (EPA),

380 mg docosahexaenoic acid (DHA) and tocopherol as anti-

oxidant) or an isocaloric amount of butterfat as a control for 8

weeks. At baseline and at the end of treatment anthropometric

measurements (BMI, hip, waist) were performed and concentra-

tion of serum 25(OH)D, parathyroid hormone (PTH), systemic

inflammatory markers and metabolic parameters as well as plasma

fatty acid profiles were assessed.

Laboratory analysis
Serum 25(OH)D, PTH and VDBP concentrations were

measured in serum samples obtained from all patients both at

baseline and at the end of the treatment. Serum 25(OH)D

concentration was analyzed by chemiluminescent immunoassay

(CLIA - LiaisonH, DiaSorin, Italy) with interassay coefficients of

variation of 7–9% and the lowest reportable value at 10 nmol/l.

Serum PTH concentration was measured by electrochemilumi-

nescence immunoassay (ElecsysH PTH (7–84), Roche, Basel,

Switzerland) with interassay coefficients of variation of 6–8% and

the lowest reportable value at 1 pg/ml. Serum VDBP concentra-

tion was measured by enzyme linked immunosorbend assay (R&D

Systems, Techne Corporation, Minneapolis, USA) with interassay

coefficients of variation of 5.1–7.4% and the minimum detectable

dose ranged from 0.15–3.74 ng/ml. The normal range for serum

samples from apparently healthy volunteers is 55.9–473 mg/ml,

according to the product datasheet. We used commercial enzyme-

linked immunosorbent assays (R&D Systems, Techne Corpora-

tion, Minneapolis, USA) to measure plasma concentration of

interleukin (IL)-6 and serum concentration of high sensitivity C-

Figure 1. CONSORT flowchart, adapted from [21].
doi:10.1371/journal.pone.0054634.g001
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reactive protein (hsCRP). Plasma phospholipids were isolated by

thin layer chromatography and fatty acids profiles were deter-

mined by gas chromatography and electron-impact ionization

mass spectroscopy as described by us in detail elsewhere [21].

Fatty acids were expressed as mol% of total fatty acids. We

calculated the sum of all detected monounsaturated fatty acids

(MUFA) as g(16:1, 18:1, 20:1, 24:1), the sum of all PUFA as

g[18:2(n-6), 18:3(n-3), 18:3(n-6), 20:2(n-6), 20:3(n-6), 20:4(n-6),

20:5(n-3), 22:4(n-6), 22:5(n-3), 22:6(n-6)], the sum of all n-3 PUFA

as g[18:3(n-3), 20:5(n-3), 22:5(n-3), 22:6(n-3)] and the sum of all

n-6 PUFA as g[18:2(n-6), 18:3(n-6), 20:2(n-6), 20:3(n-6), 20:4(n-6),

22:4(n-6)].

Statistical analysis
Statistical analysis included all patients who completed the trial

and had detectable serum vitamin D levels (n = 54). Normally

distributed data are presented as mean 6 SEM, otherwise as

median (IQR). Baseline differences between the n-3 PUFA and the

control group as well as the vitamin D deficient and vitamin D

non-deficient group were calculated by analysis of variance

(ANOVA) for normally distributed data, otherwise by Mann-

Whitney-U test. In order to compare treatment effects on vitamin

D status, VDBP and PTH levels we used a one-way between-

groups analysis of covariance (ANCOVA) [23]. The independent

variable was the treatment group and the dependent variables

were the serum 25(OH)D, VDBP and PTH concentrations at the

end of the treatment, adjusted for the respective baseline values as

covariates. Correlations were explored by Spearman’s rank

method. As recommended, sample size was calculated a priori for

the primary end-point of the original study, ie inflammatory gene

expression in adipose tissue. Sample size was thus calculated to 25

per group in order to detect a 50% change in expression of

inflammatory genes at a two-sided alpha level of 0.05 with a power

of 80% [21]. All analyses were performed with PASW Statistics 18

(SPSS Inc., IBM Corporation, New York, USA). Differences were

considered statistically significant at two sided values of P,0.05.

Results

Baseline characteristics of the study participants according to

their respective treatment allocation (n-3 PUFA, control) were

described elsewhere [21]. We showed that treatment with n-3

PUFA significantly reduced circulating IL-6 concentration,

without affecting the hsCRP [21]. At baseline, forty-three out of

54 patients were vitamin D deficient as defined by serum

25(OH)D concentration ,50 nmol/l. At baseline, mean serum

25(OH)D concentration was similar in both treatment groups

(33.362.7 nmol/l and 39.864.0 nmol/l, in the n-3 PUFA and

control group, respectively; P = 0.19), but much lower than the

recommended range of 75–150 nmol/l [4]. Mean baseline PTH

serum concentrations were in the normal range and not

significantly different between the groups (40.062.9 pg/ml and

38.962.9 pg/ml, in the n-3 PUFA and control group, respective-

ly; P = 0.80) at randomization and there was no association

between serum 25(OH)D and serum PTH concentrations. VDBP

serum concentration in this severely obese cohort was in the

normal range and did not differ between the n-3 PUFA and

control group at baseline (253.4618.9 mg/ml and 264.5615 mg/

ml, respectively, P = 0.77). There was no association between

serum VDBP, 25(OH) and PTH concentration.

Patients with and without vitamin D deficiency were compared

with respect to anthropometric (BMI) and inflammatory param-

eters, as well as fatty acid content of plasma phospholipids

(Table 1). Vitamin D deficient patients were younger and had

higher circulating IL-6 concentrations than their non-deficient

counterparts (both P = 0.04). In addition, baseline serum 25(OH)D

concentration negatively correlated with BMI (Spearman’s

rho = 20.33, P = 0.01) as well as plasma inflammatory markers

IL-6 (Spearman’s rho = 20.31, P = 0.02; Figure 2A) and hsCRP

(Spearman’s rho = 20.29, P = 0.03), in the whole group. The

negative association between serum 25(OH)D and plasma IL-6

concentration remained significant even after adjusting for age

(r = 20.31, P = 0.02). On the contrary, baseline 25(OH)D

positively correlated with relative plasma EPA concentration

(Spearman’s rho = 0.3, P = 0.03; Figure 2B) and total n-3 PUFA

(Spearman’s rho = 0.27, P = 0.048) in the whole study population,

but not with total PUFA, total n-6 PUFA and total MUFA

concentrations (not shown).

Treatment with long chain n-3 PUFA and control did not

impact serum 25(OH)D concentration (34.262.6 nmol/l and

39.263.8 nmol/l in the n-3 PUFA and control group at treatment

end, respectively, P = 0.91; Figure 2C), serum PTH concentration

(41.763.1 pg/ml and 40.863.0 pg/ml in the n-3 PUFA and

control group at treatment end, P = 0.92) or serum VDBP

concentration (244.9614.3 mg/ml and 249614.3 mg/ml in the

n-3 PUFA and control group at the end of treatment, P = 0.95).

We further determined the seasonal impact on 25(OH)D serum

concentration at baseline and at the end of treatment in the whole

study population and in the two groups, separately. Baseline serum

25(OH)D concentration was slightly lower in patients randomized

in winter (from September to March) compared to those

randomized in summer (from May to August), i.e.34.963.0 n-

mol/l vs. 41.464.1 nmol/l, P = 0.24), the difference in concen-

Table 1. Characteristics of vitamin D-deficient and non-
deficient study subjects at baseline.

25(OH)D#50 nmol/l 25(OH)D.50 nmol/l

(n = 43) (n = 11)

Group (n-3 PUFA/control) 22/21 4/7

Sex (f/m) 37/6 9/2

Age (y)1 3762 4564*

BMI (kg/m2) 46.6 (43.1, 50.8) 42.7 (41.1, 50.7)

Interleukin-6 (ng/ml) 4.7 (3.5, 8.3) 3.7 (3.1, 4.3)*

hsCRP (mg/dl) 0.78 (0.40, 1.67) 0.59 (0.27, 0.86)

PTH (pg/ml) 40.762.4 34.562.3

Calcium (mmol/L) 2.460.01 2.360.02

VDBP (mg/ml) 256.2613.0 272.3629.4

EPA (mol%) 0.0460.00 0.0560.00

DHA (mol%) 0.2560.01 0.2460.02

Total n-3 PUFA (mol%) 0.4360.02 0.4460.03

Total n-6 PUFA (mol%) 7.360.1 7.460.2

Total PUFA (mol%) 7.860.1 7.960.2

Total MUFA (mol %) 2.860.1 2.660.1

1Data presented as mean 6 SEM for normally distributed data, otherwise
median (IQR). No statistical significant differences between the analyzed
parameters in vitamin D deficient and non-deficient patients were found,
except for age plasma interleukin-6 concentration, indicated by asterisk.
*(both P = 0.04, calculated by ANOVA and Mann-Whitney-U Test).
BMI, body mass index; hsCRP, high sensitive C-reactive protein; PTH,
parathyroid hormone; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid;
MUFA, sum of all detected monounsaturated fatty acids; VDBP, vitamin D
binding protein.
doi:10.1371/journal.pone.0054634.t001
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Figure 2. Vitamin D, n-3 PUFA and inflammation. A, B. Correlations of serum 25(OH)D concentrations with IL-6 and EPA in severely obese
patients at baseline. Serum 25(OH)D concentrations of obese patients (n = 54), plotted against (A) plasma IL-6 concentration and (B) eicosapentaenoic
acid (EPA) in plasma phospholipids at baseline. Statistical analysis was performed by Spearman’s rank correlation test. C. The effect of long chain n-3
PUFA treatment on serum 25(OH)D concentrations. The difference (D) between serum 25(OH)D concentration at the end of treatment vs. its baseline
value in both n-3 PUFA treated patients (n = 26) and controls (n = 28) was not statistically significant (P = 0.58 in ANOVA). D, E. Correlation of serum
25(OH)D concentrations with IL-6 in severely obese n-3 PUFA and control treated patients at study end. Serum 25(OH)D concentration of (D) n-3
PUFA treated patients (n = 26) and (E) controls (n = 28) plotted against plasma IL-6 concentration at the end of the intervention. Statistical analysis
was performed by Spearman’s rank correlation.
doi:10.1371/journal.pone.0054634.g002
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tration did not reach statistical significance. Similar findings were

noted at the end of the treatment (not shown).

The correlations of serum 25(OH)D with IL-6 (Spearman’s

rho = 20.21, P = 0.30; Figure 2D), total n-3 PUFA (Spearman’s

rho = 0.04, P = 0.82) and EPA (Spearman’s rho = 0.13, P = 0.51)

were lost after n-3 PUFA treatment. In contrast, the negative

correlation between serum 25(OH)D and plasma IL-6 (Spear-

man’s rho = 20.37, P = 0.05) and serum 25(OH)D and hsCRP

(Spearman’s rho = 20.41, P = 0.03) remained significant in the

control group.

Discussion

Vitamin D deficiency along with long chain n-3 PUFA

deficiency is common in both adults and children and particularly

in the obese [5]. This secondary analysis aimed to investigate

whether n-3 PUFA could have deleterious effects on vitamin D

status in obese individuals. Accordingly, most patients from our

study population exhibited vitamin D deficiency. All patients had

normal serum levels of VDBP. Under physiologic conditions,

serum PTH concentrations tend to correlate negatively with serum

25(OH)D concentration in case of severe vitamin D deficiency [6],

but no such correlation was found in our study, a finding which

has been also reported by others [24]. There is no consensus on

the threshold of 25(OH)D values below which PTH levels starts to

increase. Furthermore it seems that the inverse relationship

between serum PTH and 25(OH)D is not causative, but reflects

biochemical abnormalities associated to obesity, as multiple linear

regression analyses from other studies have demonstrated that

BMI itself accounts for the decreased serum vitamin D and

increased PTH concentration [24,25].

Vitamin D and n-3 PUFA are found together in cod liver oil,

known for its unpleasant taste. Since purified re-esterified n-3

PUFA have become available, cod liver oil supplementation has

further lost in appeal. Thus, concerns have arisen that supple-

mentation with n-3 PUFA derived from fish-oil might, as a side

effect, cause a diminished supplementation with vitamin D. There

is scarce evidence from animal models receiving combined therapy

with n-3 PUFA and vitamin D, so it is difficult to speculate on their

combined effect. A large trial investigating the concomitant effect

of n-3 PUFA and vitamin D supplementation on the prevention of

cancer and cardio-vascular disease is set to be finished by 2017

[26]. In addition, Niramitmahapanya et al. found that dietary

PUFA intake negatively correlated with the vitamin D status of

elderly patients, receiving supplemental vitamin D3 and suggested

that n-3 PUFA treatment affects vitamin D absorption [22]. We

could show here that a considerable daily n-3 PUFA dose of 3.36 g

did not impact the overall vitamin D status, irrespective of the

season. VDBP concentration was also unaffected by the treatment.

However, we cannot rule out that a higher n-3 PUFA dose affects

vitamin D status. Inuits who consume high doses of n-3 PUFA and

vitamin D from free-living fish and sea mammals have high

circulating vitamin D concentrations [27]. In a cross-sectional

analysis where serum 25(OH)D concentration and dietary intake

of n-3 PUFA was assessed, the group with the highest vitamin D

concentration had also the higher n-3 PUFA intake (1.5 g/d) [28].

These epidemiological data further argue against a significant

impact of n-3 PUFA on vitamin D status. Moreover, baseline

vitamin D concentrations in the obese middle aged cohort

investigated here positively correlated with plasma phospholipid

EPA and total n-3 PUFA content, strongly arguing against a

negative effect of n-3 PUFA in the regular diet on vitamin D

uptake. The duration of our study can be considered long enough

to detect an interaction between n-3 PUFA and vitamin D as the

half-life of vitamin D is reported at circa 1 month in humans and

serum 25(OH)D is essentially at the plateau concentration by 1

month [29]. It is hence rather unlikely that a longer duration of

treatment would significantly impact vitamin D status. Another

factor which could clearly influence a possible interaction between

n-3 PUFA and vitamin D is the type of patient. In this case,

pathologies affecting vitamin D absorption and metabolism, such

as intestinal, severe liver or kidney disease have to be considered.

However, the existence of these conditions was excluded in our

study.

Inflammation considerably contributes to obesity-associated

complications such as insulin resistance, type 2 diabetes and

cardiovascular disease [11]. In this regard, anti-inflammatory

therapies are currently under investigation as novel preventive and

therapeutic strategies. We have shown that long chain n-3 PUFA

reduce the concentration of inflammatory markers such as IL-6 in

severely obese subjects [21]. IL-6 regulates hsCRP production in

the liver, thus a reduction in hsCRP concentration might also

occur with longer treatment. Vitamin D is negatively associated

with both BMI and inflammatory markers, such as IL-6 and

hsCRP in healthy lean and obese subjects [30,31]. We and others

have shown that n-3 PUFA reduce systemic and adipose tissue

inflammation, induce anti-inflammatory gene expression in

circulating mononuclear cells and improve metabolic control in

severely obese, overweight and elderly subjects [21,32,33]. The

data presented here indicate that the anti-inflammatory action of

n-3 PUFA occurs even in vitamin D deficiency. Particularly

noteworthy is the finding, that n-3 PUFA but not control

treatment abolished the negative association of vitamin D

concentration and inflammatory parameters. Hence it could be

speculated that the anti-inflammatory action of n-3 PUFA may in

part compensate for the detrimental outcome of vitamin D

deficiency. Clearly, causalities of these interrelations need to be

investigated in future studies.

In conclusion, treatment with n-3 PUFA does not compromise

the overall vitamin D status of obese patients, many of whom were

vitamin D deficient, but abrogates the inverse association of

vitamin D deficiency with inflammation. The fact that n-3 PUFA

treatment reduces inflammation indicates that adequate n-3 PUFA

intake could compensate for some detrimental outcomes of

vitamin D deficiency. Cumulative effects of n-3 PUFA and

vitamin D on unfavorable obesity-related complications remain to

be evaluated.
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CHAPTER 3 – GENERAL DISCUSSION 

The principal aim of my thesis was to study effects of a high n-3 PUFA intake for 

approximately 8 weeks on AT inflammation. My secondary aims were to investigate effects of 

n-3 PUFA on lipid and glucose metabolism. I showed that AT mRNA expression of major 

inflammation-related genes is downregulated by n-3 PUFA treatment. The concentration of 

some inflammatory markers decreases in serum after treatment [249]. The concentration of n-

3 PUFA derived RLM also increased after treatment. Circulating triglyceride concentration 

decreased while indices of IR and insulin sensitivity remained unchanged. Furthermore, 

vitamin D status did not depend on n-3 PUFA treatment, however n-3 PUFA mitigated the 

negative association between vitamin D and inflammation markers in serum. Of note, the 

treatment effects on circulating lipids showed pharmacogenomic interaction with the PPARG 

Pro12Ala polymorphism [249, 250].  

Previously our group published many findings on n-3 PUFA effects in murine models 

of obesity [205, 206] showing that by reducing AT inflammation EPA and DHA can improve 

metabolic control. In the studied mice, EPA and DHA supplementation has been compared to  

SFA supplementation: while SFA lead to an upregulation of the inflammatory transcriptome 

(mainly cytokines & macrophage markers) and caused increased macrophages AT infiltration, 

n-3 PUFA counteracted these effects and even adipocyte size decreased [205, 206]. In 

addition, adiponectin expression increases with n-3 PUFA treatment while it decreases in SFA 

treated animals [205, 251]. 

Data on potential effects on n-3 PUFA on human AT inflammation were not available 

when I started working on my thesis.  

The practicability of dietary interventions in obesity has been intensively disputed over 

the years, with many possible nutritional supplements available over the counter, yet with little 

scientific evidence supporting their safe use, as few of them have been validated in randomized 

clinical trials [252]. The vast literature available on various effects of dietary components on 

AT, obesity and inflammation makes it often difficult to “separate chaff from wheat” but shows 

a vast field of research.  

Dietary fats are an indispensable for human nutrition, with many subclasses affecting 

biological processes at times in antagonistic ways [2]. A key issue of obesity pathophysiology 

is chronic low-grade inflammation. Dietary intake of higher amounts n-6 PUFA or SFA promote 

inflammation, dietary interventions that shift the n-6/n-3 ratio by increasing n-3 FA consumption 

seems a tenable option to curb inflammation. In European and North-American diets, the 

standard n-6/n-3 ratio is approximately 16/1 and interventions aiming to improve the ratio result 
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in improvements in lipid concentrations, without effects on insulin sensitivity [253, 254]. In my 

study, the n-6/n-3 ratio decreased from an average of 17/1 to 8/1 after n-3 PUFA treatment. In 

the Lyon Heart Study the ratio achieved after two years of treatment was 4/1, which was 

associated with up to 70% risk reduction for mortality [255]. Patients adherence to treatment 

was good, as seen by plasma phospholipid EPA and DHA content [249]. 

The therapeutic usefulness of long chain n-3 PUFA for obesity driven inflammation 

seems to be tenable. Hence, improving metabolic health by administering n-3 PUFA would 

likely benefit cardiovascular outcomes. Individuals from populations who traditionally consume 

high amounts of fats rich in EPA and DHA have a lower incidence of myocardial infarction 

compared to populations on western diets who consume fats with high on SFA and n-6 PUFA 

proportions [193, 256]. Lorente-Cebrian et al summarized the evidence from several 

interventional studies addressing n-3 PUFA impact on dyslipidemia and weight [2]. The 

triglyceride lowering effects seem consistent across many trials. Data on weight loss and data 

regarding improvements in insulin sensitivity varies [2]. In my study treatment with n-3 PUFA 

seemed weight neutral, however patients had no dietary restrictions whatsoever.  

Obesity affects the entire organism, but the main sites of dysfunction are AT, muscle, 

and liver. My results were mainly “adipocentric” as dysfunction of AT - the largest endocrine 

tissue causes several pathological alterations [257]. These alterations are often intertwined at 

many signaling levels [77]. AT inflammation represented thus the primary outcome measure 

in my trial. Adipocytes are “stressed” and release many circulating mediators into circulations, 

mainly pro-inflammatory, which then attract immune cells, mainly macrophages derived from 

circulating monocytes which migrate into AT [258]. These cells clear the debris of dying 

adipocytes, surrounding the cell in a so-called “crown-like” structure. During this phase more 

inflammatory mediators are released and if homeostasis is not restored, chronic inflammation 

ensues. Inflammation causes IR by affecting insulin signaling and subsequently glucose and 

lipid metabolism [75]. The resolution of inflammation occurs actively, coordinated by 

specialized RLM (n-3 PUFA derived eicosanoids). These are substances synthetized from n-

3 PUFA derived precursors via enzymatic reactions that can help resolve chronic inflammation 

in the smallest concentrations [228]. The experimental work-up was designed according to this 

theoretical frame.  

AT dysfunction originates from long-term hypoxia and chronic inflammation. The 

phenotype of chronic low-grade inflammation is undisputed and cemented by solid scientific 

evidence, but there are predefined criteria for its diagnosis [59]. Thus, I relied on known 

markers for systemic and local inflammation while defining treatment targets. After n-3 PUFA 

treatment CCL2 and CCL3 mRNA expression as well M1 macrophage marker CD40 
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expression decreased in SAT, as did HIF1A and TGFB1 expression. Of note, the strong 

correlation between CD40 and HIF1A expression in VAT highlights the connection between 

hypoxia and inflammation.  

The concept that hypoxia initiates AT inflammation and AT fibrosis in obesity is not 

generally accepted, due to conflicting data. For instance, the group of Ellen Blaak showed 

increased AT partial oxygen pressure in obesity as compensatory mechanism for decreased 

blood flow [1]. Consequently lower oxygen use and lower metabolic rates in AT in obesity are 

noticed  [1]. One could argue that mice and humans have more differences than similarities as 

the main AT pathological changes in obesity (such as hypoxia, inflammation and fibrosis) are 

by far more rapidly more accentuated in mice, whereas in humans these changes occur 

discretely over a longer time frame. In vitro experiments also use acute exposure to 

unphysiological oxygen concentration. Still, fact is that upregulated HIF1A mRNA in humans 

with obesity is associated with many other inflammatory markers, which suggests that the role 

of hypoxia in human obesity is reasonable [1]. While short-term exposure to hypoxia (10 days) 

enhances insulin sensitivity, chronic hypoxia is a clear risk factor for IR in obstructive sleep 

apnea syndrome [259]. Experimental studies by Trayhurn et al. [152] identify hypoxic clusters 

in AT depots in obesity. The changes seen on gene expression level can frequently be 

reproduced in studies where secretion of adipokines into culture medium has been analyzed 

in vitro, suggesting a post-translational effect [152]. In both murine and human obesity, AT 

HIF-1α mRNA and HIF-1α protein levels are increased [260]. Measuring gene expression of 

HIF1A is an accepted surrogate for hypoxia in general [156], as its expression is upregulated 

by hypoxia leading to its activation [261], while its degradation occurs under “normoxic” 

conditions. HIF1A is relevant to many biological processes including angiogenesis, cell-

proliferation and glucose metabolism via hypoxia sensitive genes [152]. HIF1A transcriptionally 

regulates leptin, CCL3 and ADIPOQ expression [152]. Interestingly, in AT from insulin-resistant 

individuals with obesity, HIF1A mRNA is more increased compared to obese insulin-sensitive 

individuals [154], with more pronounced effects in VAT compared to SAT [262]. 

Gene expression of pan-macrophage marker CD68 and M2 marker CD163 was not 

altered by n-3 PUFA treatment. Immunohistochemistry analysis also showed no effects 

regarding macrophage infiltration [249]. The relative short intervention duration (~ 8 weeks) 

could account for this. Gene expression effects are detectable before macrophage distribution 

is affected.  Spencer et al. showed that CLS macrophages expressed M1-marker CD40 in 

patients independently of BMI category, whereas in obesity non-CLS macrophages expressed 

CD206, being more “M2-like” [263]., However, some CLS macrophages co-expressed CD206 

and M1 markers, while non-CLS macrophages co-expressed M1 markers [263]x. This finding, 

parallel to work by many others shows that macrophage phenotype classification in human 
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obesity is no simple task and that there is great biological diversity in the function of one cell 

type [140, 146].  

Some of my findings were significant in SAT but not in VAT and vice-versa. However, 

samples were collected from abdominal SAT, which contributes to hyperinsulinemia and thus 

contributes to IR, especially in patients without diabetes [264]. Hence, SAT is just as 

metabolically relevant in this setting. Furthermore, for severe obesity data on the importance 

of SAT and VAT is rather scarce. Data on differences in the secretory pattern of inflammatory 

mediators in SAT vs VAT has been obtained mostly from patients with overweight and obesity 

class I and II [59]. 

I was the first to show the relevance of the newly proposed mechanism by which n-3 

PUFA can influence inflammatory processes - namely by facilitating inflammation resolution - 

and reproduce findings in mice in human obesity. I showed that specialized RLM: resolvins 

and protectins can be detected in human AT in obesity, after n-3 PUFA treatment [249]. The 

role of these bioactive mediators in obese AT inflammation has been extensively reviewed 

[228]. In mice, Neuhofer et al. showed that in obesity the concentration of various RLM is 

reduced while EPA and DHA treatment restores endogenous biosynthesis of these RLM, 

attenuates AT inflammation and improves insulin sensitivity [68]. In my trial, resolvins and 

protectins were not detectable before n-3 PUFA treatment, confirming murine data. [249]. In 

humans a deficit in protectin D1 in SAT of patients with peripheral artery disease demonstrated 

an exacerbated AT inflammation [95]. Yet, after n-3 PUFA treatment the concentration of RLM 

significantly increased as AT inflammation decreased [249]. In mice, treatment with 17S-HDHA 

treatment reduced expression CCL2, TNF and IL6 in AT, improved glucose tolerance and 

reduced IR [68].  In fat explants of obese AT, treatment with resolvin D1 and D2 ex vivo led to 

upregulation of adiponectin gene expression and downregulation of well-known inflammatory 

cytokines TNF, IL6, IL1B [265]. Moreover, resolvin D1 affects macrophage polarization as the 

M2 phenotype predominates in mice. This mechanism might also explain  its pro-resolving 

effect in inflamed AT [266]. Contrary to the mouse data, I found no differences in OGTT 

parameters after n-3 PUFA treatment [249]. Therefore, I have not analyzed n-3 PUFA effects 

on insulin signaling in AT.  

The triglyceride lowering n-3 PUFA effects have been confirmed by my study as well 

[249]. The pharmacogenomic interaction between n-3 PUFA and a well-known genetic 

polymorphism in the PPARG gene was seen especially in lipid metabolism. PPARG encodes 

proteins that function as nuclear receptors. They are relevant in obesity pathology as well as 

metabolic syndrome and heart disease [267]. A polymorphism in the gene, where proline (Pro) 

substitutes alanine (Ala) at codon 12 was associated with reduced transcriptional activity and 
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DNA binding in vitro and Ala12 carriers seemed more insulin sensitive [233]. Dietary lipids, 

including n-3 PUFA interact with PPAR variants, as shown in randomized life-style intervention 

trials [239, 268]. That was the rationale of my investigation into the pharmacogenomic 

interaction between n-3 PUFA and the Pro12Ala polymorphism. Interestingly I could 

demonstrate that the effects on n-3 PUFA had no particular interaction with the PPARG 

genotype regarding AT gene expression, inflammatory marker and RLM concentration [249]. 

However, total cholesterol concentration increased in Ala 12 carriers (Ala12Ala and Pro12Ala 

were pooled for analysis), as did apolipoprotein B, whereas triglycerides and FFA remain 

unaffected [249]. In a randomized cross-over clinical trial PUFA supplementation seemed to 

benefit carriers of the Pro12Pro genotype, as they had higher triglyceride levels at baseline 

[269]. Hence, in terms of personalized medicine, it will surely be interesting to assess PPARG 

carrier status when recommending specific dietary interventions. 

As with so many patients with obesity, in my trial most patients had vitamin D deficiency 

or insufficiency. Vitamin D status and systemic inflammation (hsCRP and IL-6 concentration) 

showed a negative correlation [250]. Contrary to my findings, in a trial on women with severe 

obesity before bariatric surgery, vitamin D concentration, inflammatory markers and indices of 

IR were not associated [270]. The negative association I found at baseline was missing after 

n-3 PUFA treatment [250]. Thus, I speculated that through their effective anti-inflammatory 

effects, n-3 PUFA help counteract some deleterious metabolic effects of vitamin D insufficiency 

or deficiency.  Others have since hypothesized that n-3 PUFA can alleviate not only 

inflammation but also beneficially influence osteoporosis [271]. In pregnant women with 

gestational DM, treatment with both n-3 PUFA and vitamin D reduced circulating inflammatory 

parameters and improved some pregnancy outcomes [272]. However, a meta-analysis of 

vitamin D trials, showed no effects on IL-6 and CRP [273]. This suggests that the more potent 

anti-inflammatory compounds are n-3 PUFA. 

In my study I excluded confounding factors which could influence the outcome, 

specifically weight loss, which did not occur. 

The strength of my work was the thorough investigation of n-3 PUFA effects on both 

systemic and local inflammatory changes. The outcomes I analyzed were complex: AT gene 

expression, phospholipid membrane fatty acid concentration, RLM content in AT and OGTT-

derived indices of IR.. Furthermore, during my work I also collected muscle and liver biopsies 

from these patients and set up a biobank used for further analysis. 

The sample size of patients included in my study was small, which I recon to be a 

limitation. While two-month is a long enough period to see chronic effects, the effects I saw on 
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AT inflammation could have been more pronounced if the treatment phase would have been 

extended beyond 12 weeks. 

The data that spawned from my thesis has advanced knowledge in this research field, 

the two manuscripts included here have been cited 221 times (www.scholar.google.at, 

accessed on 30.3.2020). My findings are consistent with other trials showing an anti-

inflammatory n-3 PUFA effect [59]. Some of my findings have been replicated by others and 

more evidence has been gathered since the publication of my data. In one noteworthy trial 

treatment with 2 g n-3 PUFA for 3 months  reduced concentration of inflammatory markers, 

improved fasting triglycerides in serum, and it increased the circulating concentration of DHA 

derived resolving lipid mediators in plasma [274]. Transcriptome analysis revealed that n-3 

PUFA had effects on target genes of PPARG (relating to lipid metabolism) and NFkB target 

genes  (relating to inflammation) [274].  

Overall, the current clinical evidence on n-3 PUFA effects in medicine which 

accumulated over decades, is complex, yet evolving and when added up can seem a bit Babel 

Tower-like [188]. After the GISSI-Prevenzione trial [194] was published, many more trials have 

followed, some had negative results while some were positive [188, 275-277]. Negative trials 

included many patients with diabetes. The dose of n-3 PUFA used for treatment was small and 

probably rendered treatment ineffective. In the “VITAL Trial” 1g/d of n-3 PUFA was 

administered and this little dose had no effect on the prespecified cardiovascular endpoints in 

older patients (mean age 67 years) [276]. However, the recently published REDUCE-IT study 

showed that 4 g purified EPA effectively amounts to cardiovascular risk reduction and mortality 

drops in patients with hypertriglyceridemia [277]. 

As a clinician, I recommend using n-3 PUFA supplements when I deem them necessary 

and reasonable. Sometimes the insurer reimburses the patients, sometimes not. In the latter 

cases, I recommend buying a nutritional supplement of highest quality such as highly 

concentrated, IFOS-certified formulations. I am convinced that this investment will yield long 

term benefits for many of my patients.  

CONCLUSION AND FUTURE PERSPECTIVE 

In conclusion, in my thesis I could prove most of hypotheses I set to be valid. 

Inflammatory mRNA expression in AT and circulating inflammatory markers were reduced, and 

the ratio of n-6/n-3 PUFA improved towards a “healthier”, lower figure. AT concentration of 

RLM increased especially in VAT, which might be a proof-of-concept that n-3 PUFA help 

resolve inflammation in AT in humans with obesity. N-3 PUFA also acted on lipid metabolism 
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by lowering serum triglyceride concentration. The treatment had no effect on glucose 

metabolism and did not impact vitamin D status. Patients with DM were excluded from the trial 

and no patient progressed to manifest DM during the trial.  

Networks of multifactorial genotype-phenotype interactions on a population level are 

central to development of obesity. [278]. Persons with obesity have an increased all-cause 

mortality risk, irrespective of other surrogate parameters of metabolic health [279]. The risk to 

develop several metabolic diseases is intrinsic to obesity [280]. Terms such as “metabolic 

healthy” obesity or “obesity paradox” are just contributing to trivialize the severity of obesity as 

a disease, have little prognostic meaning and seem to stem from methodological problems and 

bias in interpreting statistical data [281].  

Individuals affected by obesity are often powerless in the current “obesogenic” 

environment, yet carry the burden of prejudice and stigma [282]. Thus, every effort should be 

put into improving care for affected patients. My view on the future of obesity is similar to Perry 

[283], obesity is a societal crisis which requires a medical treatment and political response.  

A various range of conservative means is available to treat obesity, from motivational 

interviewing, lifestyle modification, low-calorie diets, to anti-obesity drugs. Historically, drugs 

approved by regulating authorities in the past 60 years showed either severe side-effects or 

proved inefficient in real life situations [284]. Novel obesity drugs approved by EMA seem 

promising [285], but in my experience the high costs of these drugs (that are not reimbursed 

by local insurance companies), leads to limited clinical adherence and access to treatment. 

Invasive treatment of obesity through bariatric surgery has shown great results in reducing 

mortality in adults already suffering from obesity-associated comorbidities, yet pertains several 

acute and long-term risks, including peri-operative complications such as bleeding risk or even 

death, and long-term consequences such as malnutrition or hypoglycemia [159, 182, 247, 286-

290].  

An intervention with a pronounced impact on a 50 persons is less effective than minor 

interventions which affect whole patient populations [291]. Only wide-ranging public-health 

initiatives promoting healthier eating and exercise habits can have enduring health benefits. 

[292]. The “Milan Declaration of the European Association for the Study of Obesity” recognizes 

this fact and recommends cooperation between the health-care sector and entrepreneurs, 

parliaments and citizens in order to achieve sustainable solutions to reduce obesity rates [293]. 

For the near future we can expect obesity rates to increase, as long as the environment 

remains unchanged and society as a whole underestimates the severity of obesity [294]. 

Currently no major public health measure has succeed to resolve the obesity problem, unlike 

other preventable causes of death such as smoking [295]. In my opinion, there is room for 
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improvement to at least acknowledge the serious impact obesity can have on individuals and 

whole populations.  

My work focused primarily on improving obesity associated metabolic dysfunction and 

showed promising effects. As the current political reality regarding policy responses to curb 

the increasing rates in obesity is not ideal, any attempt to help improve obesity associated 

complications is in my opinion worth pursuing.  
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CHAPTER 4 – SUBJECTS, MATERIALS AND METHODS 

 

4.1 SUBJECTS  

The study was performed in compliance with the Declaration of Helsinki and Good 

Clinical Practice guidelines and has been approved by the Ethics Committee of the 

Medical University of Vienna (EK-Nr. 488/2006). All participants provided written 

informed consent. The trial was registered at clinicaltrials.gov with the identification no. 

NCT00760760. 

4.1.1. STUDY POPULATION 

Eligible participants were severely obese (BMI ≥ 40 kg/m2) and non-diabetic patients 

[fasting plasma glucose < 126 mg/dl and 2 h plasma glucose after a 75 g oral glucose 

tolerance test, (OGTT) < 200 mg/dl] between 20 and 65 y of age, scheduled to undergo 

elective bariatric surgery at the Department of Surgery of the Medical University of 

Vienna. Patients were excluded in case of acute illness within the last two weeks, 

known diabetes mellitus or use of antidiabetic medication, acquired immunodeficiency 

(HIV infection, AIDS), hepatitis or other significant liver disease, severe or untreated 

cardiovascular, renal, pulmonary disease, untreated or inadequately treated clinically 

significant thyroid disease, anemia, active malignant disease, inborn or acquired 

bleeding disorder including Warfarin treatment, pregnancy or breast feeding, or 

documented intolerability to n-3 PUFA. Fifty five patients were enrolled and completed 

the trial between August 2008 and July 2010 (see Figure 5). For the Vitamin D 

subanalysis one patient was excluded because of a lack of serum 25(OH)D 

measurements at both time-points. 

4.1.2. STUDY DESIGN AND INTERVENTION 

This clinical trial was randomized, open-label, controlled and single center, performed 

in compliance with the Helsinki Declaration of 1975 as revised in 1983 and Good 

Clinical Practice guidelines. The trial was conducted at the Clinical Research Unit of 

the Division of Endocrinology and Metabolism, Department of Medicine III, Medical 

University of Vienna. All recruited patients were randomized to n-3 PUFA or control 

treatment using a minimization software balanced for age and sex and made available 

by the local Department of Medical Statistics and Informatics. Patients were either 
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assigned to treatment with 3.36 g/d long-chain n-3 PUFA or an equivalent amount of 

butterfat, matched for caloric content, which served as control. Long chain n-3 PUFA 

was supplied in 1 g gelatin capsules (Omacor®, Solvay Pharma, Austria) containing 

90% ethyl esters of long chain n-3 PUFA, including 460 mg EPA and 380 mg DHA. 

Solvay Pharma did not take any responsibility in this study. Butter was supplied in 20 

g portions as a control, containing 82% w/w fat. Generally, butter is very popular in 

Austria and widely used in the habitual diets of the resident population, with an average 

person ingesting approximately 10 g/d (26). Therefore butterfat was selected as a 

control fat – in an amount meant to match the caloric content of the n-3 PUFA capsules. 

We did not restrict butter consumption for the n-3 PUFA group, so in fact patients from 

both groups were likely to include butter in their diets throughout the trial. Participants 

were advised to consume 4 capsules or 5 g of butter/d, respectively, in addition to an 

isocaloric diet consisting of 55% carbohydrates, 15% protein and 30% fat throughout 

the trial. Consumption of marine fish was explicitly discouraged for the entire study 

period. None of the patients were on intensive exercise training before or during the 

trial, but each subject was advised to maintain usual physical activity at a constant 

level. 

The intervention lasted for 8 weeks and participants returned to follow-up visits every 

other wk. At baseline and at the end of the intervention we performed anthropometric 

measurements (BMI, hip, and waist circumference, and systolic and diastolic blood 

pressure), blood sampling and a 75 g 2 h OGTT. We measured systemic inflammatory 

markers and metabolic parameters (secondary efficacy parameters), plasma fatty 

acids profiles as well as serum 25(OH)D and parathyroid hormone (PTH) 

concentrations. At the end of the intervention, patients underwent elective bariatric 

surgery. During the operation, visceral and subcutaneous AT biopsies were collected 

in order to assess inflammatory gene expression (primary efficacy measures) as well 

as n-3 PUFA derived lipid mediator production (secondary efficacy parameters). 

Sample size was calculated to 25 per group in order to detect a 50% change in 

expression of inflammatory genes at a P < 0.05 with a power of 80%. We supposed a 

reduction of most primary outcome variables (inflammatory gene expression in AT) by 

50% to be clinically significant. This difference corresponds to a change of +1.0 in dCt 

values. dCt is the logarithmic measure of gene expression analysis by quantitative real-
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time PCR (QPCR) normalized to a control (housekeeping) gene. A dropout rate of 20% 

was expected, thus we aimed to recruit 62 patients. 

4.2 DIETARY LONG CHAIN N-3 PUFA INTAKE AND COMPLIANCE 

Usual dietary intake of EPA and DHA as well as overall intake of saturated fatty acids 

was evaluated at baseline using a food frequency questionnaire asking for the usual 

intake and portion size of the main sources for EPA and DHA. EPA and DHA content 

was taken from the German Federal Food Code (BLS III) and a standardized food 

screener validated in the EPIC-Trial (27, 28). Medication compliance was assessed by 

two methods. First, we counted the number of returned capsules at the follow-up visits. 

Secondly, we determined n-3 PUFA fatty acyl moieties of plasma phospholipids at 

baseline and at the end of treatment. 

4.3 PLASMA PHOSPHOLIPID FATTY ACID PROFILES 

We determined the fatty acid profiles in plasma phospholipids by thin-layer 

chromatography followed by gas chromatography/mass spectrometry. Lipids were 

extracted according to a method previously described by Nikolaidis et al. (29) with 

minor modifications. Major lipids were separated by chromatography on silica gel 60W 

plates (Merck, Darmstadt, Germany) using n-hexane:diethyl ether:acetic acid, 80:30:1 

(v/v/v) with 50 mg BHT/100 ml as a mobile phase and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (Avanti® Polar Lipids, Inc.) as a standard for phospholipid extraction. 

Lipid spots were visualized under ultraviolet light after spraying the plate with a solution 

of 100 mg berberine chloride in 100 ml ethanol. Phospholipids were scraped into glass 

tubes containing methanol:toluene solution (4:1) followed by methanolysis and 

extraction using a one-step procedure as described previously (30). Fatty acid methyl 

esters were analyzed by gas chromatography and electron-impact ionization mass 

spectroscopy using appropriate standards, as described elsewhere (30), (31). Results 

are expressed as mol% of the sum of all detected fatty acids. The anti-inflammatory 

fatty acid index (AIFAI) (32) was calculated as the ratio of the total mol% of (C20:5n-3, 

C22:6n-3, C20:3n-6) divided by mol% of C20:4n-6; the anti-inflammatory AA/EPA 

index was calculated as the ratio (mol%) of C20:4n-6 to C20:5n-3. We calculated the 

sum of all detected monounsaturated fatty acids (MUFA) as ∑(16:1, 18:1, 20:1, 24:1), 

the sum of all PUFA as ∑[18:2(n-6), 18:3(n-3), 18:3(n-6), 20:2(n-6), 20:3(n-6), 20:4(n-
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6), 20:5(n-3), 22:4(n-6), 22:5(n-3), 22:6(n-6)], the sum of all n-3 PUFA as ∑[18:3(n-3), 

20:5(n-3), 22:5(n-3), 22:6(n-3)] and the sum of all n-6 PUFA as ∑[18:2(n-6), 18:3(n-6), 

20:2(n-6), 20:3(n-6), 20:4(n-6), 22:4(n-6)]. 

4.4 PLASMA CONCENTRATION OF CYTOKINES, ADIPOKINES AND METABOLIC 

PARAMETERS 

We used commercial enzyme-linked immunosorbent assays (R&D Systems, Techne 

Corporation, Minneapolis, MN) to measure plasma concentration of IL-6 and serum 

concentration of high sensitive C-reactive protein (hsCRP) and commercial 

radioimmunoassay for measuring serum leptin and adiponectin concentrations 

(Millipore, Billerica, MA, USA) according to the manufacturer’s instruction. Free fatty 

acids were quantitatively determined by an in vitro enzymatic colorimetric method at 

546 nm wavelength (Wako Diagnostics, Richmond, VA, USA). Fasting plasma 

concentrations of triglycerides, cholesterol, HDL-cholesterol, LDL-cholesterol, 

apolipoprotein B, glucose, insulin, C-peptide as well as glycosylated hemoglobin 

(HbA1c), red and white blood cell count were determined by routine laboratory methods. 

Serum 25(OH)D, PTH and VDBP concentrations were measured in serum samples 

obtained from all patients both at baseline and at the end of the treatment. Serum 

25(OH)D concentration was analyzed by chemiluminescent immunoassay (CLIA - 

Liaison®, DiaSorin, Italy) with interassay coefficients of variation of 7–9% and the 

lowest reportable value at 10 nmol/l. Serum PTH concentration was measured by 

electrochemiluminescence immunoassay (Elecsys® PTH (7–84), Roche, Basel, 

Switzerland) with interassay coefficients of variation of 6–8% and the lowest reportable 

value at 1 pg/ml. Serum VDBP concentration was measured by enzyme linked 

immunosorbend assay (R&D Systems, Techne Corporation, Minneapolis, USA) with 

interassay coefficients of variation of 5.1–7.4% and the minimum detectable dose 

ranged from 0.15–3.74 ng/ml. The normal range for serum samples from apparently 

healthy volunteers is 55.9–473 µg/ml, according to the product datasheet. 

Insulin sensitivity and pancreatic beta-cell function were assessed by HOMA-

indices (33) and established OGTT-derived indices (34), including CLIX (35). 

4.5 ANALYSIS OF ADIPOSE TISSUE INFLAMMATION 
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Biopsies of visceral and subcutaneous AT (~3 g each) which we obtained during 

bariatric surgery were immediately divided for further analysis and either immersed in 

RNAlater® (Ambion Inc.; Life Technologies™, Austin, TX, USA) for isolation of total 

RNA; or immediately snap frozen in liquid nitrogen and stored at -80°C for 

immunohistochemistry; or applied to solid phase extraction for subsequent 

determination of lipid mediators. Tissue samples were homogenized in TRIzol reagent 

(Invitrogen), and RNA was isolated according to the manufacturer’s protocol. One 

microgram of total RNA was treated with DNase I and transcribed to cDNA using 

Superscript II and random hexamer primers (all Invitrogen), as described[68]. Gene 

expression was analyzed in duplicates by reverse transcriptase real-time PCR using 

commercial TaqMan® Gene Expression Assays (Applied Biosystems – Life 

Technologies™, Foster City, CA, USA), normalized to Ubiquitin as endogenous 

control. Gene expression was analyzed according to the ddCt method normalized to 

Ubiquitin C and expression levels were calculated as 2-ddCt as described (36). The 

arithmetic mean of expression levels for a given target gene in SAT of the control group 

was arbitrarily set to 100%. 

4.6 LIPID MEDIATOR ANALYSIS OF ADIPOSE TISSUE SAMPLES 

Lipid mediators were extracted using solid phase extraction and analyzed by HPLC-

tandem mass spectrometry (HPLC-MS/MS) as described in detail elsewhere (A. 

Neuhofer et al., manuscript submitted). Briefly, visceral and subcutaneous AT (around 

400 mg) were homogenized in 1 ml methanol after adding deuterated PGE2 (PGE2-

d4; Cayman Chemical, Ann Arbor, MI, USA) as internal standard. Cleared 

supernatants were acidified to pH 3.0, loaded onto Oasis® HLB Extraction Cartridges 

(Waters, Milford, MA, USA) and eluted with ethyl acetate / methanol (1:99, v/v). 

Extracts were analysed by HPLC tandem mass spectrometry using a triple quadrupole 

mass spectrometer (API 5000, AB SCIEX, USA/Canada) equipped with a reversed 

phase column (ACE 3 C18-AR, 150 x 2.1 mm, ACT, UK). MS/MS analysis was 

conducted in electrospray negative ionization mode, and lipid mediators were identified 

by multiple reaction monitoring and using specific transitions. HPLC retention times 

were established and optimized using synthetic standards kindly provided by Serhan 

CN, Boston, MA, USA, or purchased from Cayman Chemical (Ann Arbor, MI, USA). 

Calibration curves were calculated and recovery was checked for each compound. 
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4.7 IMMUNOHISTOCHEMISTRY 

Frozen visceral AT samples from each group were sectioned in 20 µm thin slices and 

stained for macrophages using a monoclonal mouse CD68 antibody (Dako Clone KP1, 

Denmark) followed by biotinylated goat anti-mouse second step (Vector Labs, 

Burligame, CA, USA) and detected with streptavidine Alexa Fluor® 488 (Invitrogen, 

Molecular Probes, Eugene, OR, USA) and nuclei counterstaining with DAPI. 

4.8 DNA EXTRACTION AND GENOTYPING 

Genomic DNA was isolated from whole blood using a commercial kit (Quiagen, 

Quiagen Inc., Valencia, CA, USA). The PPARG Pro12Ala polymorphism (rs1801282) 

was genotyped by using a commercial real-time PCR TaqMan SNP genotyping assay 

(Applied Biosystems, ABI, Life Technologies™, Foster City, CA, USA) on an ABI real-

time PCR system (Applied Biosystems, ABI, Life Technologies™, Foster City, CA, 

USA). 

4.9 STATISTICAL ANALYSIS 

Statistical analysis was performed by including all patients who completed the trial and 

from which appropriate materials were obtained, i.e. n = 49 for AT and = 55 for blood 

parameters and n=54 for the vitamin D study respectively, except otherwise indicated. 

Normally distributed data are presented as mean ± SD, mean ± SEM, otherwise as 

median (IQR) – as indicated. Group differences between ddCt values in visceral and 

subcutaneous AT were analyzed by Student’s t-test. Treatment effectiveness was 

considered achieved if statistical significance was demonstrated at the pre-specified 

nominal alpha-level (0.05) for the majority of primary endpoints. No adjustment for 

multiple endpoints is necessary under this scenario (37). Continuous variables 

determined before and after the treatment were log-transformed if required and 

analyzed by repeated measures analysis of variance (RM-ANOVA), in a full factorial 

design, considering the time by treatment interaction, where time stands for the within 

subject and treatment for the between subject effect respectively. The group x time 

(before and after intervention) interaction was used to test the null hypothesis that the 

changes in the levels of the variables over the period of treatment were parallel for 

both groups. An analysis of covariance (ANCOVA) was conducted in case of significant 

baseline differences between treatment groups. Secondary analysis was performed 
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for those parameters significantly changed in RM-ANOVA by paired t-tests for normally 

distributed data, otherwise Wilcoxon test, to identify treatment-induced differences 

between individual groups. Correlations were explored by the Pearson product-

moment correlation coefficient (r), with the use of a two-tailed test for significance or 

Spearman’s method as relevant. To test the impact of the Pro12Ala PPARG 

polymorphism on the treatment effects we calculated a two-way factorial ANOVA, with 

polymorphism (Pro12 vs. Ala12 allele carriers) and group (control vs. n-3 PUFA group) 

as two independent variables and the ddCt values, resolving lipid mediator 

concentration, and treatment induces differences of the analyzed serum and plasma 

parameters as dependent variables. Baseline differences between the n-3 PUFA and 

the control group as well as the vitamin D deficient and vitamin D non-deficient group 

were calculated by analysis of variance (ANOVA) for normally distributed data, 

otherwise by Mann-Whitney-U test. In order to compare treatment effects on vitamin D 

status, VDBP and PTH levels we used a one-way between-groups analysis of 

covariance (ANCOVA)[296]. The independent variable was the treatment group and 

the dependent variables were the serum 25(OH)D, VDBP and PTH concentrations at 

the end of the treatment, adjusted for the respective baseline values as covariates. 

Correlations in the Vitamin D Study were explored by Spearman's rank method. All 

analyses were performed with PASW Statistics 18 (SPSS Inc., IBM Corporation, New 

York, USA) Differences were considered statistically significant at two sided values of 

P < 0.05. 
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Figure 6: CONSORT flowchart from recruitment of patients to data analysis 
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 Not meeting inclusion criteria (n=54) 

 declined to participate (n=32) 

Analysed – secondary outcomes (n=27)  

 Excluded from analysis: no adipose tissue 

sampling (n=4) 

Analysed – primary outcomes (n=23) 

Lost to follow-up (n=0) 

Discontinued intervention (AEs: hospitalisation 

for pre-existing illness =1) 

Allocated to n-3 PUFA treatment (n=30) 

 Received allocated intervention (n=28) 

 did not receive allocated intervention (newly 

diagnosed diabetes mellitus =1, anemia =1) 

Lost to follow-up (n= 0) 

Discontinued intervention (AE: psychotic 

episode =1) 

Allocated to control treatment (n=32) 

 Received allocated intervention (n=29) 

 did not receive allocated intervention (newly 

diagnosed diabetes mellitus) (n=3) 

Analysed – secondary outcomes (n=28)  

 Excluded from analysis: no adipose tissue 

sampling (n=2) 

Analysed – primary outcomes (n=26) 
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