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SOUHRN

Je zndmo, ze n-3 polynenasycené mastné kyseliny s dlouhym fetézcem (n-3 LC-PUFA)
maji beneficni U¢inky na obezitou-indukovand metabolickd onemocnéni, avSak jejich
ucinnost pii snizovani obezity a inzulinové rezistence u lidi je nizkd. Cilem dizertacni
prace bylo otestovat rtizné ptistupy, jak zvysit efektivitu n-3 LC-PUFA a také zjistit, jaké
je zapojeni 02 podjednotky AMP-aktivované proteinové kindzy (a2-AMPK) v
mechanizmech u¢inku n-3 LC-PUFA.

Nejdiive byly na myS$im modelu testovany chemické derivaty DHA. Substance-2, a-ethyl
ester DHA, podavana v 10 % obvyklé davky n-3 LC-PUFA, méla prevencni a ¢aste¢né
reverzni uc¢inky v rozvoji obezity, akumulace tuku, gluk6zové intolerance, dyslipidémie a
zénctu bilého tukového depa. Dale, kombinace n-3 LC-PUFA a nizké davky antidiabetika
rosiglitazonu, me¢la aditivni U¢inky v prevenci rozvoje dyslipidémie, inzulinové
rezistence, akumulace tuku a hypertrofie adipocyti u mysi krmenych vysokotukou
dietou, za soucasné indukce sekrece adiponektinu. Poddvani kombinac¢ni diety také 1é¢ilo
jiz rozvinutou glukézovou intoleranci u obéznich mysi.

Hlavni ¢ést této prace byla zaméfena na studium zapojeni a2-AMPK v mechanizech
ucinku n-3 LC-PUFA. Na mySim modelu s deleci genu pro a2-AMPK jsme zjistili, Ze
benefi¢ni uc¢inky n-3 LC-PUFA vprevenci vzniku inzulinové rezistence jsou
zprostiedkovany pies 02-AMPK. Dominantnim mistem uc¢inku byla jatra, kde n-3 LC-
PUFA zvySovaly aktivitu a2-AMPK a inzulinovou senzitivitu v zavislosti na pfitomnosti
a2-AMPK. ZlepSeni inzulinové senzitivity nebylo asociovano se zménami v jaternim
obsahu triacylglycerolii ale se zm&nami v obsahu diacylglycerolii. Uginky n-3 LC-PUFA
na obsah diacylglycerolti v jatrech zavisely, podobné¢ jako v ptfipadé inzulinové
senzitivity, na pfitomnosti funkéni a2-AMPK. Jaké jsou piesné mechanizmy aktivace a2-
AMPK pomoci n-3 LC-PUFA a drdhy vedouci od AMPK ke zlepSeni inzulinové

senzitivity, bude pfedmétem dal§iho vyzkumu.



SUMMARY

It is well established that n-3 polyunsaturated fatty acids with long chain (n-3 LC-PUFA)
have beneficial effects on the obesity-induced metabolic disorders in mice. However, in
obese humans, the potency of these fatty acids to positively affect obesity and insulin
resistance has been shown to be lower. The aim of the studies described in this thesis was
to verify various approaches aimed at increasing efficiency of n-3 LC-PUFA and to study
the involvement of a2 subunit of AMP-activated protein kinase (a2-AMPK) in the
mechanisms of action of these compounds.

Firstly, various chemical derivatives of DHA were tested in mice. Substance-2, the a-
ethyl ester of DHA, completely prevented and even partially reversed the development of
obesity, fat accumulation, impaired glucose tolerance, dyslipidemia and white adipose
tissue inflammation, even though the dose was only 10 % of that normally used in mice
for the treatment with n-3 LC-PUFA. Secondly, the combination of n-3 LC-PUFA and a
low-dose of anti-diabetic rosiglitazone prevented, in additive manner, development of
dyslipidemia and insulin resistance, reduced the accumulation of body fat and adipocyte
hypertrophy, while inducing adiponectin in mice fed a high-fat diet. This treatment also
reversed impaired glucose tolerance in obese mice.

The major part of this thesis was aimed to study the mechanism of n-3 LC-PUFA action
and the possible involvement of a2-AMPK. We found, by using the model of a2-AMPK
knockout mice, that beneficial effects of n-3 LC-PUFA on the prevention of insulin
resistance were mediated by a2-AMPK. The liver appeared to be the site of a dominant
effect of n-3 LC-PUFA, since their inclusion in the diet resulted in the activation of a2-
AMPK primarily in the liver and improved hepatic insulin sensitivity in the a2-AMPK-
dependent manner. The improvement of liver insulin sensitivity was not associated with
the changes in liver triacylglycerol levels; however, it was closely related to the content
of diacylglycerols that are known to affect insulin sensitivity. Similarly to hepatic insulin
sensitivity, also the effect of n-3 LC-PUFA on diacylglycerol levels was a2-AMPK-
dependent. The precise mechanisms of a2-AMPK activation by n-3 LC-PUFA as well as

downstream effectors of a2-AMPK activation in this context remain to be elucidated.



1 INTRODUCTION

1.1 Mechanisms linking obesity to insulin resistance

Obesity, which is a major risk for insulin resistance, has reached epidemic proportions
globally. Together with genetic predispositions, it can lead into a loss of metabolic fuel
homeostasis and outbreak of type 2 diabetes (1).

Main role of insulin is to stimulate glucose uptake by peripheral tissues and suppress
glucose production in the liver and lipolysis in the adipose tissue. Insulin resistance is
characterized by an inadequate response of insulin target tissues. To maintain glucose and
lipid homeostasis, body can, at least partially, compensate for decreased efficiency of
insulin by increased insulin secretion. However, insufficient metabolic action of insulin
leads to metabolic complications such as hyperglycemia and/or dyslipidemia, which
further promote insulin resistance and cause serious tissue damage by subsequent
mechanisms. Among the main mechanisms responsible for the development of insulin
resistance in different organs could be overloading with toxic metabolites, induction of

inflammation, disruption of secretory functions and activation of anti-stress mechanisms.

1.1.1 Central role of adipose tissue

Adipose tissue has a regulatory role in the development of obesity-associated insulin
resistance. Metabolic overload of adipose tissue can result in dysregulation of its normal
functions, which can negatively impact other organs in the body.

Positive energy balance causes adipose tissue to become hypertrophic and subsequently
hyperplastic. Adipocytes can store excess energy up to the state of fullness and cannot
expand beyond a “critical size” (2). Excess lipids are then ectopically stored in the liver,
muscle or heart and provoke insulin resistance of these tissues (3). Moreover,
hypertrophied adipocytes are resistant to the antilipolytic effect of insulin (4). Increased
flux of non-esterified fatty acids (NEFA) may impair liver metabolism, leading to
increased hepatic glucose production (hyperglycemia) and stimulation of very low-

density lipoprotein triacylglycerol (VLDL-triacylglycerol) secretion (hyperlipidemia).



Hypertrophy of adipocytes also negatively affects the secretion profile of adipokines (e.g.
adiponectin), resulting in systemic decrease of insulin sensitivity. Finally, the larger is the
adipocyte, the more fragile it becomes when submitted to a common physical stress (5).
Therefore, adipocyte size is an important determinant of cell death. The removal of dead
adipocytes results in a low-grade inflammation and shift towards pro-inflammatory

cytokines secretion, which have been shown to impair insulin sensitivity (6).

1.1.2 Hepatic insulin resistance

The sensitivity of liver to insulin is important to maintain glucose and lipid homeostasis.
Impairments of pathways regulated by insulin may result in a development of
hyperglycemia and liver steatosis (7). It has been shown, that liver steatosis is associated
with insulin resistance (8), and lowering liver triacylglycerol pools correlates with
improved insulin sensitivity in several rodent models as well as in humans [(9); (10)].
However, whether the impaired insulin sensitivity is a consequence of hepatic steatosis or
vice versa remains still unresolved (11). Furthermore, dissociations of hepatic steatosis
and insulin resistance have been found (12). For instance, increased flux of fatty acids
into neutral triacylglycerols protects liver from the cytotoxic effects of fatty acid side
products (13). There are several lines of evidence, that diacylglycerol rather than
triacylglycerol accumulation affects the development of insulin resistance. It has been
shown that excess diacylglycerols activate protein kinase C-g¢ (PKCg), which in turn
interferes with ability of insulin to phosphorylate IRS-2 on tyrosine residues, thus
inhibiting insulin signaling (14) (see Figure 1.1-1). On the other hand, inhibition of PKCe

prevents hepatic insulin resistance in fatty liver disease (14).
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Figure 1.1-1 Mechanism by which diacylglycerols affect insulin sensitivity in the
liver. HPG — hepatic production of glucose. Adapted from (7)

1.1.3 Skeletal muscle insulin resistance

Fatty acids and glucose are metabolized in the skeletal muscle, depending on the
metabolic state of the tissue. Oversupply of fatty acids, for example from increased
lipolysis of triacylglycerol stores in insulin-resistant adipocytes, can lead to accumulation
of various lipid metabolites, which negatively correlates with insulin sensitivity.
Ceramide and diacylglycerol levels seem to be the most important players (15). Insulin-
resistant muscle is metabolically inflexible, i.e. the ability to switch from lipid to
carbohydrate metabolism is low (16). Glucose uptake and glycogen synthesis of insulin-

resistant muscle is decreased and this can be observed in obese and diabetic patients (17).

1.2 Role of AMPK in regulating whole body metabolism
Obesity-related insulin resistance and type 2 diabetes are characterised by defective
energy metabolism. Preservation of intracellular ATP concentrations within an

appropriate range is needed to sustain unimpaired metabolism. Adenosine



monophosphate-activated protein kinase (AMPK) is considered to be in the centre of the
mechanisms that regulate metabolism on the cellular and whole-body level. Activation of
AMPK by various stimuli leads to induction and inhibition of energy-producing and

energy-consuming metabolic pathways, respectively.

1.2.1 AMPK structure and tissue distribution

AMPK is a heterotrimeric protein comprising one catalytic a subunit and two regulatory
subunits (B and y) (18). In mammals, two isoforms for o (al, a2) and B (B1, B2) and three
for y-subunit (y1, y2, y3) are known, while all 12 isoform combinations are possible. al-
and a2-AMPK catalytic subunits account each for about 50 % of total AMPK activity in

the liver (19), while a1 predominates in adipose tissue (20) and a2 in muscle tissue (21).

1.2.2 Upstream targets of AMPK

AMPK can be activated both allosterically by AMP binding on the y subunit and by
reversible phosphorylation on Thr-172. Two upstream kinases have been identified to
phosphorylate AMPK: LKBI1 kinase mediating the regulation of the glucose and lipid
metabolism (22) and Ca**/calmodulin-dependent protein kinase p (CaMKKJp) involved in
response to increased Ca*" concentrations during contraction in skeletal muscle (23).

Also adiponectin is known to activate AMPK (24).

1.2.3 Downstream targets of AMPK

A number of downstream targets and processes that are regulated by AMPK have been
described. Generally, activation of AMPK downregulates biosynthetic pathways such as
fatty acid and cholesterol synthesis and switches on catabolic pathways that generate
ATP, such as fatty acid oxidation, glucose uptake and glycolysis. Mechanisms, by which
AMPK mediates its action, are based on the change of enzymes activity by
phosphorylation and/or the regulation of gene expression. For example, mRNA levels of
lipogenic genes such as sterol regulatory element binding protein-l1c (SREBP-1c) (25)
and carbohydrate responsive element-binding protein (ChREBP) (26) were decreased
after activation of AMPK by the AMP analogue AICAR (5-aminoimidazole-4-
carboxyamide ribonucleoside) or by anti-diabetic drug metformin. AMPK directly

phosporylates acetyl CoA carboxylase (ACC) and thus inhibits fatty acid synthesis and



induces fatty acid oxidation through malonyl-CoA (27). The AMPK-dependent decrease
in cholesterol biosynthesis is mediated by phosphorylation and inhibition of 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase. AICAR treatment in rodents has
hypoglycemic effects but along with the liver, muscle AMPK participates in this effect by
increasing  glucose uptake into muscle cells. The down-regulation of
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) gene
expression and enzyme activity by AMPK is responsible for its lowering effects on
gluconeogenesis [(26); (28)]. In adipose tissue, AMPK inhibits lipolysis via the
phosphorylation and consequent inactivation of hormone-sensitive lipase (29). AMPK
could have the role in mediating insulin-independent glucose transport in adipocytes (30).
In the skeletal muscle, AMPK activity promotes glucose metabolism by stimulating
glucose uptake via glucose transporters (GLUT4) and glycogen storage [(31); (32)].

Various treatments, which led to the activation of AMPK and the subsequent change of
metabolic processes, were associated with beneficial effects on metabolic parameters in
the models of insulin resistance and dyslipidemia. For example, AICAR lowered plasma
glucose levels, improved insulin sensitivity, adiposity and plasma triacylglycerol levels in
obese and insulin resistant rat model (33). Furthermore, over-expression of AMPK in the
liver led to the similar effects in the obese mice (26). Finally, AICAR infusion in type 2
diabetic patients decreased hepatic glucose production and plasma glucose levels (34).
Thus, targeting AMPK by therapeutic treatments could be useful in the prevention or
reversal of metabolic disorders such as obesity, insulin resistance and metabolic

syndrome.

1.3 Long-chain polyunsaturated fatty acids of n-3 family

1.3.1 Nomenclature

Long-chain polyunsaturated fatty acids of the n-3 series (n-3 LC-PUFA), for example
eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids, are important essential fatty
acids (Table 1.3-1). Humans or rodents can not synthesize n—-3 LC-PUFA de novo.
Therefore, the supplementation of these substances from the diet is needed. Main

pathways of n—3 LC-PUFA utilization in the body are: 1) incorporation into plasma



phospholipids; 2) precursors for the formation of eicosanoid and docosanoid signaling
molecules; and 3) regulation of gene transcription by acting as ligands of transcription

factors.

Table 1.3-1 Nomenclature of selected n—-3 LC-PUFA

Trivial name Abbreviation Systematic name Carboxyl reference
(52,8Z,11Z,14Z,17Z)- 205
Eicosapentaenoic acid EPA icosa-5,8,11,14,17- :

. . Al15,8,11,14,17
pentaenoic acid ( )

(472,72,102,13Z,16Z,197)-
Docosahexaenoic acid DHA docosa-4,7,10,13,16,19-
hexaenoic acid

C22:6
(A14,8,12,15,19)

1.3.2 Biological effects and mechanisms

Naturally occurring n—3 LC-PUFA are obtained mainly from oils of marine fish. n-3 LC-
PUFA act as hypolipidemics, suppressors of VLDL-triacylglycerol production (35),
while they also reduce cardiac events and decrease progression of atherosclerosis (36).
Several studies in obese humans even demonstrated reduction of adiposity after n—3 LC-
PUFA supplementation [(37); (38)]. However, in diabetic patients n—-3 LC-PUFA appear
to have little effect on glycaemic control [(37); (39); (40)]. In rodents fed a high-fat diet,
n—3 LC-PUFA efficiently prevented development of obesity [(41); (42); (43)], as well as
impaired glucose tolerance [(44); (45)]. Low—grade inflammation of white adipose tissue
could be also prevented (46).

n-3 LC-PUFA have been shown to decrease the levels of main glycolytic and lipogenic
transcription factors including SREBP-1c¢ (47) , ChREBP (11) as well as other genes that
are regulated by these transcription factors (ACC, fatty acid synthase (FAS), stearoyl-
coenzyme A desaturase-1 (SCD1)). In addition, n-3 LC-PUFA diminish malonyl-CoA
concentration in the liver (48), which acutely regulates the rates of fatty acid synthesis
and oxidation. The effects of n—3 LC-PUFA are furthermore largely mediated by
peroxisome proliferator-activated receptors PPAR—a and PPAR—f3/6. n-3 LC-PUFA from
fish oil are capable of inducing adiponectin (49), while influencing the secretion of other

adipokines [(50); (6)]. The beneficial effects of n-3 LC-PUFA on the prevention of diet-




induced insulin resistance were associated with increased glucose uptake and GLUT4
mRNA and protein levels in adipocytes (51).

Besides acting directly as regulatory ligands, n—3 LC-PUFA act also through their active
metabolites, eicosanoids, and other lipid molecules (52). Another mechanism of n-3 LC-
PUFA action is mediated by the change in the biological membranes properties. In this
way, the mobility of membrane-associated proteins, enzymes, and hormones can be

affected.

1.4 Involvement of AMPK in the mechanisms of n-3 LC-PUFA action

As described above, n-3 LC-PUFA ingestion has beneficial effects on the lipid and
glucose metabolism, in particular on the suppression of hepatic lipogenesis and
gluconeogenesis, induction of fatty acid oxidation, and glucose uptake. All of these
events have been shown to be affected by AMPK activation. Furthermore, it has been
demonstrated that feeding rodents with n-3 LC PUFA enhanced AMPK activity in the
liver (53), intestine (54), and adipose tissue [(55); (56)]. Therefore, it can be suggested,
that n-3 LC-PUFA could mediate their effects, at least on the metabolic events mentioned
above, by modulating the AMPK activity. Possible mechanisms of AMPK activation by
n-3 LC-PUFA could involve: 1) changes in energy status of the cells, reflected by the
change in AMP/ATP ratio; 2) modulation of upstream kinases or phostphatase activity; 3)
induction of adiponectin secretion from adipose tissue or 4) other indirect mechanism.

However, the precise mechanism of AMPK activation by n-3 LC-PUFA is not known.
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2 SPECIFIC AIMS OF WORK

The main objective of this thesis was to analyze mechanisms involved in the beneficial
effect of n-3 LC-PUFA on the development of obesity and associated impairments of

insulin sensitivity and other metabolic disturbances.

The specific aims of this thesis were:

1. to study the involvement of a2-AMPK in the beneficial effects of n-3 LC-PUFA
by using knock-out mice with a targeted deletion of a2 catalytic subunit of AMPK
(study 1),

2. to investigate the efficacy of n-3 LC-PUFA chemical derivatives to prevent and

reverse the impairment of lipid and glucose metabolism by high-fat feeding

(study 2),

3. to evaluate possible additive improvements of insulin sensitivity induced by the
combination treatments of n-3 LC-PUFA and anti-diabetic drug rosiglitazone in

the model of high-fat diet-induced obesity in mice (study 3).

11



3 METHODS

3.1 Animals and diets
We used the following mouse strains in our studies:

1. male and female whole-body a2-AMPK knock-out mice (0¢2-AMPK KO) and

WT littermate controls (WT),

2. male C57BL/6N mice (Charles River Laboratories, Sulzfeld, Germany);

3. male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA).
Mice were bred in the animal facility of the Department of Adipose Tissue Biology,
Institute of Physiology, Academy of the Sciences of the Czech Republic, v.v.i. At 4
weeks of age, mice were weaned onto a standard laboratory chow (Chow; lipid content
~3.4 % wt/wt; extruded R/MH diet; Ssniff Spezialdidten, Soest, Germany) and
maintained at 22 °C on a 12h light-dark cycle (light on from 06:00 a.m.) with a free
access to food and water until the initiation of the experiment.
Table 3.1-1 briefly summarizes the names and lipid composition of the experimental

diets used in the studies described in this thesis.

Table 3.1-1 High-fat diets used in the experiments

Name Lipid composition

cHF lipids ~35% wt/wt (~60 energy %), mostly corn oil

Substances 1-4 | based on cHF; 1,5 % of dietary lipids replaced by various DHA
derivatives termed Substance 1-4

DHA based on cHF; 15 % of dietary lipids replaced by DHA (~99%; ethyl
ester; Pronova BioPharma AS, Lysaker, Norway)
cHF+F based on cHF; 15 % of dietary lipids replaced by n-3 LC-PUFA

concentrate (46% DHA, 14% EPA);
(EPAX 1050TG of the EPAX AS, Lysaker, Norway)

cHF+TZD based on cHF; supplemented with rosiglitazone (10 mg/kg diet)
(Avandia, GlaxoSmithKline)

cHF+F+TZD based on cHF; 15 % of dietary lipids replaced by n-3 LC-PUFA and
supplemented with rosiglitazone (10 mg/kg diet)

All high-fat diets contained 210 mg a-tocopherol/kg diet. Protein content was ~20.5 %
wt/wt, carbohydrate content was ~35 % wt/wt and energy density 22.8 kJ/g.

12




3.2 Experimental design

Study 1

Two separate experiments were performed. In both experiments, 4-month-old WT and
a2-AMPK KO mice of both genders were randomly assigned (n = 13-15) to either chow,
cHF or cHF+F diet (

Table 3.1-1). During dietary treatments, which lasted for 9 weeks, fresh rations of food
were distributed every 2 days. Food consumption and body weights were recorded once

a week.

Study 2
At 3 months of age, male mice of either C57BL/6N or C57BL/6J genetic background
were randomly assigned to a cHF diet, while some mice were maintained on STD diet.
Two experimental approaches were used:

1) In the “prevention study”, various DHA-derivatives (57) were admixed to the
cHF diet (Substances-1 to -4) and administered to the 3-month-old C57BL/6N mice for a
period of 4 months.

2) In the “reversal study”, obesity and impaired glucose tolerance were induced
in C57BL/6J mice by feeding cHF diet for a period of 4 months prior to the subsequent

2-month-long administration of Substance-2 admixed to the cHF diet.

Study 3

At 3 month of age, male C57BL/6N mice were randomly assigned to a cHF diet or to the
treatments by cHF+F, cHF+TZD and cHF+F+TZD. Some mice were maintained on the
chow diet. Various analyses were performed after 5 to 20 weeks after initiation of the

treatment (58).
All experiments were conducted under the guidelines for the use and care of laboratory

animals of the Institute of Physiology and followed the ‘Principles of laboratory animal

care’ (NIH publication no. 85-23, revised 1985).

13



3.3 List of methods

Methods accomplished by author are depicted in italic.

e blood and plasma metabolites (glucose, NEFA, triacylglycerols, cholesterol,
insulin, adiponectin multimeric complexes)

o tissue glycerolipid content

o fatty acid composition of lipid fractions

e tissue ceramide content

e RNA extraction and real-time quantitative analysis

e activity of al and a2 AMPK isoforms

e determination of liver ATP, ADP and AMP

e light microscopy and immunohistochemical analysis

o intraperitoneal glucose tolerance test

o hyperinsulinemic-euglycemic clamp technique

e invivo VLDL-triacylglycerol synthesis: Tyloxapol test

e indirect calorimetry measurement

e nor-epinephrine stimulated lipolysis

Statistics
Data were analyzed by two-way ANOVA using the SigmaStat software. All values are

presented as means+=SE. Comparisons were judged to be significant at p <0.05.

14



4 RESULTS AND DISCUSSION

4.1 The involvement of a2-AMPK in the beneficial effects of n-3 LC-
PUFA (Study 1)

9 weeks of cHF feeding induced obesity and adiposity in male WT mice characterized
by the increased body weight gain, increased epididymal and dorsolumbar white adipose
tissue mass and hypertrophy of adipocytes when compared to chow-fed controls,
whereas the average food consumption did not significantly change. The weight of non-
adipose tissues remained unaffected. Furthermore, cHF-feeding proved to have
detrimental effects on the whole-body insulin sensitivity (Figure 4.1-1, A) as assessed by
the hyperinsulinemic-euglycemic clamp. This was due to impaired whole-body glucose
turnover rates and glycogen synthesis, and a lower potency of insulin to suppress hepatic
glucose production (Figure 4.1-1, B). The blood glucose levels were unchanged by cHF-
feeding, while insulin levels were increased. Normoglycemia together with
hyperinsulinemia in cHF-fed mice indicated the presence of insulin resistance, which

was confirmed by the clamp studies.

600 1 A 3 Chow 1209 B *
o EER cHF a
P 500 1 22 cHF+F = 197
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Figure 4.1-1Insulin sensitivity of male mice. Whole-body insulin sensitivity expressed by glucose
infusion rate (GIR) (A) and hepatic glucose production (HGP) (B) assessed by hyperinsulinemic-
euglycemic clamp in 02-AMPK KO and WT male mice fed for 9 weeks with control low-fat diet (Chow),
control high-fat diet (cHF) or high-fat diet, in which 15% of lipids were replaced by n-3 LC-PUFA
concentrate (cHF+F). Data are presented as means + SE (n = 5-8). *P < 0.05 vs. genotype chow; TP <
0.05 vs. genotype cHF; $P < 0.05 vs. WT on respective diet.
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The next question was how the above mentioned parameters changed after
replacing 15 % of fat in cHF diet with n-3 LC-PUFA concentrate and whether o2-
AMPK was involved in these effects. Wild type mice treated with cHF+F diet for 9
weeks were protected against high-fat diet-induced obesity and adiposity, as documented
by a significantly lower body weight gain and the weight of epididymal and dorsolumbar
white adipose tissue mass, while the average food consumption was unaffected.
Furthermore, the level of macrophage infiltration evaluated by the immunohistochemical
detection of MAC-2 tended to be reduced and the secretion of HMW form of
adiponectin, the adipokine with insulin sensitizing properties, was increased by cHF+F
diet. All of these effects of cHF+F diet rich in n-3 LC-PUFA were primarily due to a
reduction in the epididymal adipocyte size. The potency of cHF+F to decrease
epididymal adipocyte size could be explained by the increased rates of basal lipolysis in
epididymal adipose. Importantly, any of these effects of cHF+F were independent of the
a2-AMPK, since a similar phenotype was observed in a2-AMPK KO mice

The insulin sensitivity measured by hyperinsulinemic-euglycemic clamp was
improved by cHF+F diet rich in n-3 LC-PUFA (Figure 4.1-1). Mice on this diet had
better suppression of hepatic glucose production by insulin. The insulin sensitivity of
peripheral tissues, assessed by the rate of glucose turnover, was only slightly and non-
significantly improved. On the other hand, whole-body glycogen synthesis was
ameliorated by cHF+F. The beneficial effects of n-3 LC-PUFA in the prevention of
obesity-induced insulin resistance in rodent models are known (44). However, it has
been shown for the first time in this study, that n-3 LC-PUFA mediate their beneficial
effects on the prevention of obesity-induced insulin resistance in a2-AMPK-dependent
manner. First of all, insulin inefficiently suppressed hepatic glucose production in a2-
AMPK KO mice fed the cHF+F, while whole-body glycogen synthesis was not
improved. The question is what is the mechanism of AMPK action in the beneficial
effects of n-3 LC-PUFA? The activation of AMPK in animals fed n-3 LC-PUFA rich
diet was demonstrated before [(53); (54)], even though another work argued against the
involvement of AMPK in n-3 LC-PUFA effects (59). In our study, the a2-AMPK
activity in the liver measured ex vivo was increased by cHF+F diet supplemented with n-

3 LC-PUFA. Activation of liver AMPK by various treatments, for example by AICAR
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(the AMP mimetic) or metformin, led to a suppression of liver gluconeogenesis [(6);
(25)]. Thus, the activation of liver AMPK by n-3 LC-PUFA could be responsible for the
improved suppression of hepatic glucose production and whole-body insulin sensitivity.
It has been described that liver steatosis is associated with insulin resistance, and that
lowering of liver triacylglycerols pools in several rodent models correlated with
improved insulin sensitivity (9). Also in this study, improved liver insulin sensitivity in
wild-type mice in response to cHF+F was accompanied by decreased liver
triacylglycerol levels and by reduced plasma triacylglycerol, NEFA, and cholesterol
levels. However, this was not the case in cHF+F-fed a2-AMPK KO mice, which
exhibited decreased liver steatosis and plasma lipids but insulin resistance was still
present. The question of causal relationship between liver triacylglycerol levels and
insulin sensitivity still remains controversial (7). There are several lines of evidence, that
diacylglycerols determine the development of insulin resistance (see chapter 1.1.2, (61)).
Diacylglycerols activate protein kinase C-¢ (PKCe), which in turn inhibits insulin
signaling pathways (14). In our study, wild-type mice fed cHF+F diet had decreased
levels of liver diacylglycerols, and this was accompanied by improved insulin
sensitivity. The effects of cHF+F on both liver diacylglycerol content and liver insulin
sensitivity were abolished in a2-AMPK KO mice, thus, n-3 LC-PUFA could improve
insulin sensitivity by activating AMPK, which could in turn result in a decrease of liver
diacylglycerol levels. How the stimulation of AMPK axis would affect diacylglycerol
levels in the liver remains to be elucidated.

The gender differences in several metabolic parameters were observed. For instance, the
potency of n-3 LC-PUFA to protect against high-fat diet-induced obesity was lower in
female mice, compared to male mice. Interestingly, while the effects of n-3 LC-PUFA to
decrease plasma triacylglycerol, NEFA and cholesterol levels in random-fed state were
genotype-independent in male mice, in females, the lack of functional a2-AMPK led to
a disappearance of these beneficial effects. This study was primarily aimed to study the
male mice, and therefore more experiments would be needed to resolve the mechanisms

responsible for these gender differences.
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4.2 Beneficial effects of DHA derivatives (Study 2)

The efficiency of n-3 LC-PUFA to treat insulin resistance in obese humans is relatively
low. We showed that replacement of 1.5% of dietary lipids by various chemical DHA-
derivatives affected the development of diet-induced obesity and associated metabolic
traits in C57BL/6 mice fed a high-fat diet (57). Substance-2 (a-ethyl DHA ethyl ester)
completely prevented and even partially reversed the development of obesity, fat
accumulation, impaired glucose tolerance, dyslipidemia and white adipose tissue
inflammation.

The assessment of mRNA levels of various metabolic genes revealed some
information on the mechanisms of action of these DHA-derivatives, namely Substance-
2. The properties of epididymal white adipose tissue (tissue cellularity, the size of
adipocytes, macrophage infiltration) were profoundly affected by Substance-2. The
expression of CD68 and MCP-1, two factors that are closely linked to the function of
macrophages, was decreased by Substance-2. In line with this observation, histological
analysis of epididymal white adipose tissue revealed that Substance-2 completely
prevented obesity-associated macrophage infiltration of adipose tissue. The reduction of
macrophage infiltration should have beneficial systemic effects, since macrophages
represent an additional source of pro-inflammatory cytokines, which induce insulin
resistance and contribute to a state of chronic low-level inflammation in obesity (62).
Similar to the effects of n-3 LC-PUFA, Substance-2 also partially prevented down-
regulation of GLUT4 in white adipose tissue, otherwise induced by high-fat diet. In the
liver, Substance-2 induced lipid oxidation as documented by the upregulation of PPAR«
and its target genes AOX1 and CPTla. Moreover, lipogenic genes such as SCD1 and
FDPS were also induced. This simultaneous stimulation of in situ lipogenesis and lipid
oxidation by Substance 2 in the liver suggests induction of futile substrate cycling,

which may be responsible for the reduced accumulation of triacylglycerols in the tissues.
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4.3 Additive beneficial effects of combination treatments (Study 3)
Combination of life style changes with pharmacological interventions is required for
treatment of diabetes and other metabolic diseases associated with obesity. We showed
that long-term treatment combining partial replacement of dietary lipids by n-3 LC-
PUFA and a low dose of thiazolidinedione rosiglitazone markedly and in additive
manner prevented development of dyslipidemia and insulin resistance, reduced
accumulation of body fat and adipocyte hypertrophy, while inducing adiponectin in mice
fed a high-fat diet. Importantly, this treatment also reverted impaired glucose tolerance
in obese mice.

Hyperinsulinemic-euglycemic clamps in mice showed synergistic induction of glycogen
synthesis at the insulin-stimulated conditions by the combination treatment, indicating
that skeletal muscle was the major organ responsible for the additive effects of n-3 LC-

PUFA and rosiglitazone combination on whole-body glycemic control (Figure 4.3-1) .
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Figure 4.3-1Insulin sensitivity of male mice. Mean clamp glucose (A), glucose infusion rate (GIR) (B),
hepatic glucose production (HGP) (C), glucose turn-over rates (GTO) (D), , whole-body glycolysis (E)
and glycogen synthesis (F) assessed by hyperinsulinemic-euglycemic clamp in C57BL/6J male mice fed
for 8 weeks with control high-fat diet (cHF), high-fat diet, in which 15% of lipids were replaced by n-3
LC-PUFA concentrate (cHF+F), or high-fat diet supplemented with 10 mg/kg diet of rosiglitazone
(cHF+TZD) or both, n-3 LC-PUFA and rosiglitazone supplemented (cHF+F+TZD). Data are presented as
means £ SE (n = 6-9). *P < 0.05 for difference from cHF; +P < 0.05 for difference from cHF+F; {P <
0.05 for difference from cHF+TZD (ANOVA).
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Interestingly, and in accordance with the previous studies, neither the treatment by n-3
LC-PUFA [(44); (45)] nor rosiglitazone alone (at the relatively low dose used; (63))
significantly affected the rate of glycogen synthesis. n-3 LC-PUFA but not rosiglitazone
were able to depress hepatic glucose production under hyperinsulinemic conditions,
suggesting improvement of hepatic insulin sensitivity by the former treatment. Given the
ability of n-3 LC-PUFA to prevent development of impaired glucose tolerance, the
above data also suggest that the effect on hepatic glucose production may dominate in
the effect of n-3 LC-PUFA. On the other hand, the reversal of impaired glucose
tolerance and insulin resistance by thiazolidinedione may depend more on the
enhancement of insulin action in skeletal muscle. This effect could be mediated either by
TZD, or, according to our results, even more potently by the combination of n-3 LC-
PUFA and TZD. A putative mechanism behind the synergistic effect of the combination
treatment might involve reductions of muscle ceramide content.

The additive improvements of insulin sensitivity correlated with the hypolipidemic
effect of the treatments. The suppresion of plasma triacylglycerol levels possibly
resulted either from an increased triacylglycerol uptake by muscle and other tissues
induced by both TZD (64) and n-3 LC-PUFA (65), or from a decreased hepatic VLDL-
triacylglycerol production. The former mechanism has not been studied in our
experiments, however, we have demonstrated the inhibition of hepatic VLDL-
triacylglycerol production by either n-3 LC-PUFA or rosiglitazone, while the strongest

effect was observed in the combination treatment (Figure 4.3-2).
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Figure 4.3-2Hepatic VLDL-triacylglycerol production. At 3 months of age, mice were randomly
assigned to various diets, and after 8 weeks of treatment, mice were fasted for 6 h, anesthetized, injected
with Triton WR1339, and plasma triacylglycerol levels were measured before (time 0), and at 1,2, and 3
hour after injection in the cHF (black circles), cHF+F (empty squares), cHF+TZD (crossed squares), and
cHF+F+TZD (empty triangles)-fed mice. Data are presented as means + SE (n=5-8). *Significantly
different from cHF; fsignificantly different from cHF+F; Isignificantly different from cHF+TZD
(ANOVA).

The decrease of hepatic triacylglycerol production by n-3 LC-PUFA may represent a
functional outcome of the coordinated suppression of lipogenic genes by n-3 LC-PUFA
(66). In addition, a stimulation of AMP-activated protein kinase by n-3 LC-PUFA,
resulting in a metabolic switch from lipogenesis to lipid catabolism, may be also
involved (53).

In contrast, the mechanism of suppression of VLDL-triacylglycerol formation by
rosiglitazone must be different, since rosiglitazone increased both SCD1 expression and
triacylglycerol content in the liver. The mechanism may reflect increased rate of fatty
acid re-esterification induced by rosiglitazone (67) rather than suppresion of de novo
lipogenesis in hepatocytes. These data, in accordance with the effects of the treatments
on muscle SCDI1, document differential modulation of the genes involved in de novo
fatty acid synthesis (FAS) and desaturation (SCD1) by n-3 LC-PUFA and rosiglitazone.
That rosiglitazone treatment induced expression and activity of SCD1 in association
with insulin sensitization has been observed before (68), but the underlying mechanism

remains unknown.
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S CONCLUSIONS

With respect to the specific aims of the thesis, the following conclusions could be drawn:

1. Among the beneficial effects of n-3 LC-PUFA, it is primarily the effect on hepatic
insulin sensitivity, which shows a clear a2-AMPK dependency. Moreover, there
is an association between the improvement in hepatic insulin sensitivity and
hepatic levels of diacylglycerols, but not triacylglycerols. The precise mechanism
of AMPK action in the beneficial effects of n-3 LC-PUFA remains to be

elucidated.

2. Among the four DHA-derivatives tested, Substance-2 (a-ethyl DHA ethyl ester)
appeared to exhibit a similar range of beneficial effects on obesity and associated
metabolic disorders as naturally occurring n-3 LC-PUFA, but with a higher
efficacy. Therefore, this compound could qualify as a novel drug for the treatment

of obesity, dyslipidemia and insulin resistance.

3. Combined use of n-3 LC-PUFA and a low dose rosiglitazone generated additive
effects in the prevention as well as reversal of adipose tissue hypertrophy,
hyperlipidemia and impaired glycemic control in mice fed an obesogenic diet.
Multiple mechanisms underlined the beneficial effects of the combination
treatment with a prominent synergistic stimulation of muscle glycogen synthesis
in response to insulin. The combined use of n-3 LC-PUFA and thiazolidinedions
thus represents a prospective strategy in the treatment of type 2 diabetes and other
obesity-associated metabolic disorders. The inclusion of n-3 LC-PUFA in the
pharmacological treatment may reduce the dose requirements and the incidence of

adverse side-effects associated with the thiazolidinedione-based therapy.
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