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SUMMARY OF THE THESIS
The prevalence of obesity has risen dramatically worldwide and has reached epidemic
proportions. Particularly, visceral or abdominal obesity has been shown to correlate strongly
with a number of pathologies, such as type 2 diabetes mellitus, cardiovascular disease and
stroke. Consumption of fish and marine oils containing omega-3 polyunsaturated fatty acids
(n-3 PUFAs) has been shown to be beneficial in some of these conditions. Oil from the
marine zooplankton Calanus finmarchicus (Calanus oil) has recently emerged as a nutritional
supplement for the human market, and the aim of this thesis was to provide data on the
chemistry, safety issues, as well as on the physiological effects of this oil in obese rodents.
Unlike other n-3 PUFA-rich nutritional supplements, Calanus oil is mainly composed of
monoesters of long-chain fatty acids and fatty alcohols, also called wax esters. In addition, it
is rich in the potent anti-oxidant astaxanthin. The fatty acid moiety of the wax esters includes
high amounts of n-3 PUFAs (EPA, 20:5; DHA, 22:6, stearidonic acid=SDA, 18:4), as well as
monounsaturated fatty acids (MUFAs), such as gondoic (20:1 n-9) and cetoleic acid (22:1 n11). Toxicology analysis confirms low levels of heavy metals, organic and non-organic
impurities. Calanus oil supplementation (1.5%, w/w) had no adverse effects during high-fat
feeding in rats or mice. On the contrary, it provided beneficial health effects compared to
animals fed a high-fat diet alone, as demonstrated by (1) reduced body weight gain, (2)
reduced deposition of intra-abdominal fat, (3) reduced adipose tissue inflammation, (4)
reduced hepatic steatosis and (5) improved glucose tolerance. Almost identical effects were
seen after supplementation with Calanus oil-derived wax esters (1%, w/w). Wax ester
supplementation also improved aerobic capacity compared to high-fat diet alone. By
comparison, supplementation with purified EPA+DHA ethyl esters in a concentration
corresponding to the total amount of n-3 PUFAs in the wax ester diet showed primarily antiinflammatory effects, whereas the impact on obesity and glucose tolerance was only modest.
In summary, Calanus oil as a dietary supplement is well tolerated and exerts beneficial effects
against obesity and obesity-related disorders in rodents. Although the biologically active
components are not identified, they seem to be confined to the main lipid fraction (wax esters)
of the oil. Most likely, its beneficial effects are dependent on an interaction between different
MUFAs and PUFAs, as well as on a rather slow digestion and uptake into the circulation at
the distal part of the intestine. Calanus oil seems to be a good alternative to other n-3 PUFA
containing supplements, but has the advantage of being naturally low in environmental
contaminants and effective in very small amounts.
v
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1. INTRODUCTION
1.1 Obesity and obesity-related disease
The prevalence of obesity has increased dramatically world-wide during the past 2-3 decades,
not only in industrialized1, but also in developing countries adopting Western life-style and
food habits 2. There are no indications that the present obesity pandemic is under control or
indications that it will change to the better.
Obesity has a number of consequences for human health, such as insulin resistance, type 2
diabetes, cardiovascular disease, stroke, and early, sudden death 3. Clustering of a number of
cardiovascular risk factors in obese humans is often seen and has resulted in different terms
such as “metabolic syndrome” 4, 5 “multiple risk factor clustering syndrome” 6 or simply
called “cardiometabolic risk”, including the components insulin resistance, hypertension,
hypertriglyceridemia, reduced HDL-cholesterol and increased abdominal obesity. Many of the
risk factors occurring in these conditions can be reduced by weight loss. Excess fat around
intra-abdominal organs, referred to as visceral or (intra-) abdominal obesity, represents a
greater risk factor for mortality and morbidity in humans than general obesity 7, and
abdominally obese individuals are particularly prone to developing diabetes 1. Japan has
addressed the importance of visceral adiposity to the metabolic syndrome by prioritizing
lifestyle interventions to reduce visceral adiposity over drug treatment in their national
guidelines 8.
The increased cardiometabolic risk of excess visceral fat is most probably due to differences
in physiological, biochemical and molecular properties of visceral and subcutaneous adipose
tissue. For example, compared to adipocytes from subcutaneous fat depots, visceral
adipocytes have been shown to have a higher lipolytic response to catecholamines 9, to be less
responsive to insulin 10, 11 and having reduced expression of the anti-diabetic and antiinflammatory hormone adiponectin 12 and its receptors 13.

1.2 Inflammation and insulin resistance
Abdominal obesity is strongly associated with insulin resistance, a condition that, if not
halted, ultimately leads to fully developed type 2 diabetes. The mechanisms of insulin
resistance are multifactorial and still under investigation, but it seems clear that low-grade
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inflammation, especially locally in abdominal adipose tissue, together with a constant nutrient
excess play the key role.
The usual series of events in the case of inflammation are initiation (by infection, trauma etc.)
followed by an immune response (infiltration of neutrophils, macrophages and other
components of the immune system), and ultimately resolution of inflammation (Figure 1).
While previously considered a passive event, it has now become evident that active processes
steer the resolution process. This has led to intensified research in the field of pro-resolving
agents 14. If the triggering event is not removed, such as nutrient excess in adiposity, and proresolving factors are not sufficient to terminate the inflammation, a persistent (low-grade)
inflammation develops (Figure 1). To emphasize the special etiology of inflammation in
obesity, the term “metaflammation” has been coined by Hotamisligil and colleagues 15.

Figure 1. Course of acute vs. chronic inflammation. A trigger causes inflammation with the recruitment of proinflammatory cells and mediators, summarized as “immune response”. Pro-resolving factors antagonize the
immune response actively and, if their action is sufficient, it results in complete resolution (upper pathway). If
not, the immune response is blunted but not removed, and a low-grade inflammation persists (lower pathway).

Obesity leads to enlarged abdominal adipose tissue, in which a local inflammatory response is
initiated, including increased production of pro-inflammatory cytokines (i.e. TNF-α, IL-6 and
IL-1β) and chemokines, such as monocyte chemoattractant protein-1 (MCP-1).
There is an ongoing debate regarding the triggering event for inflammation in adipose tissue,
but the literature points to hypoxia and nutrient excess as the two main factors15-17.
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Reduced tissue pO2 has been measured in adipose tissue of both obese animals 18 and humans
19

and different explanations exist. As adipose tissue expands, it does so primarily by

hypertrophy, i.e. an increase in size of the individual adipocytes. Hypertrophic cells lead to
insufficient oxygen diffusion, due to increased distances between the blood-bearing vessels 20,
which in turn results in local hypoxia. Other possible causal factors of adipose tissue hypoxia
include reduced blood flow, reduction of capillary density and/or increased vasoconstriction
in obese vs. non-obese adipose tissue 17

The release of pro-inflammatory markers and chemokines increases the amount of
macrophages (and other inflammatory cells) in the adipose tissue, mainly by recruitment of
new macrophages by MCP-1. Macrophages that are usually present in the adipose tissue
switch from an anti-inflammatory (M2) state to a pro-inflammatory (M1) state, thereby
potentiating the inflammatory process 21. Dead adipocytes get surrounded by M1-typemacrophages and form so-called "crown-like structures" (CLS), a typical picture in immunehistological sections from obese adipose tissue 22.

Nutrient excess and quality can modulate inflammation and insulin sensitivity directly or
indirectly (Figure 2); Nutrient metabolites, such as lipid intermediates, can provoke proinflammatory pathways, e.g. via toll-like receptors 15, but also directly impair insulin
signaling 16, 23. Inflammation, in turn can increase lipid intermediates by increasing lipolysis,
thereby potentiating the negative influence on insulin signaling.

Recently, obesity and nutrient quality have also been linked to certain gut microbiota
phenotypes 24. Interestingly, obese/high fat-fed animals have a constantly higher intestinal
permeability, while at the same time showing higher serum levels of the bacterial endotoxin
lipopolysaccharide (LPS), possibly related to a change towards increased LPS-containing
microbiota 25, 26.

Hypoxia and nutrient excess are also suspected to be triggers of endoplasmatic reticulum (ER)
stress, also called “unfolded protein response”- UPR. The ER is not only involved in protein
synthesis and folding, but also functions as a lipid and nutrient sensor. ER stress is an
adaptive mechanism, but can ultimately lead to cell death if the underlying trigger is not
removed or is too excessive. Vicious circles can occur where inflammation and insulin
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resistance activate ER stress, which in turn increases inflammation and thus further impairs
insulin signaling 16, 27, 28.
A local inflammatory response has also been shown in the liver, contributing to increased
gluconeogenesis and thereby to worsening of hyperglycemia. In addition, inflammatory
mediators such as cytokines and acute phase proteins produced by the liver are contributing
factors to systemic inflammation. Taken together, whatever the trigger and wherever the
origin, the role of inflammation as a link between obesity and insulin action has become
evident 15, 28, 29.

Figure 2. Relationship between obesity, inflammation and insulin resistance. In adipose tissue, obesity leads to
constant nutrient excess as well as local hypoxia. Both factors can induce inflammation, either directly or via ER
stress. Lipid intermediates such as diacylglycerol (DAG) or ceramides, resulting from increased fatty acid (FA)
levels, can increase inflammation. On the other hand, inflammation can increase lipid intermediates by increased
lipolysis. Inflammation and lipid intermediates can directly interfere with insulin signaling and finally lead to
insulin resistance.
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1.3 Measures against the obesity epidemic
Lifestyle interventions, such as increased exercise and calorie-reduced diets, are undoubtedly
effective in reducing obesity. Unfortunately, the long-term success rate of these interventions
is very poor. Interestingly, change of food patterns, e.g. increased intake of less refined
carbohydrates, are shown to have beneficial effects on cardiometabolic risk factors,
independent of weight loss30. This has contributed to a change of focus from pure quantity to
quality, and to the development of the “neutraceutical” and “functional food”-industry 31, 32.
One of the emerging research fields over the past years is that of marine products with
potential health benefits.

1.4 Nutrition and fatty acid classes
It has long been known that a high intake of saturated as well as trans-fatty acids is harmful,
especially for cardiovascular health, and their replacement by mono- and polyunsaturated
fatty acids (MUFAs and PUFAs, respectively) has been implicated in recommendations from
institutions like the American Heart Association33. However, it has become evident that a
generalization of PUFAs is inadequate due to the different biological mechanism of its
subclasses as discussed in the following.

1.4.1 Polyunsaturated fatty acids (PUFAs)
The two main classes of PUFAs are the omega-3 and omega-6 polyunsaturated fatty acids (n3 PUFAs and n-6 PUFAs, respectively). The ratio of n-6 to n-3 PUFAs in our diet has risen
from close to 1:1 in the times of hunters and food-gatherers to today’s values of 15-20:1

34

.

There is considerable evidence showing that a high content of n-6 PUFAs in the diet, relative
to n-3 PUFAs, is a predisposing factor for obesity 35, and very recently an updated metaanalysis could show that, contrary to prior belief, n-6 PUFAs have no beneficial
cardiovascular effects 36.

Replacing n-6 by n-3 PUFAs or simply increasing the intake of n-3 PUFAs in the diet has
proven to be beneficial, resulting in recommendations of a n-6/n-3 ratio of 4:1 to5:137. Most
research on n-3 PUFAs has been done on eicosapentaenoic acid (EPA; 20:5 n-3) and
docosahexaenoic acid (DHA; 22:6 n-3) which are the “typical marine” n-3 PUFAs. But also
5

the plant-derived alpha-linolenic acid (ALA; 18:3 n-3), which is the common precursor for
EPA and DHA, is a widely investigated n-3 PUFA. n-3 and n-6 PUFAs share the same
enzymes involved in the metabolic pathway for conversion of these fatty acids (see Figure 3).
Therefore, excess of one fatty acid family can interfere with the metabolism of the other,
significantly reducing its conversion and thereby the biologic action of the metabolite(s). n-3
PUFAs have potent anti-inflammatory effects. Accordingly, n-3 PUFA supplementation has
been proven to be beneficial in different pathologies like cardiovascular disease, rheumatoid
arthritis, diabetes mellitus and neurological diseases, many of which are related to
inflammation. One of the suggested underlying mechanisms for the anti-inflammatory effects
is the reduction of the n-6 PUFA arachidonic acid (AA; 20:4 n-6) via substrate competition.
Since AA is correlated with a high pro-inflammatory activity, due to its potential to generate
pro-inflammatory eicosanoids (prostaglandins, leukotrienes, thromboxanes etc; Figure 3) 38, 39,
its reduction implies decreased inflammation.
Other suggested mechanisms behind n-3 PUFA-mediated reduction in inflammatory activity
include inhibition of the pro-inflammatory NFkB signalling pathway, increased production of
pro-resolving mediators (such as resolvins, protectins or maresins) 40 and activation of the
novel G-protein coupled receptor (GPR) 120 41, 42.

Resolvins, protectins and maresins are newly emerged families of mediators derived from
EPA and DHA, which are potent in very low concentrations (pg-ng) 43. GPR 120 is a recently
identified receptor for n-3 PUFAs. It is highly expressed on adipocytes 41, 44 and proinflammatory macrophages 41, but also in the intestine 41, 45, especially in entero-endocrine
cells 45, 46. GPR 120 has been shown to exert anti-diabetic and anti-inflammatory actions 41.
Taken together, different mechanisms of action, both via anti-inflammatory mechanisms (i.e.
reduction of AA-derivates and GPR 120-activation) as well as via the pro-resolving axis can
potentiate beneficial effects of n-3 PUFA on inflammation.
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Figure 3. Simplified metabolic pathway for conversion of n-6 and n-3 polyunsaturated fatty acids (PUFAs),
rendering predominantly pro-inflammatory mediators derived from n-6 PUFAs (left hand side) and pro-resolving
(thereby indirectly anti-inflammatory) mediators derived from n-3 PUFAs (right hand side). Cyclooxigenases
(COX) and lipoxigenases (LOX) catalyze the production of these mediators. Resolvins are named after the initial
letter of their precursor n-3 PUFA: E-series for eicosapentaenoic acid (EPA)-derived, D-series for
docosahexaenoic acid (DHA)-derived resolvins. AA=arachidonic acid, SDA=stearidonic acid

Even though the human body can synthesize EPA and DHA from its precursor ALA, the
conversion is extremely inefficient due to the rate-limiting enzyme ∆6desaturase (Figure 3)47.
Therefore, direct supplementation with EPA and/or DHA is the preferential mode of
increasing incorporation of these beneficial PUFAs in human tissue, but intake in the general
population is often far below recommended levels 48. Stearidonic acid (SDA; 18:4 n-3), the
first metabolite formed directly from ALA by the rate-limiting enzyme ∆6desaturase, is an
alternative for oral n-3 PUFA substitution48. It is rapidly and more efficiently than ALA
converted into longer n-3 PUFAs 49-51and has been shown to successfully increase the socalled “omega-3 index” 52. This index is a surrogate measure for the incorporation of EPA and
DHA in tissues and can be considered as a cardiovascular risk marker, as tissue incorporation
is considered to be the primary step of a variety of cardioprotective mechanisms 53.

1.4.2 Monounsaturated fatty acids (MUFAs)
Since the “Seven Countries study” first pointed out the diet from the Mediterranean region as
beneficial for the reduction of cardiovascular risk 54, a lot of research has been done on
finding the active compound(s). The Mediterranean diet is rich in olive oil, which has a high
7

percentage of the MUFA oleic acid (18:1 n-9). Therefore, researchers have proposed an
important role of MUFA for cardiovascular health. In fact, MUFAs are reported to have
favorable effects on metabolic syndrome and markers of cardiovascular disease risk such as
blood pressure, blood lipids and insulin sensitivity, as well as the potential to ameliorate
obesity risk 55. The focus of MUFA research has mainly been on oleic acid, whereas others,
i.e. gondoic (20:1 n-9) or cetoleic acid (22:1 n-11), have hardly been investigated, despite
their relative abundance in some fish types. However, these two long-chain marine-derived
MUFAs are of great interest, as recent studies by a Japanese group have shown beneficial
effects on obesity and obesity-related disorders in mice 56-58.

1.5 Calanus oil and wax esters
The marine zooplankton Calanus finmarchicus, a member of the copepod-family, is the most
abundant crustacean and one of the dominating food sources for fish in the North Atlantic 59.
The annual biomass production is enormous, and, as only a minor fraction of it is being
utilized by fish and sea mammals 60, vast amounts are available for direct harvesting,
representing a novel raw material for the Norwegian biomarine industry. Calanus
finmarchicus is feeding on phytoplankton and stores energy mainly as oil, which makes up to
50 % of its dry weight 61. As Calanus finmarchicus is situated at a low trophic level of the
marine ecosystem, Calanus oil contains very low, if any, levels of environmental pollutants
often found in organisms from higher trophic levels 62.

Calanus oil is rich in the same n-3 PUFAs as those found in other marine oils - EPA and DHA
– but contains in addition high amounts of SDA as well as other long-chain FA such as the
MUFA gondoic acid (20:1 n-9) and cetoleic acid (22:1 n-11) 63, 64 .
With only a few exceptions, those fatty acids (FAs) are not found, or found in small quantities
in other marine oils. The exact percentages of FA-contents are difficult to predict as they
fluctuate with time point and location of harvesting 61, 65. Table 1 shows the composition of
Calanus oil (average of >3 batches of oil harvested in different years).
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Table 1. Concentrations of the main components of Calanus oil. Saturated fatty acids (SFA), monounsaturated
fatty acids (MUFA), polyunsaturated fatty acids (PUFA), fatty alcohols (FAOH)

While the FAs in fish and marine mammals are mostly bound as triacylglycerol, they are
found primarily in phospholipids in Antarctic krill (Euphasia superba). In Calanus
finmarchicus, on the other hand, the majority of the FAs (about 80%) is esterified to
unsaturated fatty alcohols as so-called wax-esters.

Wax esters in general are FAs esterified to fatty alcohols (FAOHs). In copepods such as
Calanus finmarchicus, wax esters represent a long-term energy storage and regulate buoyancy
66

. In Calanus oil, the FAs have a carbon chain length ranging from 14-22, including both

saturated fatty acids (SFAs), MUFAs and PUFAs. The FAOHs are mostly monounsaturated
with a carbon chain length of 16-22 67, comprising wax esters with a length between 30-44
carbon atoms.

Figure 4. A typical wax ester in Calanus oil with the polyunsaturated omega-3 fatty acid SDA (18:4 n-3) and a
long-chain monounsaturated alcohol (22:1 n-11)
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Apart from its high amount of wax ester-bound unsaturated fatty acids, Calanus oil contains a
number of other components, including phytosterols and anti-oxidants such as astaxanthin.
Phytosterols have been approved by both American and European Food safety authorities as
cholesterol-lowering food additives in margarines 68, 69
The carotenoid astaxanthin is one of the strongest anti-oxidants found in nature 70, providing
protection of stored lipids both in Calanus finmarchicus and other copepods 71. Astaxanthin
has been attributed potential health benefits in a number of diseases, such as cancer, chronic
inflammatory and neurodegenerative conditions as well as cardiovascular- and metabolic
diseases 72.
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2. AIM OF THE STUDY
Despite its high content of potentially health-promoting compounds and its enourmous
biomass in the North Atlantic, Calanus finmarchicus has not been investigated for its possible
health effects until recently; Eilertsen et al.73 showed that Calanus oil supplementation
decreased plaque formation in the aorta of apoE-deficient mice. Beyond that, no healthpromoting effects of Calanus oil have been reported in the literature.
Given the rising prevalence of obesity and obesity-related disorders, the aim of this study was
to investigate the effect of Calanus oil on diet-induced obesity and its metabolic disorders. As
the wax ester-binding of fatty acids is a unique feature that distinguishes Calanus oil from
other marine oils, the study was also designed to examine the role of Calanus oil-derived wax
esters. Furthermore, in the light of a potential use as a health supplement for humans, data on
toxicology and safety of Calanus oil were obtained.
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3. METHODOLOGICAL CONSIDERATIONS
3.1 Animal studies
In this study we used Wistar rats and C57Bl/6 mice. C57Bl/6 mice are the best characterized
inbred mouse strain, and it is widely used in high fat-feeding studies, as these animals are
highly prone to diet-induced obesity (DIO) and diabetes. In line with many other groups (and
commercially available DIO mice) we used the so-called “van Heek-series” diets 74. The lardbased high-fat diet (HFD) contained 45% energy from fat (Test diet 58V8, corresponding to
the original D12451 from Research Diets) and was used for both our diet-induced overweight
controls (HFD) and as the basis for the substituted diets. Even though the diet is called “highfat”, it also has a considerable amount of carbohydrates (36 energy%), especially in the form
of sucrose, thus being closer to the typical obesogenic “Western” diet than other widely used
high-fat diets, such as those in which 60% energy is derived from fat. The specification sheet
of the high-fat base diet is shown in the Appendix.

3.2 The working heart method and cardiac substrate
utilization
Cardiac effects of Calanus oil supplementation were investigated in isolated rat hearts;
Functional parameters and myocardial substrate utilization were assessed in the isolated
perfused working heart model (Figure 5). In this ex vivo model, the heart is removed from its
natural milieu and therefore will not reflect the complete in situ characteristics of the heart 75.
However, the working heart model has become an important tool for characterizing cardiac
phenotype in animal models, allowing assessment of both heart function and metabolism in
the same experiment.
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Figure 5. Experimental set-up of the Working Heart Model. Perfusate: Krebs-Henseleit-Bicarbonate buffer
contained 200 µmol/L albumin-bound palmitate and 11.1 mmol/L glucose. RV=right ventricle, LV=left
ventricle, LA=left atrium

The main substrates used by the heart are fatty acids (FAs) and glucose, and their relative
contribution to the energy (ATP) production is regulated by the substrate availability
according to the “glucose-fatty acid-cycle”, also known as the Randle cycle 76. When plasma
levels of circulating FAs are high, such as in the diabetic or pre-diabetic state, myocardial FA
uptake is increased and FAs become the main source of energy for the heart 77 78.
In our experiments, myocardial substrate metabolism was assessed by adding trace amounts of
radioactively labeled glucose ([U-14C]-glucose) and palmitate ([9,10-3H]-palmitate) to the
perfusion buffer and trapping of their end-products (3H2O or 14CO2).

3.3 Glucose tolerance test
Glucose tolerance was assessed by an intraperitoneal glucose tolerance test (IPGTT).
Oral glucose tolerance tests (OGTTs) are more physiological and, due to increased incretin
secretion following elevated enteral glucose concentrations, differences in glucose tolerance
between groups might be easier revealed via OGTTs than IPGTTs 79, 80. However, the IPGTT
is still a good, widely used, and not at least easily applied method of assessing glucose
tolerance. We also find it less stressful to the animals and chose therefore to carry out IPGTT
in both the rat and mouse studies.
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3.4 Intra-abdominal fat depots
There is a strong association between intra-abdominal fat (also called “visceral fat”) and the
risk for various diseases. Therefore, measurements of abdominal fat depots are cornerstones
of studies on diet-induced obesity. There are several terms for the different fat depots inside
the abdominal cavity of rodents. They are often, though not necessarily correctly, used
interchangeably. Our definition of intra-abdominal fat depots in rodents includes the
following four depots: the omental, mesenteric, perirenal (pWAT) and perigonadal fat. The
latter is called epidydimal fat (eWAT) in males and is the most frequently reported fat depot
in rodent obesity studies. We measured pWAT and eWAT, two depots that are distinct and
easily identified, and can therefore be dissected out and weighed with high precision. While
omental and mesenteric fat depots are drained via the portal vein, leading directly into the
liver, pWAT and eWAT are drained systemically. According to the “portal theory”, increased
non-esterified fatty acids (NEFA), and possibly cytokines from visceral fat cause hepatic
insulin resistance 81. Thus it would have been desirable to also have investigated a depot that
is drained via the portal vein. However, it has been shown that surgical removal of eWAT and
pWAT in rats improves insulin sensitivity 82, 83, indicating an important metabolic role in
rodents. Furthermore, reduction of pWAT and mesenteric fat has been shown to be fairly
similar in young animals under caloric restriction84. Thus we investigated pWAT as a
representative of the intra-abdominal fat while at the same time being aware of metabolic
differences within intra-abdominal fat depots.

3.5 Liver triacylglycerol content
For the assessment of hepatic steatosis, liver triacylglycerol (TAG) content was measured by
the method of Folch et al. 85. For years, increased TAG content in tissues such as liver and
skeletal muscle has been proposed as the cause for insulin resistance. This has been
challenged by a number of investigators, and there is now good evidence that high
concentrations of diacylglycerols (DAG) or ceramides, rather than TAG, are causally
connected to insulin resistance 86. Nevertheless, when taken as an indicator of fat
accumulation, instead of causal evidence, we think that tissue TAG concentration is still a
good marker.
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3.6 Immunohistological investigations
Identification of macrophages in our study has been done by staining with the antibody F4/80.
It is an extracellular antigen (glycosylated proteoglycan) found on murine macrophages 87.
The human equivalent to F4/80 is EMR1.
Macrophages in adipose tissue of obese individuals are known to form so-called crown-like
structures (CLS), surrounding dead adipocyte(s) 22. The presence of CLS was confirmed in
our obese animals.
As mentioned in the introduction, macrophages can be divided into the proinflammatory M1and the anti-inflammatory M2-subpopulation. The F4/80 marker is merely a general
macrophage marker, whereas others such as CD11c (M1) or MGL-1 (M2) can distinguish
between the two populations 21, 88. Ideally we would have used one or several of those more
specific antibodies. On the other hand, the CLS in our immunohistochemistry sections were
very typical, and other groups have identified the macrophages in CLS to be of the M1
population 88. Therefore, we are confident that the choice of the F4/80 antibody was adequate
for our purposes.

3.7 Choice of EPA/DHA preparation
In paper II we compared the Calanus-derived wax ester with ethyl ester-bound EPA and
DHA. In commercially available n-3 PUFA products, the majority of long-chain fatty acids is
bound in three different chemical forms: triacylglycerols (fish and cod liver oil),
phospholipids (Antarctic krill oil) or ethyl esters (EPA + DHA concentrates). Even though a
lower bioavailability of ethyl ester-bound PUFAs compared to other preparations such as
TAG has been discussed in humans 89, findings are not consistent 90, probably because
absorption seems to be dependent on co-administration of fatty meals 91. In addition, the only
prescription form of omega-3 fatty acids for humans is an ethyl ester preparation of EPA +
DHA (LOVAZA/OMACOR). Most importantly for our rodent experiments is the fact that
Gorreta et al. 92 found a similar bioavailability of EPA and DHA, regardless of whether n-3
PUFAs were given as a TAG-, an ethyl ester- or a wax ester- preparation. Thus, we chose
ethyl ester-bound EPA and DHA as a control.
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4. SUMMARY OF RESULTS
Paper I: C57Bl/6 mice fed a high-fat diet (45% energy from fat) supplemented with 1.5%
(w/w) Calanus oil showed significantly reduced body weight gain, abdominal fat and hepatic
steatosis and improved glucose tolerance when compared to mice fed the high-fat diet alone.
In adipose tissue, Calanus oil supplementation significantly reduced adipocyte size and it
increased mRNA expression of adiponectin. It also significantly reduced macrophage
infiltration, accompanied by reduced mRNA expression of pro-inflammatory cytokines
(TNF, IL-6 and MCP-1). The effects of Calanus oil were not only preventive, but also
therapeutic, as the oil proved to be beneficial, regardless of whether supplementation was
started before or after the onset of obesity and glucose intolerance.

Paper II: C57Bl/6 mice received a high-fat diet (HFD; 45% energy from fat) and were
supplemented with either 1% (w/w) wax ester (WE) or 0.2% (w/w) EPA and DHA ethyl ester
(E/D) after obesity and glucose intolerance was established. Compared to mice fed HFD
without supplementation, WE significantly reduced body weight gain, abdominal fat and
hepatic steatosis while improving glucose tolerance and aerobic capacity. In abdominal fat
depots, macrophage infiltration was significantly reduced, mRNA-expression of proinflammatory genes (TNF, IL-6 and MCP-1) downregulated and adiponectin expression upregulated. By comparison, E/D did not significantly affect any of the obesity parameters
(body weight gain, abdominal fat or heatic steatosis) or mRNA-expression of adiponectin. It
did, however, suppress the expression of pro-inflammatory genes and improved glucose
tolerance, although not to the same extent as WE.

Paper III: Analysis of the biochemical composition of Calanus oil revealed a very high
percentage (>80%) of fatty acids bound as wax esters. The wax esters consist of primarily
C20 and C22 unsaturated fatty alcohols and a variety of long-chain fatty acids. The fatty acid
composition showed high amounts of n-3 PUFAs (mainly EPA, DHA and SDA) and MUFAs
(mainly gondoic and cetoleic acid) present in the oil. Toxicologic analysis of Calanus oil
demonstrates that all values for heavy metals, pesticides, organic and non-organic impurities
either fall well below the maximum limits or at levels which do not pose a toxicological
concern. Dietary supplementation of obese rats with up to 1.5% (w/w) Calanus oil seemed
16

safe with no apparent impairment of physical status or physiological parameters, including
blood parameters, organ weights and cardiac function. Cardiac metabolism was not affected
by Calanus oil supplementation.
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5. DISCUSSION
5.1 General discussion
This thesis shows that oil from the marine zooplankton Calanus finmarchicus has a unique
composition of fatty acids as well as low toxicity levels. Oral supplementation with up to
1.5 % (w/w) is well tolerated and does not seem to negatively affect physiological functions
in rodents. On the contrary, in a concentration of 1.5% (w/w) it seems to have beneficial
effects in diet-induced obese animals, as shown by:

1) Reduced body weight gain
2) Reduced intra-abdominal fat tissue mass
3) Reduced inflammation in intra-abdominal fat tissue
4) Reduced hepatic steatosis
5) Improved glucose tolerance

Supplementation with 1% Calanus oil-derived wax esters (i.e. fatty acids bound to long chain
fatty alcohols), showed almost identical results. However, supplementation with purified
EPA/DHA ethyl esters in a concentration similar to the total n-3 PUFA content of the Calanus
oil/wax ester diet, did not show significant effects on parameters listed above, except for the
anti-inflammatory effects. Figure 6 is a simplified figure showing the main findings and
differences between the supplements used in the present study.
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Figure 6. Schematic overview over findings of this thesis. Effects of Calanus oil, wax esters and EPA/DHA
ethyl esters on inflammation, glucose tolerance and obesity (including increased body weight, abdominal fat and
hepatic fat content). This thesis shows that, while EPA/DHA supplementation mainly influences inflammation,
supplementation with both wax esters and crude Calanus oil has beneficial effects on all parameters measured.

As shown in the above illustration, the mutual interface of crude Calanus oil, purified wax
esters and purified EPA/DHA ethyl esters was reduced inflammation, while glucose tolerance
was only slightly affected and there was no influence on obesity parameters under EPA/DHA
ethyl ester supplementation. Therefore, it is evident that some factor, other than n-3 PUFAs, is
contributing to the beneficial effect of Calanus oil, especially to the reduction of body weight,
abdominal fat and hepatic steatosis, summarized as “obesity” in the figure.

The main difference to other commonly used marine oils is the high amount of wax esterbound fatty acids. Also, Calanus oil is rich in astaxanthin and contains considerable amounts
of phytosterols. In animal studies, phytosterols and/or astaxanthin have been shown to have
similar effects as Calanus oil on some of the parameters measured in our study; namely
reduced body weight gain and abdominal fat mass 93-96, reduced hepatic steatosis 95 96,
reduced insulin levels and improved glucose metabolism 97-99. On the one hand, it is important
to note that the substances in those studies were applied in much higher doses than in our
Calanus diet. Most importantly, however, is that we found almost identical results when
supplementing the purified wax ester fraction of Calanus oil. This extract is a pure fatty
acid/fatty-alcohol solution, devoid of any other compounds. Thus, a pivotal contribution of
19

phytosterols or astaxanthin to the beneficial effects of Calanus oil is unlikely. The following
discussion will therefore focus on the potential role of the wax esters and the fatty acids
bound within.

5.2 Body weight, abdominal obesity and hepatic steatosis
Compared to the un-supplemented animals on a high-fat diet, both Calanus oil-fed and wax
ester-fed animals were clearly less obese, as indicated by significantly reduced body weight
gain, abdominal fat and hepatic steatosis. Obesity is the consequence of an imbalance of
anabolic and catabolic processes. Mechanisms of weight/fat reduction include decreased
energy intake, suppressed lipogenesis, combined with increased lipolysis and fatty acid
oxidation, lipid catabolism in the small intestine, reduced fat absorption and/or increased
gastric emptying, all of which previously have been reported for n-3 PUFA supplementation
in animals 100-105. In this thesis however, anti-obese effects in the EPA/DHA ethyl ester group
were not observed. This may be related to i) the fact that we started the treatment after the
establishment of obesity, while most studies showing beneficial effects of n-3 PUFAs use a
preventive rather than a therapeutic approach 101, 106-108, and/or ii) the much lower
concentration of EPA/DHA given in our diet as compared to earlier studies. Body weight
reduction by n-3 PUFAs seems dose-dependent 106and the EPA/DHA concentration in our
studies was about 7-35 times lower than in other studies 101, 106-108.
Another fatty acid group which could possibly be responsible for anti-obesity effects are
MUFAs, which are highly abundant in Calanus oil and its wax esters. Diets rich in plantderived MUFAs show inconsistent data in humans, but overall seem to have an either neutral
or reducing effect on body weight gain 55 and they have also been shown to decrease liver fat
and increase lipolysis 109-111. Interestingly, in a recent study on obese and diabetic mice,
supplementing a MUFA-rich marine oil, leads to similar results as in our study 57, indicating a
role of MUFAs in obesity and obesity-related disorders.

5.3 Inflammation and glucose metabolism
We showed that Calanus oil and its wax esters attenuated a local inflammatory response in
abdominal adipose tissue, including reduced adipocyte size, inflammatory gene expression
and macrophage infiltration in abdominal fat tissue. In addition, adiponectin gene expression
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was increased, glucose and insulin levels were lowered and glucose tolerance improved. As
local pro-inflammatory mediators can create a systemic inflammation that adversely affects
metabolic function 15, improved glucose tolerance in Calanus oil/wax ester-supplemented
obese mice could, at least in part, be explained in terms of the simultaneous reduction of the
inflammatory status.
Pro-inflammatory cytokines can also downregulate the adipocyte-derived hormone
adiponectin 112, known for its insulin-sensitizing properties. Consequently, by a reduction in
inflammation, adiponectin expression can be recovered, which in turn could improve glucose
tolerance. Interestingly, though, despite the adipocyte-reducing and anti-inflammatory effect
of the EPA/DHA diet, adiponectin expression was not altered and glucose tolerance was less
improved in EPA/DHA-fed animals compared to the wax ester-fed animals. In contrast to our
findings, adiponectin has been shown to be upregulated by n-3 PUFAs 113-115. The reason for
this discrepancy could be due to the extremely low concentration of EPA/DHA in our diet as
compared to that of previous studies 113-115, or it may be related to the the lack of obesityreduction, as weight loss results in an upregulation of adiponectin 112.

Also, MUFAs or MUFA-rich diets have been shown to upregulate adiponectin and improve
glucose metabolism 116, 117 56, 118. Yang et al. has done feeding studies with MUFA-rich fishoils from saury (Colocabis saira) 57 and pollock (Theragra chalcogramma) 119, showing
results similar to ours, such as reduction of abdominal fat 57, reduced hepatic steatosis 119 as
well as improvement in glucose homeostasis57 and increased adiponectin57, 119. These oils are
rich in gondoic and cetoleic acid, but their content of EPA and DHA is also relatively high. A
beneficial additive effect or synergism of MUFAs and PUFAs in those oils is highly
plausible, and this could also be suspected for Calanus oil and its wax esters.
Unfortunately, Yang et al.57, 119 did not show the fat classes of the oils used. However, Ota et
al. 120 showed that, despite feeding mainly on copepod species, the dominating fat classes of
Pacific saury are TAG, NEFA and phospholipids, while the wax ester content is minimal. In
Calanus oil, on the other hand, wax ester-bound FA comprise over 80% of the oil.
It should again be noted that the oils in the studies of Yang et al.57, 119 were applied at a much
higher dose than the Calanus oil in the present feeding studies. So the question remains how
we could obtain similar effects with a much lower concentration.
Recently, products from Antarctic krill (Euphasia superba), containing high amounts of EPA
and DHA, but also anti-oxidants like astaxanthin, have emerged as a possibly healthpromoting food supplement. The majority of fatty acids in krill is bound in phospholipids,
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which has been suggested to be the reason for the apparently superior effect of krill compared
to fish-oil products 121, 122. Interestingly, in recent studies, krill oil supplementation in obese
rodents showed not only similar results to ours (reduction of glycemia 123, 124, inflammation
123, 125

and hepatic lipids123-125), but they were also achieved with relatively low doses.

Concentrations of EPA and DHA were only about 2-3 times higher than in our diets, hence
well below concentrations used in other fish-oil studies.
Taken together, even though a synergistic effect of MUFAs and PUFAs is highly possible in
the case of Calanus oil/wax ester-mediated health effects, the type of fatty acid binding within
the oil could also be of importance.

5.4. Wax esters
Although part of the human diet for centuries 126, little has been investigated in terms of
beneficial health effects of wax esters; A cholesterol-lowering effect is suggested for plantderived wax esters 126, whereas marine wax esters have gained a rather negative reputation
due to outbreaks of so-called “keriorrhea” –an oily discharge from the rectum following
ingestion of wax ester-rich fish 127, 128. This phenomenon lead to the assumption that
mammals cannot digest wax ester. However, there is good evidence that mammals can digest
wax esters, at least to a certain degree 92, 129-131. At the same time, there are indications of a
delayed digestion of wax esters with hydrolysis continuing beyond the small intestine 132.
This is very interesting in the light of findings by Morishita et al. 133, showing that after a
glucose challenge, secretion of glucagon-like peptide-1 (GLP-1), an insulinotropic incretin,
was increased by delivery of DHA and EPA locally in the colon, but not in the stomach or
proximal jejunum. The increased GLP-1 secretion resulted in a significant plasma glucose
reduction 133. GLP-1 is produced by L-cells in the distal intestine (ileum and colon). Of note,
L-cells have been reported to be co-located with GPR120, a receptor for n-3 PUFA, which has
been shown to mediate potent anti-inflammatory and insulin-sensitizing actions, and whose
dysfunction might be an underlying factor for diet-induced obesity 41, 42. It is therefore
tempting to speculate that a delayed release of wax ester-bound n-3 PUFAs could have
activated intestinal GPR120 and thereby contributed to the beneficial metabolic effects of wax
esters observed in the present study.
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Also, hydrolysis of wax esters yields fatty acids and fatty alcohols in equal parts. Long-chain
alcohols per se have been shown to increase physical performance 134, 135 and exert antiinflammatory effects 136. We have access to preliminary data from studies with Calanus oil
showing that fatty alcohols are discharged with the feces (Pedersen et al., Norwegian College
of Fishery Science, UiT The Arctic University of Norway, unpublished results). However, as
we do not have quantitative data on the percentage of fatty alcohol excretion, the role of fatty
alcohols per se, regarding the beneficial effects of Calanus oil, is uncertain and requires
further investigation.

5.5. The search for “the magic bullet”
In this discussion we have been focusing on the potential role of mono- and polyunsaturated
fatty acids on beneficial health effects of Calanus oil. The question is whether it is reasonable
trying to single out one individual active component in a natural product or diet, “dissecting”
it into singular potentially beneficial components. One has to keep in mind that the result of a
treatment is often the effect of several different components acting together. The single
components could even have opposite effects, but it is the sum of all that accounts for the
final effect.

There are many examples that beneficial health effects of specific diets or natural products
cannot solely be attributed to one single component. For example: Despite a complex microand macronutrient composition of the famous “Mediterranean diet”, authors tend to pinpoint
MUFAs as the beneficial factor in the Mediterranean diet. This results from the widespread
use of MUFA-rich olive oil. However, beneficial effects of olive oil cannot be reduced to the
high MUFA content alone, but may be dependent on other components such as
polyphenols137. Likewise, studies with marine oils generally ascribe their beneficial effects to
EPA and DHA, although the composition of marine oils is often very complex. Also, fish in
its natural form can have beneficial effects over fish-oil products 138.

Thus, in all natural products, it is more likely that several components act in an additive or
synergistic way rather than one being “the magic bullet”. As Hansen et al. already suggested
almost 20 years ago, the beneficial effects of the Inuit diet it is probably a combination of
both n-3 PUFAs and MUFAs, but also antioxidants
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139

. The same is likely to be true for

Calanus oil. Even if it was evident from our experiments that the active compounds of
Calanus oil are confined to the wax ester fraction, non-fatty acid components such as the antioxidant astaxanthin are probably contributing, for example by limiting oxidation of fatty acids
and thus increasing its stability and shelf life. Also, apart from a possible favourable action
related to activation of PUFA-recognizing receptors in the distal part of the intestine, the
binding of fatty acids to fatty alcohols in the form of wax esters is probably an additional
protective factor; Due to their solid or semi-solid form, wax esters present a more stable (less
prone to oxidation) and thus more palatable form of n-3 PUFA supply 92.
Although it is of commercial interest (functional food industry) to identify the active
component(s) of Calanus oil, research to reveal the underlying physiological mechanisms by
which it exerts its beneficial effects should be given priority.
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6. SUMMARY AND FUTURE IMPLICATIONS
6.1 Summary
Calanus oil as a dietary supplement is well tolerated and exerts beneficial effects against
obesity and obesity-related disorders in rodents. Although the biologically active components
are not identified, they seem to be confined to the main lipid fraction (wax esters) of the oil.
Most likely, its beneficial effects are dependent on an interaction between different MUFAs
and PUFAs, as well as on a rather slow digestion and uptake into the circulation at the distal
part of the intestine. Calanus oil seems to be a good alternative to other n-3 PUFA containing
supplements, but has the advantage of being naturally low in environmental contaminants and
effective in very small amounts.

6.2 Future implications
Even though Calanus oil has shown beneficial health effects in obese rodents, our findings do
not provide specific insight into the mechanistic action of the oil. The beneficial effects,
however, seem to be related to the reduction of intra-abdominal adipose tissue, as well as
reduced adipose tissue inflammation. Future experiments measuring whole body energy
expenditure and motor activity are planned in our laboratory in order to explain the fat
reducing effect of Calanus oil. Finally, it remains to be shown whether the effects of Calanus
oil, as demonstrated in rodents, can be extrapolated to humans.

25

REFERENCES
1.
Wang Y, Rimm EB, Stampfer MJ, Willett WC, Hu FB. Comparison of abdominal
adiposity and overall obesity in predicting risk of type 2 diabetes among men. The American
journal of clinical nutrition. 2005 Mar;81(3):555-63.
2.
Hossain P, Kawar B, El NM. Obesity and diabetes in the developing world--a growing
challenge. NEnglJMed. [356/3/213 pii ;10.1056/NEJMp068177 doi]. 2007;356(3):213-5.
3.
Cornier MA, Despres JP, Davis N, Grossniklaus DA, Klein S, Lamarche B, et al.
Assessing adiposity: a scientific statement from the american heart association. Circulation.
[CIR.0b013e318233bc6a pii ;10.1161/CIR.0b013e318233bc6a doi]. 2011;124(18):19962019.
4.
The IDF consensus worldwide definition
of the metabolic syndrome [database on the Internet]2006 [cited Dec 11, 2013]. Available
from: http://www.idf.org/webdata/docs/IDF_Meta_def_final.pdf.
5.
Grundy SM, Brewer HB, Jr., Cleeman JI, Smith SC, Jr., Lenfant C. Definition of
metabolic syndrome: Report of the National Heart, Lung, and Blood Institute/American Heart
Association conference on scientific issues related to definition. Circulation.
[10.1161/01.CIR.0000111245.75752.C6 doi ;109/3/433 pii]. 2004;109(3):433-8.
6.
Pasternak R. Adult Treatment Panel II versus Adult Treatment Panel III: what has
changed and why? The American journal of cardiology. 2002 Mar 7;89(5A):3C-7C.
7.
Kuk JL, Katzmarzyk PT, Nichaman MZ, Church TS, Blair SN, Ross R. Visceral fat is
an independent predictor of all-cause mortality in men. Obesity(SilverSpring). [14/2/336 pii
;10.1038/oby.2006.43 doi]. 2006;14(2):336-41.
8.
Matsuzawa Y, Funahashi T, Nakamura T. The concept of metabolic syndrome:
contribution of visceral fat accumulation and its molecular mechanism. JAtherosclerThromb.
[JST.JSTAGE/jat/7922 pii]. 2011;18(8):629-39.
9.
Van HV, Lonnqvist F, Thorne A, Wennlund A, Large V, Reynisdottir S, et al.
Noradrenaline-induced lipolysis in isolated mesenteric, omental and subcutaneous adipocytes
from obese subjects. IntJObesRelat Metab Disord. 1997;21(11):972-9.
10.
Zierath JR, Livingston JN, Thorne A, Bolinder J, Reynisdottir S, Lonnqvist F, et al.
Regional difference in insulin inhibition of non-esterified fatty acid release from human
adipocytes: relation to insulin receptor phosphorylation and intracellular signalling through
the insulin receptor substrate-1 pathway. Diabetologia. [10.1007/s001250051075 doi].
1998;41(11):1343-54.
11.
Meek SE, Nair KS, Jensen MD. Insulin regulation of regional free fatty acid
metabolism. Diabetes. 1999;48(1):10-4.
12.
Lihn AS, Bruun JM, He G, Pedersen SB, Jensen PF, Richelsen B. Lower expression of
adiponectin mRNA in visceral adipose tissue in lean and obese subjects. MolCell Endocrinol.
[10.1016/j.mce.2004.03.002 doi ;S030372070400098X pii]. 2004;219(1-2):9-15.
13.
Rasmussen MS, Lihn AS, Pedersen SB, Bruun JM, Rasmussen M, Richelsen B.
Adiponectin receptors in human adipose tissue: effects of obesity, weight loss, and fat depots.
Obesity(SilverSpring). [14/1/28 pii ;10.1038/oby.2006.5 doi]. 2006;14(1):28-35.
14.
Serhan CN. Controlling the resolution of acute inflammation: a new genus of dual
anti-inflammatory and proresolving mediators. JPeriodontol. [10.1902/jop.2008.080231 doi].
2008;79(8 Suppl):1520-6.
15.
Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity.
AnnuRevImmunol. [10.1146/annurev-immunol-031210-101322 doi]. 2011;29:415-45.
16.
Schenk S, Saberi M, Olefsky JM. Insulin sensitivity: modulation by nutrients and
inflammation. JClinInvest. [10.1172/JCI34260 doi]. 2008;118(9):2992-3002.
26

17.
Ye J. Emerging role of adipose tissue hypoxia in obesity and insulin resistance.
IntJObes(Lond). [ijo2008229 pii ;10.1038/ijo.2008.229 doi]. 2009;33(1):54-66.
18.
Ye J, Gao Z, Yin J, He Q. Hypoxia is a potential risk factor for chronic inflammation
and adiponectin reduction in adipose tissue of ob/ob and dietary obese mice. AmJPhysiol
EndocrinolMetab. [00435.2007 pii ;10.1152/ajpendo.00435.2007 doi]. 2007;293(4):E1118E28.
19.
Pasarica M, Sereda OR, Redman LM, Albarado DC, Hymel DT, Roan LE, et al.
Reduced adipose tissue oxygenation in human obesity: evidence for rarefaction, macrophage
chemotaxis, and inflammation without an angiogenic response. Diabetes. [db08-1098 pii
;10.2337/db08-1098 doi]. 2009;58(3):718-25.
20.
Torres Filho IP, Leunig M, Yuan F, Intaglietta M, Jain RK. Noninvasive measurement
of microvascular and interstitial oxygen profiles in a human tumor in SCID mice.
ProcNatlAcadSciUSA. 1994;91(6):2081-5.
21.
Chawla A, Nguyen KD, Goh YP. Macrophage-mediated inflammation in metabolic
disease. NatRevImmunol. [nri3071 pii ;10.1038/nri3071 doi]. 2011;11(11):738-49.
22.
Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E, et al. Adipocyte death
defines macrophage localization and function in adipose tissue of obese mice and humans.
JLipid Res. [M500294-JLR200 pii ;10.1194/jlr.M500294-JLR200 doi]. 2005;46(11):2347-55.
23.
Stratford S, DeWald DB, Summers SA. Ceramide dissociates 3'-phosphoinositide
production from pleckstrin homology domain translocation. BiochemJ. 2001;354(Pt 2):35968.
24.
Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host
metabolism. Nature. [nature11552 pii ;10.1038/nature11552 doi]. 2012;489(7415):242-9.
25.
Brun P, Castagliuolo I, Di LV, Buda A, Pinzani M, Palu G, et al. Increased intestinal
permeability in obese mice: new evidence in the pathogenesis of nonalcoholic steatohepatitis.
AmJPhysiol GastrointestLiver Physiol. [00024.2006 pii ;10.1152/ajpgi.00024.2006 doi].
2007;292(2):G518-G25.
26.
Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes. [db06-1491 pii ;10.2337/db061491 doi]. 2007;56(7):1761-72.
27.
Rath E, Haller D. Inflammation and cellular stress: a mechanistic link between
immune-mediated and metabolically driven pathologies. EurJNutr. [10.1007/s00394-0110197-0 doi]. 2011;50(4):219-33.
28.
Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis
factor-alpha: direct role in obesity-linked insulin resistance. Science. 1993;259(5091):87-91.
29.
van Erk MJ, Wopereis S, Rubingh C, van VT, Verheij E, Cnubben NH, et al. Insight
in modulation of inflammation in response to diclofenac intervention: a human intervention
study. BMCMedGenomics. [1755-8794-3-5 pii ;10.1186/1755-8794-3-5 doi]. 2010;3:5.
30.
Pereira MA, Kottke TE, Jordan C, O'Connor PJ, Pronk NP, Carreon R. Preventing and
managing cardiometabolic risk: the logic for intervention. IntJEnvironResPublic Health.
[10.3390/ijerph6102568 doi]. 2009;6(10):2568-84.
31.
Siro I, Kapolna E, Kapolna B, Lugasi A. Functional food. Product development,
marketing and consumer acceptance--a review. Appetite. [S0195-6663(08)00492-3 pii
;10.1016/j.appet.2008.05.060 doi]. 2008;51(3):456-67.
32.
Kalra EK. Nutraceutical--definition and introduction. AAPSPharmSci.
[10.1208/ps050325 doi]. 2003;5(3):E25.
33.
AHA. Fats and Oils: American Heart Association Recommendation. [Website] 2010
[updated Sep 30, 2010; cited 2013 Dec 11, 2013]; Available from:
http://www.heart.org/HEARTORG/GettingHealthy/FatsAndOils/Fats101/Fats-and-OilsAHA-Recommendation_UCM_316375_Article.jsp#.
27

34.
Simopoulos AP. The importance of the ratio of omega-6/omega-3 essential fatty acids.
BiomedPharmacother. 2002;56(8):365-79.
35.
Muhlhausler BS, Ailhaud GP. Omega-6 polyunsaturated fatty acids and the early
origins of obesity. Current opinion in endocrinology, diabetes, and obesity. 2013
Feb;20(1):56-61.
36.
Ramsden CE, Zamora D, Leelarthaepin B, Majchrzak-Hong SF, Faurot KR,
Suchindran CM, et al. Use of dietary linoleic acid for secondary prevention of coronary heart
disease and death: evaluation of recovered data from the Sydney Diet Heart Study and
updated meta-analysis. BMJ. 2013;346:e8707.
37.
Russo GL. Dietary n-6 and n-3 polyunsaturated fatty acids: from biochemistry to
clinical implications in cardiovascular prevention. BiochemPharmacol. [S00062952(08)00777-6 pii ;10.1016/j.bcp.2008.10.020 doi]. 2009;77(6):937-46.
38.
Serhan CN, Petasis NA. Resolvins and protectins in inflammation resolution.
ChemRev. [10.1021/cr100396c doi]. 2011;111(10):5922-43.
39.
Choque B, Catheline D, Rioux V, Legrand P. Linoleic acid: Between doubts and
certainties. Biochimie. [S0300-9084(13)00234-4 pii ;10.1016/j.biochi.2013.07.012 doi]. 2013.
40.
Gonzalez-Periz A, Horrillo R, Ferre N, Gronert K, Dong B, Moran-Salvador E, et al.
Obesity-induced insulin resistance and hepatic steatosis are alleviated by omega-3 fatty acids:
a role for resolvins and protectins. FASEB J. [fj.08-125674 pii ;10.1096/fj.08-125674 doi].
2009;23(6):1946-57.
41.
Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is an
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing
effects. Cell. [S0092-8674(10)00888-3 pii ;10.1016/j.cell.2010.07.041 doi]. 2010;142(5):68798.
42.
Ichimura A, Hirasawa A, Poulain-Godefroy O, Bonnefond A, Hara T, Yengo L, et al.
Dysfunction of lipid sensor GPR120 leads to obesity in both mouse and human. Nature.
[nature10798 pii ;10.1038/nature10798 doi]. 2012;483(7389):350-4.
43.
Serhan CN, Chiang N. Resolution phase lipid mediators of inflammation: agonists of
resolution. CurrOpinPharmacol. [S1471-4892(13)00072-6 pii ;10.1016/j.coph.2013.05.012
doi]. 2013;13(4):632-40.
44.
Gotoh C, Hong YH, Iga T, Hishikawa D, Suzuki Y, Song SH, et al. The regulation of
adipogenesis through GPR120. BiochemBiophysResCommun. [S0006-291X(07)00067-8 pii
;10.1016/j.bbrc.2007.01.028 doi]. 2007;354(2):591-7.
45.
Hirasawa A, Tsumaya K, Awaji T, Katsuma S, Adachi T, Yamada M, et al. Free fatty
acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120. NatMed.
[nm1168 pii ;10.1038/nm1168 doi]. 2005;11(1):90-4.
46.
Parker HE, Habib AM, Rogers GJ, Gribble FM, Reimann F. Nutrient-dependent
secretion of glucose-dependent insulinotropic polypeptide from primary murine K cells.
Diabetologia. [10.1007/s00125-008-1202-x doi]. 2009;52(2):289-98.
47.
Plourde M, Cunnane SC. Extremely limited synthesis of long chain polyunsaturates in
adults: implications for their dietary essentiality and use as supplements. ApplPhysiol
NutrMetab. [h07-034 pii ;10.1139/H07-034 doi]. 2007;32(4):619-34.
48.
Whelan J, Gouffon J, Zhao Y. Effects of dietary stearidonic acid on biomarkers of
lipid metabolism. JNutr. [jn.111.149138 pii ;10.3945/jn.111.149138 doi]. 2012;142(3):630S4S.
49.
Voss AC, Sprecher H. Metabolism of 6,9,12-octadecatrienoic acid and 6,9,12,15octadecatetraenoic acid by rat hepatocytes. BiochimBiophysActa. 1988;958(2):153-62.
50.
Yamazaki K, Fujikawa M, Hamazaki T, Yano S, Shono T. Comparison of the
conversion rates of alpha-linolenic acid (18:3(n - 3)) and stearidonic acid (18:4(n - 3)) to

28

longer polyunsaturated fatty acids in rats. BiochimBiophysActa. [0005-2760(92)90166-S pii].
1992;1123(1):18-26.
51.
James MJ, Ursin VM, Cleland LG. Metabolism of stearidonic acid in human subjects:
comparison with the metabolism of other n-3 fatty acids. AmJClinNutr. 2003;77(5):1140-5.
52.
Harris WS, Lemke SL, Hansen SN, Goldstein DA, DiRienzo MA, Su H, et al.
Stearidonic acid-enriched soybean oil increased the omega-3 index, an emerging
cardiovascular risk marker. Lipids. [10.1007/s11745-008-3215-0 doi]. 2008;43(9):805-11.
53.
Harris WS. Omega-3 fatty acids and cardiovascular disease: a case for omega-3 index
as a new risk factor. PharmacolRes. [S1043-6618(07)00036-9 pii ;10.1016/j.phrs.2007.01.013
doi]. 2007;55(3):217-23.
54.
Keys A, Aravanis C, Blackburn HW, Van Buchem FS, Buzina R, Djordjevic BD, et
al. Epidemiological studies related to coronary heart disease: characteristics of men aged 4059 in seven countries. Acta MedScandSuppl. 1966;460:1-392.
55.
Gillingham LG, Harris-Janz S, Jones PJ. Dietary monounsaturated fatty acids are
protective against metabolic syndrome and cardiovascular disease risk factors. Lipids.
[10.1007/s11745-010-3524-y doi]. 2011;46(3):209-28.
56.
Yang ZH, Miyahara H, Mori T, Doisaki N, Hatanaka A. Beneficial effects of dietary
fish-oil-derived monounsaturated fatty acids on metabolic syndrome risk factors and insulin
resistance in mice. JAgricFood Chem. [10.1021/jf201496h doi]. 2011;59(13):7482-9.
57.
Yang ZH, Miyahara H, Takemura S, Hatanaka A. Dietary saury oil reduces
hyperglycemia and hyperlipidemia in diabetic KKAy mice and in diet-induced obese
C57BL/6J mice by altering gene expression. Lipids. [10.1007/s11745-011-3553-1 doi].
2011;46(5):425-34.
58.
Yang ZH, Miyahara H, Iwasaki Y, Takeo J, Katayama M. Dietary supplementation
with long-chain monounsaturated fatty acids attenuates obesity-related metabolic dysfunction
and increases expression of PPAR gamma in adipose tissue in type 2 diabetic KK-Ay mice.
NutrMetab (Lond). [1743-7075-10-16 pii ;10.1186/1743-7075-10-16 doi]. 2013;10(1):16.
59.
Melle W, Ellertsen B, Skjoldal HR. Zooplankton: The link to higher trophic levels. In:
Skjoldal HR, editor. The Norwegian Sea Ecosystem. Trondheim: Tapir Academic Press;
2004. p. 148-9.
60.
Lalli CM, Parsons T. Biological Oceanography: An introduction. Oxford: Elsevier
Butterworth -Heinemann; 1997.
61.
Bergvik M. Lipid and astaxanthin contents and biochemical post-harvest stability in
Calanus finmarchicus 2012.
62.
Borga K, Gabrielsen GW, Skaare JU. Biomagnification of organochlorines along a
Barents Sea food chain. EnvironPollut. [S0269-7491(00)00171-8 pii]. 2001;113(2):187-98.
63.
Pedersen AM. Olje fra raudate (Calanus finmarchicus).Oksidativ stabilitet, fettklasser
og karotenoidinnhold 2007.
64.
Bergvik M, Leiknes O, Altin D, Dahl KR, Olsen Y. Dynamics of the lipid content and
biomass of Calanus finmarchicus (copepodite V) in a Norwegian Fjord. Lipids.
[10.1007/s11745-012-3700-3 doi]. 2012;47(9):881-95.
65.
Pedersen AM, Vang B, Olsen RL. Oil from Calanus finmarchicus . Composition and
Possible Use: A Review. Journal of Aquatic Food Product Technology. 2013.
66.
Lee RF, Hagen W, Kattner G. Lipid storage in marine zooplankton. Marine Ecology
Progress Series. 2006;307:273-306.
67.
Andersen T. Isolation and characterization of wax esters from Calanus finmarchicus
2010.
68.
Food Labeling; Health Claim; Phytosterols and Risk of Coronary Heart Disease;
Proposed Rule [database on the Internet]2010 [cited Dec 11, 2013]. Available from:
http://www.gpo.gov/fdsys/pkg/FR-2010-12-08/pdf/2010-30386.pdf.
29

69.
EFSA Panel on Dietetic Products NaAN. Scientific Opinion on the substantiation of a
health claim related to 3 g/day plant sterols/stanols and lowering blood LDL - cholesterol and
reduced risk
of (coronary) heart disease pursuant to Article 19 of Regulation (EC) No 1924/2006. EFSA
Journal. 2012;10(5).
70.
Naguib YM. Antioxidant activities of astaxanthin and related carotenoids. JAgricFood
Chem. [jf991106k pii]. 2000;48(4):1150-4.
71.
Sommer F, Agurto C, Henriksen P, Kiorboe T. Astaxanthin in the calanoid copepod
Calanus helgolandicus: dynamics of esterification and vertical distribution in the German
Bight, North Sea. Marine Ecology Progress Series. 2006;319:167-73.
72.
Yuan JP, Peng J, Yin K, Wang JH. Potential health-promoting effects of astaxanthin: a
high-value carotenoid mostly from microalgae. MolNutrFood Res. [10.1002/mnfr.201000414
doi]. 2011;55(1):150-65.
73.
Eilertsen KE, Maehre HK, Jensen IJ, Devold H, Olsen JO, Lie RK, et al. A wax ester
and astaxanthin-rich extract from the marine copepod Calanus finmarchicus attenuates
atherogenesis in female apolipoprotein E-deficient mice. JNutr. [jn.111.145698 pii
;10.3945/jn.111.145698 doi]. 2012;142(3):508-12.
74.
Van HM, Compton DS, France CF, Tedesco RP, Fawzi AB, Graziano MP, et al. Dietinduced obese mice develop peripheral, but not central, resistance to leptin. JClinInvest.
[10.1172/JCI119171 doi]. 1997;99(3):385-90.
75.
Barr RL, Lopaschuk GD. Methodology for measuring in vitro/ex vivo cardiac energy
metabolism. JPharmacolToxicolMethods. [S1056-8719(00)00096-4 pii]. 2000;43(2):141-52.
76.
Randle PJ, Priestman DA, Mistry S, Halsall A. Mechanisms modifying glucose
oxidation in diabetes mellitus. Diabetologia. 1994;37 Suppl 2:S155-S61.
77.
Aasum E, Hafstad AD, Severson DL, Larsen TS. Age-dependent changes in
metabolism, contractile function, and ischemic sensitivity in hearts from db/db mice.
Diabetes. 2003;52(2):434-41.
78.
Hafstad AD, Lund J, Hadler-Olsen E, Hoper AC, Larsen TS, Aasum E. High and
moderate intensity training normalizes ventricular function and mechanoenergetics in dietinduced obese mice. Diabetes. [db12-1580 pii ;10.2337/db12-1580 doi]. 2013.
79.
McIntyre N, Holdsworth CD, Turner DS. NEW INTERPRETATION OF ORAL
GLUCOSE TOLERANCE. Lancet. 1964;2(7349):20-1.
80.
Nauck M, Stockmann F, Ebert R, Creutzfeldt W. Reduced incretin effect in type 2
(non-insulin-dependent) diabetes. Diabetologia. 1986;29(1):46-52.
81.
Item F, Konrad D. Visceral fat and metabolic inflammation: the portal theory
revisited. ObesRev. [10.1111/j.1467-789X.2012.01035.x doi]. 2012;13 Suppl 2:30-9.
82.
Barzilai N, She L, Liu BQ, Vuguin P, Cohen P, Wang J, et al. Surgical removal of
visceral fat reverses hepatic insulin resistance. Diabetes. 1999;48(1):94-8.
83.
Gabriely I, Ma XH, Yang XM, Atzmon G, Rajala MW, Berg AH, et al. Removal of
visceral fat prevents insulin resistance and glucose intolerance of aging: an adipokinemediated process? Diabetes. 2002;51(10):2951-8.
84.
Catalano KJ, Stefanovski D, Bergman RN. Critical role of the mesenteric depot versus
other intra-abdominal adipose depots in the development of insulin resistance in young rats.
Diabetes. [db08-0675 pii ;10.2337/db08-0675 doi]. 2010;59(6):1416-23.
85.
Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and
purification of total lipides from animal tissues. JBiolChem. 1957;226(1):497-509.
86.
Samuel VT, Shulman GI. Mechanisms for insulin resistance: common threads and
missing links. Cell. [S0092-8674(12)00217-6 pii ;10.1016/j.cell.2012.02.017 doi].
2012;148(5):852-71.

30

87.
Haidl ID, Jefferies WA. The macrophage cell surface glycoprotein F4/80 is a highly
glycosylated proteoglycan. EurJImmunol. [10.1002/eji.1830260527 doi]. 1996;26(5):1139-46.
88.
Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose
tissue macrophage polarization. JClinInvest. [10.1172/JCI29881 doi]. 2007;117(1):175-84.
89.
Dyerberg J, Madsen P, Moller JM, Aardestrup I, Schmidt EB. Bioavailability of
marine n-3 fatty acid formulations. Prostaglandins LeukotEssentFatty Acids. [S09523278(10)00117-1 pii ;10.1016/j.plefa.2010.06.007 doi]. 2010;83(3):137-41.
90.
Nordoy A, Barstad L, Connor WE, Hatcher L. Absorption of the n-3 eicosapentaenoic
and docosahexaenoic acids as ethyl esters and triglycerides by humans. AmJClinNutr.
1991;53(5):1185-90.
91.
Lawson LD, Hughes BG. Absorption of eicosapentaenoic acid and docosahexaenoic
acid from fish oil triacylglycerols or fish oil ethyl esters co-ingested with a high-fat meal.
BiochemBiophysResCommun. [S0006-291X(88)80937-9 pii]. 1988;156(2):960-3.
92.
Gorreta F, Bernasconi G, Galliani G, Salmona M, Tacconi MT, Bianchi R. Wax esters
of n-3 polyunsaturated fatty acids: A new stable formulation as a potential food supplement. 1
- Digestion and absorption in rats. Lebensmittel-Wissenschaft und -Technologie.
2002;35:458-65.
93.
Looije NA, Risovic V, Stewart DJ, Debeyer D, Kutney J, Wasan KM. Disodium
Ascorbyl Phytostanyl Phosphates (FM-VP4) reduces plasma cholesterol concentration, body
weight and abdominal fat gain within a dietary-induced obese mouse model. Journal of
Pharmacy and Pharmaceutical Sciences. 2005;8(3):400-8.
94.
Thornton SJ, Warburton C, Wasan KM, Kozlowski P. Treatment with a cholesterol
absorption inhibitor (FM-VP4) reduces body mass and adipose accumulation in developing
and pre-obese mice. Drug DevIndPharm. [783461004 pii ;10.1080/03639040601133746 doi].
2007;33(10):1058-69.
95.
Ikeuchi M, Koyama T, Takahashi J, Yazawa K. Effects of astaxanthin in obese mice
fed a high-fat diet. BiosciBiotechnolBiochem. [JST.JSTAGE/bbb/60521 pii]. 2007;71(4):8939.
96.
Bhuvaneswari S, Arunkumar E, Viswanathan P, Anuradha CV. Astaxanthin restricts
weight gain, promotes insulin sensitivity and curtails fatty liver disease in mice fed a obesitypromoting diet. Process Biochemistry. 2010;45(8):1406-14.
97.
Bhuvaneswari S, Anuradha CV. Astaxanthin prevents loss of insulin signaling and
improves glucose metabolism in liver of insulin resistant mice. Canadian Journal of
Physiology and Pharmacology. 2012;90(11):1544-52.
98.
Arunkumar E, Bhuvaneswari S, Anuradha CV. An intervention study in obese mice
with astaxanthin, a marine carotenoid--effects on insulin signaling and pro-inflammatory
cytokines. Food Funct. [10.1039/c1fo10161g doi]. 2012;3(2):120-6.
99.
Preuss HG, Echard B, Yamashita E, Perricone NV. High dose astaxanthin lowers
blood pressure and increases insulin sensitivity in rats: are these effects interdependent?
IntJMedSci. 2011;8(2):126-38.
100. Perez-Matute P, Perez-Echarri N, Martinez JA, Marti A, Moreno-Aliaga MJ.
Eicosapentaenoic acid actions on adiposity and insulin resistance in control and high-fat-fed
rats: role of apoptosis, adiponectin and tumour necrosis factor-alpha. BrJNutr.
[S0007114507207627 pii ;10.1017/S0007114507207627 doi]. 2007;97(2):389-98.
101. Raclot T, Groscolas R, Langin D, Ferre P. Site-specific regulation of gene expression
by n-3 polyunsaturated fatty acids in rat white adipose tissues. JLipid Res. 1997;38(10):196372.
102. Baillie RA, Takada R, Nakamura M, Clarke SD. Coordinate induction of peroxisomal
acyl-CoA oxidase and UCP-3 by dietary fish oil: a mechanism for decreased body fat

31

deposition. Prostaglandins, leukotrienes, and essential fatty acids. 1999 May-Jun;60(5-6):3516.
103. van Schothorst EM, Flachs P, Franssen-van Hal NL, Kuda O, Bunschoten A, Molthoff
J, et al. Induction of lipid oxidation by polyunsaturated fatty acids of marine origin in small
intestine of mice fed a high-fat diet. BMC genomics. 2009;10:110.
104. Mori T, Kondo H, Hase T, Tokimitsu I, Murase T. Dietary fish oil upregulates
intestinal lipid metabolism and reduces body weight gain in C57BL/6J mice. JNutr.
[137/12/2629 pii]. 2007;137(12):2629-34.
105. Robertson MD, Jackson KG, Fielding BA, Morgan LM, Williams CM, Frayn KN.
Acute ingestion of a meal rich in n-3 polyunsaturated fatty acids results in rapid gastric
emptying in humans. The American journal of clinical nutrition. 2002 Jul;76(1):232-8.
106. Belzung F, Raclot T, Groscolas R. Fish oil n-3 fatty acids selectively limit the
hypertrophy of abdominal fat depots in growing rats fed high-fat diets. AmJPhysiol.
1993;264(6 Pt 2):R1111-R8.
107. Ruzickova J, Rossmeisl M, Prazak T, Flachs P, Sponarova J, Veck M, et al. Omega-3
PUFA of marine origin limit diet-induced obesity in mice by reducing cellularity of adipose
tissue. Lipids. 2004;39(12):1177-85.
108. Sato A, Kawano H, Notsu T, Ohta M, Nakakuki M, Mizuguchi K, et al. Antiobesity
effect of eicosapentaenoic acid in high-fat/high-sucrose diet-induced obesity: importance of
hepatic lipogenesis. Diabetes. [db09-1554 pii ;10.2337/db09-1554 doi]. 2010;59(10):2495504.
109. Hussein O, Grosovski M, Lasri E, Svalb S, Ravid U, Assy N. Monounsaturated fat
decreases hepatic lipid content in non-alcoholic fatty liver disease in rats. World
JGastroenterol. 2007;13(3):361-8.
110. Soriguer F, Moreno F, Rojo-Martinez G, Garcia-Fuentes E, Tinahones F, GomezZumaquero JM, et al. Monounsaturated n-9 fatty acids and adipocyte lipolysis in rats.
BrJNutr. [S0007114503002204 pii]. 2003;90(6):1015-22.
111. Garcia-Escobar E, Soriguer F, Garcia-Serrano S, Gomez-Zumaquero JM, Morcillo S,
Haro J, et al. Dietary oleic acid and adipocyte lipolytic activity in culture. JNutrBiochem.
[S0955-2863(07)00244-6 pii ;10.1016/j.jnutbio.2007.09.007 doi]. 2008;19(11):727-31.
112. Bruun JM, Lihn AS, Verdich C, Pedersen SB, Toubro S, Astrup A, et al. Regulation of
adiponectin by adipose tissue-derived cytokines: in vivo and in vitro investigations in humans.
AmJPhysiol EndocrinolMetab. [10.1152/ajpendo.00110.2003 doi ;00110.2003 pii].
2003;285(3):E527-E33.
113. Neschen S, Morino K, Rossbacher JC, Pongratz RL, Cline GW, Sono S, et al. Fish oil
regulates adiponectin secretion by a peroxisome proliferator-activated receptor-gammadependent mechanism in mice. Diabetes. [55/4/924 pii]. 2006;55(4):924-8.
114. Todoric J, Loffler M, Huber J, Bilban M, Reimers M, Kadl A, et al. Adipose tissue
inflammation induced by high-fat diet in obese diabetic mice is prevented by n-3
polyunsaturated fatty acids. Diabetologia. [10.1007/s00125-006-0300-x doi].
2006;49(9):2109-19.
115. Itoh M, Suganami T, Satoh N, Tanimoto-Koyama K, Yuan X, Tanaka M, et al.
Increased adiponectin secretion by highly purified eicosapentaenoic acid in rodent models of
obesity and human obese subjects. ArteriosclerThrombVascBiol. [ATVBAHA.106.136853 pii
;10.1161/ATVBAHA.106.136853 doi]. 2007;27(9):1918-25.
116. Paniagua JA, Gallego dlS, Romero I, Vidal-Puig A, Latre JM, Sanchez E, et al.
Monounsaturated fat-rich diet prevents central body fat distribution and decreases
postprandial adiponectin expression induced by a carbohydrate-rich diet in insulin-resistant
subjects. Diabetes Care. [dc06-2220 pii ;10.2337/dc06-2220 doi]. 2007;30(7):1717-23.

32

117. Yang ZH, Miyahara H, Hatanaka A. Chronic administration of palmitoleic acid
reduces insulin resistance and hepatic lipid accumulation in KK-Ay Mice with genetic type 2
diabetes. Lipids Health Dis. [1476-511X-10-120 pii ;10.1186/1476-511X-10-120 doi].
2011;10:120.
118. Moon JH, Lee JY, Kang SB, Park JS, Lee BW, Kang ES, et al. Dietary
monounsaturated fatty acids but not saturated fatty acids preserve the insulin signaling
pathway via IRS-1/PI3K in rat skeletal muscle. Lipids. [10.1007/s11745-010-3475-3 doi].
2010;45(12):1109-16.
119. Yang ZH, Miyahara H, Takeo J, Hatanaka A, Katayama M. Pollock oil
supplementation modulates hyperlipidemia and ameliorates hepatic steatosis in mice fed a
high-fat diet. Lipids Health Dis. [1476-511X-10-189 pii ;10.1186/1476-511X-10-189 doi].
2011;10:189.
120. Ota T, Takagi T, Kosaka S. Changes in Lipids of Young and Adult Saury CololabisSaira (Pisces). Marine Ecology Progress Series. 1980;3(1):11-7.
121. Bunea R, El FK, Deutsch L. Evaluation of the effects of Neptune Krill Oil on the
clinical course of hyperlipidemia. AlternMedRev. 2004;9(4):420-8.
122. Burri L, Berge K, Wibrand K, Berge RK, Barger JL. Differential effects of krill oil
and fish oil on the hepatic transcriptome in mice. Front Genet. [10.3389/fgene.2011.00045
doi]. 2011;2:45.
123. Tandy S, Chung RW, Wat E, Kamili A, Berge K, Griinari M, et al. Dietary krill oil
supplementation reduces hepatic steatosis, glycemia, and hypercholesterolemia in high-fat-fed
mice. JAgricFood Chem. [10.1021/jf9016042 doi]. 2009;57(19):9339-45.
124. Ferramosca A, Conte A, Burri L, Berge K, De NF, Giudetti AM, et al. A krill oil
supplemented diet suppresses hepatic steatosis in high-fat fed rats. PLoSOne.
[10.1371/journal.pone.0038797 doi ;PONE-D-12-07865 pii]. 2012;7(6):e38797.
125. Batetta B, Griinari M, Carta G, Murru E, Ligresti A, Cordeddu L, et al.
Endocannabinoids may mediate the ability of (n-3) fatty acids to reduce ectopic fat and
inflammatory mediators in obese Zucker rats. JNutr. [jn.109.104844 pii
;10.3945/jn.109.104844 doi]. 2009;139(8):1495-501.
126. Hargrove JL, Greenspan P, Hartle DK. Nutritional significance and metabolism of
very long chain fatty alcohols and acids from dietary waxes. ExpBiolMed(Maywood).
2004;229(3):215-26.
127. Berman P, Harley EH, Spark AA. Keriorrhoea--the passage of oil per rectum--after
ingestion of marine wax esters. SAfrMedJ. 1981;59(22):791-2.
128. Ling KH, Nichols PD, But PP. Fish-induced keriorrhea. AdvFood NutrRes. [S10434526(09)57001-5 pii ;10.1016/S1043-4526(09)57001-5 doi]. 2009;57:1-52.
129. Hansen IA, Mead JF. The fate of dietary wax esters in the rat. ProcSocExpBiolMed.
1965;120(2):527-32.
130. Yaron A, Samoiloff V, Benzioni A. Absorption and distribution of orally administered
jojoba wax in mice. Lipids. 1982;17(3):169-71.
131. Place AR. Comparative aspects of lipid digestion and absorption: physiological
correlates of wax ester digestion. AmJPhysiol. 1992;263(3 Pt 2):R464-R71.
132. Verschuren PM, Nugteren DH. Evaluation of jojoba oil as a low-energy fat. 2.
Intestinal transit time, stomach emptying and digestibility in short-term feeding studies in rats.
Food ChemToxicol. 1989;27(1):45-8.
133. Morishita M, Tanaka T, Shida T, Takayama K. Usefulness of colon targeted DHA and
EPA as novel diabetes medications that promote intrinsic GLP-1 secretion. Journal of
controlled release : official journal of the Controlled Release Society. 2008 Dec 8;132(2):99104.

33

134. Kim H, Park S, Han DS, Park T. Octacosanol supplementation increases running
endurance time and improves biochemical parameters after exhaustion in trained rats.
JMedFood. [10.1089/109662003772519903 doi]. 2003;6(4):345-51.
135. Kabir Y, Kimura S. Distribution of radioactive octacosanol in response to exercise in
rats. Die Nahrung. 1994;38(4):373-7.
136. Blomstrand R, Rumpf JA. The Conversion of [1-C-14] Cetyl Alcohol Into Palmitic
Acid in the Intestinal Mucosa of the Rat. Acta Chemica Scandinavica. 1954;8(6):1100-.
137. Visioli F, Galli C. The effect of minor constituents of olive oil on cardiovascular
disease: new findings. Nutr Rev. 1998;56(5 Pt 1):142-7.
138. Abete I, Goyenechea E, Zulet MA, Martinez JA. Obesity and metabolic syndrome:
potential benefit from specific nutritional components. NutrMetab CardiovascDis. [S09394753(11)00129-3 pii ;10.1016/j.numecd.2011.05.001 doi]. 2011;21 Suppl 2:B1-15.
139. Hansen JC, Pedersen HS, Mulvad G. Fatty acids and antioxidants in the Inuit diet.
Their role in ischemic heart disease (IHD) and possible interactions with other dietary factors.
A review. Arctic MedRes. 1994;53(1):4-17.

34

APPENDIX

35

