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SUMMARY

Obesity and associated metabolic disorders, e. gabolic syndrome, represent a
considerable health threat for modern society. Busedentary lifestyle, high caloric
intake and changes in composition of diet, prevaesf obesity is increasing worldwide.
One of the possible causes contributing to higlevalence of obesity in recent
population could be the change of fatty acids (Eénposition of dietary lipids, with the
shift in the content of n-6 and n-3 FA toward n#&. fn contrast to n-6 FA, n-3 FA are
known for their anti-atherogenic, anti-obesogemd anti-inflammatory properties. In
our experiments in mice, the capability of natyraitcurred and chemically modified n-
3 long chain polyunsaturated fatty acids (LC-PUHRA)prevention and reversal of
specific parts of metabolic syndrome was demoresirah specific chemical derivative of
docosahexaenoic acid was proven to be very efedtivpreventing and improving
metabolic conditions of animals exposed to high{fdF) diet challenge. Further, the
involvement of AMP-activated protein kinase (AMPK3, master regulator of lipid
metabolism, in skeletal muscle thermogenesis indllige HF-feeding was investigated.
Activation of AMPK in the HF-fed mice is most pdslsi caused by increased leptin
levels and represents an important link in inductd skeletal muscle thermogenesis as
possible mechanism protecting from obesity cause#ib diet administration. Besides
leptin, LC-PUFA are also involved in AMPK activatiohowever, in an indirect way
through increasing blood levels of adiponectin. §hbese lipids contribute to preserving
insulin sensitivity under the condition of HF-feedi Insulin resistance, a state
characterised by impaired response to insulin actgat least in part caused by ectopic
lipid storage and obesity-associated low-grade asdiptissue inflammation. It is well
known, that the difference in the response to Hiagstration in dependence on the sex
exists. In our experiments, we have discovered ithapite of higher adiposity, female
mice show milder phenotype and later onset of nodi@llisorders than their male
counterparts. Better insulin sensitivity in fematesild be at least in part attributed to
higher adipose tissue expandability resulting ircreased extra-adipose tissue lipid

storage and lower fat inflammation.



SOUHRN

Obezita a fidruzené metabolické poruchy jsou velkym problémmeaderni spoknosti.
Pricinami celos¥tového naifistu obezity jsou sedavy Zivotni styl, vysSi kalkyipiijem
a v neposledniack zména ve slozeni potravy.

Jednou z fi¢in vysoké prevalence obezity v sasné populaci @¥e byt posun
poneru mezi obsahem n-6 a n-3 mastnych kyselin (MK)ieidsmerem k vySSimu
obsahu n-6 MK. Na rozdil od n-6 MK, se n-3 MK vyZop antiatherogennimi,
antiobezogennimi a protizétivymi Ucinky. Poddilo se nam prokazat pozitivni
schopnosti firodnich i chemicky modifikovanych n-3 vicenenasyed mastnych
kyselin s dlouhymiettzcem v prevenci i reverzi metabolického syndromaviteciho
modelu, u mysi vystavenychigobeni diety s vysokym obsahem tuku. DalSi studium
bylo zaméteno na pikaz vyznamu jednoho z hlavnich regti&ch mechaniziin
lipidového metabolizmu, enzymu AMP-aktivované phodeé kinazy (AMPK), pro
indukci netesové tvorby tepla ve svalu vlivem vysokotukovétydiejistili jsme, Ze
zvySeni krevnich hladin leptinu visledku vysokéhoifjmu tukii vyvola aktivaci AMPK
ve svalu. To vede kindukci katabolizmu lipich ¢ast&ni ochrag organizmu ped
obezitou. Kromd leptinu pisobi jako aktivatory AMPK také vicenenasycené MKdyz
ty jsou do procesu aktivace zapojenéiimap, pgres zvySeni krevnich hladin adiponektinu.
Tento mechanizmus napomaha zachovat citlivost Wimz za podminek zvySeného
prijmu tuki. Inzulinova rezistence je stav charakterizovanygoseéaténou odpoedi
organizmu na fesobeni inzulinu. Jéast&né zpisobena ektopickym ukladanim ligich
chronickym zastem tukové tka# a tyto pochody také zavisi na pohlavi. V pokusezh
mySich se nam pod potvrdit, Ze samice jsou mé&nnéachylné k celkovému
metabolickému rozvratu vidledku obezity, neZ je tomu u saimtJkazali jsme, Ze lepsi
inzulinova citlivost u samic fize souviset s vysSi schopnosti jejich adipbaytSovat
objem a ukladat lipidy. Schopnostt$iho zétSeni adipocyt u samic nez u saric
prispiva k nizS§imu ektopickemu hrontsd lipida a také k mensi @ zartlivych zmen
tukové tkar pii obezit. To vSe se projevuje menSimi poruchami inzulinsighalizace

pii obezit samic u nez u saric
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1 INTRODUCTION

1.1 Energy homeostasis

Overweight and obesity represent a considerabkatHor modern society, as they are
associated with a markedly increased risk of dgaetpmany severe health disturbances,
such as atherosclerosis, non-alcoholic fatty lidexease, certain types of cancer and
metabolic syndrome (1).

In an organism, energy is stored in the form gfcggen in liver and skeletal
muscle, and in the form of triacylglycerols (TA®) adipose tissue. Mammalian species
receive required energy for their vital processefoad. This form of chemical energy is
converted by metabolic processes in the body tcsiphly work or heat and enables
survival of an organism. Unused energy is storedl @n be reused in conditions of
negative energy balance. Food intake, energy exjpeadand preservation of body
energy stores are subjected to complex regulaipn (

Total energy expenditure consists of three mainpmmants: energy expenditure
required for 1) basal metabolism; 2) physical warkd 3) adaptive thermogenesis.
Adaptive thermogenesis can be classified as shigexhd non-shivering thermogenesis.
Shivering thermogenesis, caused by the activatiomwscle contractions, protects an
organism from cold by dissipation of energy in tfem of heat. Non-shivering
thermogenesis occurs after adaptation to cold, wiremwn adipose tissue (BAT) and
skeletal muscle undertake the heat production kg rttechanism of mitochondrial
uncoupling. To the non-shivering thermogenesis riggdadiet-induced thermogenesis as
well, as feeding is known to increase energy exiperaed (3). Mechanism of
mitochondrial uncoupling leading to heat productwas believed to be present only in
mammalian neonates and small mammals; howeverntremeservations suggest its

relevance in adults, as it can importantly contetio energy expenditure (4).

1.2 Linking obesity toinsulin resstance and type 2 diabetes
Obesity is a key factor in developing insulin réemige, a state characterised by improper
response of insulin target tissues to insulin actitmpaired insulin sensitivity is

characterised by decreased efficiency of insulistimulate insulin-responsive signalling



pathways, which eventually results in hyperglycaend/ or dyslipidaemia. Deficient
insulin efficacy can be partially compensated bgréased insulin secretion; however,
chronically enhanced insulin secretion can lea-tells exhaustion and the onset of

type 2 diabetes.

1.2.1 Roleof adiposetissue

Adipose tissue has been considered a passive stplace for excessive energy in a form
of TAG, protecting an organism from lipotoxicityrqviding insulation and mechanical
support for other organs. However, accordingly éoent studies, adipose tissue is a
metabolically active organ that considerably infloes metabolic homeostasis and
secretes numerous hormones and cytokines (5).

During the obesity development, adipose tissueamap predominantly by
hypertrophy (adipocyte enlargement). Hypertrophiadipocytes are resistant to
antilipolytic effect of insulin and are associatedgth insulin resistance and type 2
diabetes (6). However, also adipocyte hyperplagieam@ation of new adipocytes) can
significantly contribute to a progression of obg$it).

Adipocytes cannot expand beyond a “critical siZdter reaching it, the capacity
of adipose tissue for storing excessive lipidsepléted, so the surplus fat is accumulated
ectopically in organs such as liver, skeletal messid heart. This negatively affects the
normal metabolic response of these tissues, asalfeeyot adapted to store large amounts
of fat (8). Hence, excessive lipid accumulation etbgr with decreased fatty acid
oxidation leads to hepatic steatosis, impaired linssignalling and accumulation of
various harmful lipid metabolites in muscle ancehiv Thus, the expandability of adipose
tissue could be important for at least partial gction from ectopic lipid accumulation

and subsequent insulin resistance.

1.2.2 AMP-activated protein kinase

Obesity-related insulin resistance and type 2 dexbere characterised by defective
energy metabolism. Adenosine monophosphate (AM®aded protein kinase (AMPK)
controls whole body glucose and lipid homeostagigdgulating metabolism in liver,

skeletal muscle, adipose tissue and pancratils (9) — key tissues in the pathogenesis



of type 2 diabetes. AMPK represents an energy seaso master regulator of
metabolism, placing it in the center of studie®lbésity and metabolic syndrome (10). In
general, AMPK activation triggers catabolic pathwadlgat produce ATP and represses
ATP consuming processes in order to restore celleeergy stores. Thus, it supports
fatty acid oxidation and glucose uptake togetheh wepression of gluconeogenesis and
lipolysis. The ability of AMPK to induce lipid oxation and thereby decrease muscle and
liver TAG content is considered an important feataf its insulin-sensitising effect and

thus its activation could be beneficial for typdidbetes treatment.

1.3 Secretory function of adipose tissue

By now, various products of adipose tissue, ternaslipocytokines, have been
characterised (5;11). Adipocytokines are bioactpeptides and proteins mainly
synthesised and secreted by adipose tissue, atthoag exclusively by adipocytes.

Immune cells infiltrated in fat tissue, such as ropbages, largely contribute to the
production of adipocytokines. Adipocytokines arepartant signalling mediators,

fundamental to the pathogenesis of the metaboldeyne (12). Magnitude of their

production depends highly on the body fat masssemgiently on the degree of obesity

and adipocyte size.

1.3.1 Adipocytokines

Leptin is an anorexigenic hormone secreted mairdynf differentiated adipocytes. It
regulates food intake and energy expenditure byn@ett central nervous system (13).
Leptin secretion and its circulating levels areipealy correlated with total body fat
mass (14). Thus, obesity is characterised by hgptnaemia. However, leptin and its
postreceptor signalling are impaired in obesitysiBes acting at neural tissues, leptin has
also direct pleiotrophic effects in peripheral tiss. It stimulates fatty acid oxidation by
activating of AMPK (15) and activates skeletal magbermogenesis (16).

Adiponectin is an abundant serum protein expressecghature adipocytes. In
contrast to majority of adipocytokines, its cirdulg levels are negatively correlated with
body fat (14). Adiponectin is associated with ims@ensitivity (17), it enhances insulin-

dependent suppression of hepatic glucose produatidrihereby has a lowering effect on



glycaemia. Moreover, it increases glucose uptake fatty acid oxidation in several
tissues via AMPK activation (18) and poses antiaimimatory properties.
Tumour necrosis factonr (TNF-a) is a pro-inflammatory cytokine, which
expression is elevated in an obese state (11).0&8difissue-derived TNé&-originates to
a great extent from macrophages infiltrating fasae (19). It represents a promising link
between obesity, inflammation and impaired insglignalling (11). Further, TNB-is
implicated in the pathogenesis of obesity by matihujethe gene expression (20).
Monocyte chemoattractant protein-1 (MCP-1) is st by adipocytes and
adipose tissue macrophages and its release iopomion to progressive accumulation
of fat and adipose tissue inflammation (21). laipotent chemotactic factor responsible
for recruiting monocytes/ macrophages into adigessele (22), which is the major cause
of obesity-associated low-grade inflammatory st&erther, it possibly contributes to

insulin resistance as well (22).

1.3.2 Adiposetissueinflammation

Progressive overnutrition and obesity is charasteriby adipocyte hypertrophy and/ or
hyperplasia, increased macrophage infiltrationhérgpropensity of enlarged adipocytes
to necrotic cell death (23) and dysregulation dpadytokine expression, shifted toward
dominance of pro-inflammatory adipocytokines. Endehsecretion of chemoattractants
in obese state promotes migration of macrophagesaidipose tissue, accompanied by
the phenotypic switch of macrophages to a pro+nffieatory state (24). Moreover, higher
release of pro-inflammatory cytokines into the giation, may disrupt insulin signalling

in other tissues (22). Large adipocytes are lesglim sensitive in comparison to smaller
ones, and are associated with a chronic low-gratipose tissue inflammation that

represents a key factor linking obesity with insuksistance (12).

1.4 Attenuation of obesity-associated pathogenesis by n-3 PUFA
Long chain polyunsaturated fatty acids (LC-PUFA)ne8 series are essential for many
mammalian species. They are abundant in fish edpecially of marine origin; act as

hypolipidemics, reduce the incidence of cardiac nésje prevent progression of



atherosclerosis, have immunomodulatory effects @ prevent obesity and impaired
glucose tolerance (25;26).

Metabolic actions of n-3 LC-PUFA are largely meddtthrough the altered
expression of genes involved in carbohydrate apal Imetabolism. n-3 LC-PUFA
regulate gene expression in various tissues by@ets ligands to different transcription
factors, i.e. peroxisome-proliferator activatedeqgors (PPARS), retinoid X receptors,
liver X receptors, hepatic nuclear factor-4 and BRE (27). Besides direct actions, n-3
LC-PUFA act through their active metabolites inohgd resolvines, protectines,

eicosanoids, and docosanoids (28).

1.5 Agpect of sex in control of insulin senstivity

Human and animal studies proved that female sufjatthough having higher total body
fat mass, demonstrate milder phenotypes concewtiegity-related metabolic disorders
and/ or showed later onset of metabolic impairn{2at30) in comparison to their male
counterparts. Underlying mechanisms of this phemameremain largely unknown;
however, they could be partially associated witfiedences in fat accumulation and
adipose tissue inflammation.

It has been shown that female mice fed a HF deenahstrated lower adipose
tissue inflammation compared to males (31). Furtivee, females present higher
circulating adiponectin concentrations (32). Aspadiectin exerts anti-inflammatory
effects (33) and activates AMPK (18), higher adgam levels in females can contribute
to lower infiltration of their adipose tissue by cn@phages and/ or can promote
macrophage polarization towards an anti-inflammatehenotype (33) and decreased
tendency to ectopic lipid accumulation.

However, since the protective effect is appareny amtil the menopause,
beneficial effects of oestrogens on metabolism oaba ruled out. Some studies showed
anti-inflammatory oestrogen action (35), but furthesearch is needed to elucidate these

mechanisms.



2 AIMSOFTHE THESIS

The general aim of the thesis was to evaluate raktabhanges of an organism after
challenge with HF-feeding with respect to developtnef specific components of the
metabolic syndrome. Part of the work focused orrdhe of lipid composition in the diet,
namely the beneficial effects of partial replacetmdietary lipids with n-3 LC-PUFA
concentrate (specific aims 1 and 3). Furthermdris, thesis was aimed to contribute to
the elucidation of the role of widely expressedyame AMPK in the protection from
obesity and insulin resistance (specific aims 2 3ndAnd finally, regarding significant
differences in the incidence, prevalence and sgveby which males and females
experience diseases associated with the metabpidrame, this thesis attempted to
elucidate the disparity in the development of diyesi males and females by evaluating
adipose tissue function at the onset of insulimstasce using a model of HF-feeding in

mice.

The specific aims of this thesis were:

1. to characterise a role of lipid composition, nameiyh respect to n-3 LC-
PUFA and their derivatives, in the induction of site and insulin resistance
associated with the metabolic syndrome;

2. to examine the involvement of leptin-AMPK axis iipid metabolism of
skeletal muscle in response to HF-feeding, usingpdel of obesity-resistant
(A/J) and obesity-prone (C57BL/6) strain of mice;

3. to investigate the role of AMPK in preservationim$ulin sensitivity induced
by n-3 LC-PUFA feeding using a model of AMBK knock-out mouse

model;

4. to investigate sex-dependent changes in adipocypertrophy, low-grade
inflammation and secretory function of adipose ugsswith respect to the
development of insulin resistance induced by HFEgifegin C57BL/6 mice.
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3 RESULTSTO SELECTED PUBLICATIONS

3.1 Publication A: Prevention and reversal of obesity and glucose

intolerancein mice by DHA derivatives

The aim of this work was to determine the efficieraf four different chemicab-
derivatives of DHA compared to pure, non-modifiedAin the prevention and reversal
of obesity and associated metabolic disorders.

The “Prevention study”was performed on male mice of C57BL/6 strain. €hre
month-old mice were randomly assigned either tdfigg diet (35 % wt/wt; cHF) or to
cHF diet, where 1.5 % of total lipids was replaceith a-methyl DHA ethyl ester
(Substance 1)x-ethyl DHA ethyl ester (Substance 2),0-di-methyl DHA ethyl ester
(Substance 3) ax-thioethyl DHA ethyl ester (Substance 4). The ekpental diets were
administered for a period of four months. In tReversal study”the effect of Substance
2 was evaluated in C57BL/6 mice with diet-inducdzksity. After 4 months of cHF-
feeding, mice were administered cHF diet supplestentith Substance 2 (1.5 % of total
lipids) for 2 months. To evaluate the effect of am@entrate of DHA/EPA and a pure
DHA, the separate experiment was performed in #raesexperimental setup as the
“Reversal study”.

Substance 2 had the most pronounced effect in @iyht gain reduction from
all DHA-derivatives in the Prevention study” It reduced weight of subcutaneous
(scWAT) and gonadal (gWAT) fat by 73 % and 42 %pessively, and the effect on
reduction of food intake was demonstrated as &#tice Substance 2 was proven as the
most effective derivative in the suppression of sifyeand its detrimental metabolic
consequences, it was also tested in“Reversal study’using obese mice with impaired
glucose tolerance.

In both types of experiments, Substance 2 preveatedormalised adipocyte
hypertrophy and macrophage infiltration to WAT arfidrmation of CLS. The
immunohistochemical analysis was confirmed by teaé PCR (RT-PCR), showing that

Substance 2 reduced the expression of macrophagemm&D68 antigen and MCP-1 in



WAT by 91 % and 56 % respectively fRrevention study”and by 32 % and 50 %
respectively ifReversal study”

In liver, genes implicated in fatty acid oxidatiaere influenced by the treatment.
Acyl-CoA oxidase-1 Aox-1) and carnitine palmitoyltransferasa-1(Cpt-1a) were
strongly upregulated by Substance 2, in agreemétht avmarked increase in mRNA
expression of their regulatory transcription factpara. Pure DHA and DHA in
combination with EPA also increased transcriptiérCpt-1a, but notAox-1, however,
the observed changes were much smaller than charggesed by the ingestion of
Substance 2. The differences are striking, espgeidden we take into account a 10-fold
lower concentration of Substance 2 in comparisoth wi-3 LC-PUFA (EPA/DHA)
concentrate. Lipogenic genes, such as stearoyl-@saturaseScd-), thyroid hormone
responsive SPOT 145pot 14) farnesyl diphosphate synthagedg, are known to be
downregulated by n-3 LC-PUFA. In accordance, DHAl &PA/DHA decreased the
expression oScd--and Spot 14 however, Substance 2 increased mRNA expression of
Scd-andFdps Effect of Substance 2 on skeletal muscle wagmifscant.

To conclude, from the four tested DHA derivativBapstance 2 appeared as most
effective in obesity prevention as well as in theatment of dyslipidaemia and insulin
resistance associated with dietary obesity. It gtbaimilar range of beneficial effects as
naturally occurring n-3 LC-PUFA, but exerted muggher efficiency. Substance 2 also
prevented macrophage accumulation in adipose tisalch can have beneficial
systemic effects on inflammatory state associat@tt wbesity and consequently on
insulin resistance. Furthermore, Substance 2 redwwtopic lipid accumulation via
enhanced lipid catabolism and possibly futile swst cycling, as indicated by
simultaneous activation of lipogenic gen&gd-1 Fdp9 and genes responsible for lipid
oxidation Cpt-1a, Aox-J in the liver. Therefore, Substance 2 could belifigad as a

novel drug for obesity treatment.
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3.2 Publication B: Induction of muscle ther mogenesis by high fat diet

In mice: association with obesity-resistance

The main goal of this study was to elucidate, wletHF diet could stimulate muscle
non-shivering thermogenesis and determine possiblEvement of leptin-AMPK axis
in this process.

The experiments were performed on male mice ofigbpsone (C57BL/6) and
obesity resistant (A/J) strain, born and maintaiatdearly thermoneutral temperature of
30°C, to eliminate the possible confounding effect shfivering thermogenesis and
adaptation to cold. At the age of four weeks, mie@e randomly assigned to low fat
(LF) or HF diet and maintained on these diets\iay more weeks until sacrifice.

After 2 weeks on diets, no differences either idyoweight, body weight gain or
food consumption were observed. However, HF dieteased the weight of fat depots
with a more pronounced effect in A/J mice, whichswaccompanied by a higher
induction of plasma leptin levels in these micetfédent propensity to dietary-induced
obesity was apparent only after longer exposuréifodiet and did not depend on
stronger induction of energy expenditure of A/J enia response to cold. A/J and
C57BL/6 mice strains differed in their thermogeoapacity. After cold exposure°@),
A/J LF mice became hypothermic, while the activatad shivering was similar as in
C57BL/6 LF mice. HF diet reversed this phenotype #iJ HF mice were able to
maintain their body temperature in cold. Measuramannorepinephrine-stimulated
metabolic rate revealed stronger inducibility of RIGmediated thermogenesis by HF-
diet in A/J compared to C57BL/6 mice. Protein cohtef UCP1 in interscapular BAT
demonstrated induction by HF diet, while the inseeavas significantly higher in A/J
when compared to C57BL/6 mice (Table 1). Furtheemprotein levels of UCP1 and its
MRNA expression were measured in subcutaneous dpbtdand skeletal muscles,
respectively (Table 1); however, UCP1 levels weve tow to be physiologically

important for thermogenesis.
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Table 1 Quantification of UCP1 and UCP2 expression in fat depots

Fat depot C57BL/6 Ald

LF HF LF HF
BAT
UCP1-protein 9.6+0.7 320+4.1" 6.0+0.8" 63.8+10.5"
UCP2-transcript 1.26 +0.30 0.81 +0.27 0.61+0.17 0.69 +0.39
DL
UCP1-protein 0.016 +0.005  0.043 +0.007" 0.043+0.013"  0.065 +0.011
UCP2-transcript 0.62 +0.10 1.08 +0.36 0.95+0.20 153 +0.16
EPI
UCP2-transcript 1.23+0.22 1.00 +0.10 2.17 +0.69 1.59 +0.34

Mice adapted to 30 °C and fed either LF of HF diet for 2 weeks after weaning were studied. UCP1 protein
(mg/g membrane protein) was quantified using Western blots in 100,000 x g membranes isolated from
adipose tissue homogenates. UCP2 transcript levels (AU) were measured using gRT-PCR in total RNA
isolated from fat depots. BAT, inte[scapular brown fat; DL, dorsolumbar white fat; EPI, epididymal white fat.
Data are means £ S.E. (n = 4-8). Significant effect of diet; Tsignificant effect of genotype. (See Table S2 in
online Appendix of the respective publication).

To assess skeletal muscle metabolism and its lpessivolvement in non-
shivering thermogenesis, gene expression in glyicolyastrocnemiusand oxidative
soleus muscles were determined. HF diet upregulated thgression of pyruvate
dehydrogenase kinase Bdk-4 that is associated with suppression of glucoseation.
Moreover, HF diet downregulated the expressiosal-1lin all studied subgroups with
the most potent suppressionsoleusmuscle of A/J HF mice. This is in agreement with
higher plasma leptin concentrations in this mussileceScd-1is suppressed by leptin. In
addition, aminoimidazole carboxamid ribonucleotsfieaulated fatty acid oxidation was
elevated insoleus of A/J HF mice, reflecting higher activation of ANK (see
publication).

These results indicated increased fatty acid oxidatnd enhanced thermogenesis
in oxidative skeletal muscle in response to HF oliet/J mice, with a likely involvement
of leptin-AMPK axis. Together with increased UCPgdiated thermogenesis in BAT,

both mechanisms could lead to obesity resistané¢Jimice fed HF diet.
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3.3 Publication C: AMP-activated protein a2 subunit isrequired for
the preservation of hepatic insulin senstivity by n-3 polyunsaturated

fatty acids.

Our objective was to test the hypothesis, whethdPK is implicated in the beneficial
effects of n-3 PUFA in the prevention of obesityslghidaemia and insulin resistance.
Four-month-old whole-body AMP#2 knock-out (AMPKi2™) mice on
C57BL/6J background and their wild-type littermatentrols were used in this study.
Mice were fed either a low-fat chow diet (chow)gliifat diet (cHF), or cHF diet, in

which 15 % of total lipids were replaced with n-8{PUFA concentrate (cHF+F) for 9

weeks.
When specific activities of hepatic
0.10 = Chow
A —pe AMPKal and AMPKa2 subunits were evaluated,
0.08 4 2 cHF+F
25 an increase in the activity of AMRK subunit in
§ gm_ response to n-3 LC-PUFA supplementation was
s 3 - .
< e observed. AMPIg1 activity did not show any
0.00 : < significant compensatory changes in AMIPK
Wild-type AMPKo2
B 0.10 1 mice, however, its activity tended to be increased
> 0% (Fig. 1).
§§°-°6' Administration of cHF diet resulted in
3 o
5 5" higher body weight gain in wild-type and
<
. AMPKo2” mice when compared to chow-fed

0.00

Wild-type AMPKo2™ animals. However, the effect was less pronounced

Figure 1 Liver AMPKal (A) and I AMPKa2”. cHF+F diet induced smaller body

AMPKa2 (B) activity in wild type and . . .
AMPKa2" mice. The data are the Weight gain regardless of the genotype. Similarly,

means + SE (n=5-8). In the AMPKa2" + : Ty
mice, AMPKo2 activity was below the cHF+F diet decreased plasma I|p|ds

detection limit. *P < 0.05 vs. genotype ; ; _
Chow: t P < 0.05 vs. genotype CHF. independently of AMRa2 subunit. However, n-3

See Fi 1 in th i T -
E)u?)ﬁc a O'%‘)J_re I the respective | C.PUFA-containing diet prevented high plasma
insulin levels associated with cHF diet feeding

only in wild-type animals. Assessment of insulinngévity by hyperinsulinemic-
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euglycaemic clamp revealed protective effects 8fllE-PUFA from detrimental effects
of cHF feeding only in wild-type mice, while no keditial effects were observed in
AMPKa2” mice. In line with these observations, plasma I insulin-sensitising
hormone adiponectin, were increased only in wijgetynimals in response to n-3 LC-
PUFA (Fig. 2).

16 = Figure 2 Adiponectin levels in plasma of

' t /3 HMW wild-type and AMPKa2” mice fed either a

1.4 4 1 zzn MMW Chow diet or corn oil-based high-fat diets

. - LMW without (cHF) or with 15% of the lipids in
5 121 I t the form of n-3 LC-PUFA concentrate
3:; 10 1 . s T (cHF+F) for 9 weeks, and killed in ad
- T libitum fed state. The total adiponectin
S 084 T I levels and the distribution of adiponectin
Q 74 7> - // multimeric complexes were determined
g 06+ %7 / | - /"' using Western blotting. The data are the
S 44 /// 7/ means + SE (n = 13-15). *P < 0.05 vs.
< = // // genotype Chow; TP < 0.05 vs. genotype
0.2 - /// / cHF; $P < 0.05 vs. wild-type on respective

00 diet. Significance evaluated for the total
0= adiponectin levels. A.U., arbitrary units;
Chow ?HF cHF+F ~ Chow cHF cHF+F LMW, low molecular weight; MMW,
Wild-type AMPKo2™" medium molecular weight; HMW, high

molecular weight.

Liver TAG under the clamp conditions were decrdabg n-3 LC-PUFA in
AMPKa2-dependent manner. Moreover, experiments on eblaépatocytes confirmed
AMPK-dependent induction of fatty acid oxidation hy3 LC-PUFA in the liver (see
publication). The composition of hepatic lipidsvisry important for insulin sensitivity.
While hepatic ceramides and phospholipids were affected, the content of
polyunsaturated DAG was modified by both diet ardalype. Dietary supplementation
by n-3 LC-PUFA prevented accumulation of total DAGwild-type mice compared to
mice without functional AMPIE2 subunit (for details see publication).

To summarise, our results suggest that regulat@ysubunit of AMPK is not
necessary for anti-obesity and hypolipidemic effeat n-3 LC-PUFA, however, it is
required for the preservation of insulin sensiyiviéspecially in the liver. Nevertheless,
the activation of AMPKi2 by n-3 LC-PUFA is likely independent of their dlirect
interaction since it is most probably mediated by hC-PUFA-dependent increase in

adiponectin plasma concentration and subsequentkddiEvation in target tissues.
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3.4 Publication D: Sex differencesduring the course of diet-induced

obesity in mice: adipose tissue expandability and glycaemic control

Our objective was to evaluate sex-based differemeceadipose tissue plasticity with
respect to adipose tissue inflammation and propens deterioration of insulin
signalling between male and female mice.

This study was performed on male and female mic€E®BL/6N strain fed a
control (3.4 % wt/wt of fat; ST) or high fat (35 ¥/wt of fat; HF) diet from four weeks
of age for 15 or 35 weeks, to compare differentestaf body weight development after
long-term HF diet administration. ST-fed mice senas a control for the obesogenic
effect of HF-treatment (most of the parametersyaeal in the study were differentially
affected by ST and HF diet; for results from ST-feite see publication). HF-fed males
weighing more than females until week 20. From tlaek onwards, body weights of
both sexes equalised.

HF-fed females tended to have bigger gonadal (gyvAmd subcutaneous
(SCWAT) depots than males at week 15 (see puldicatand the differences became
statistically significant at week 35 (5989 + 470 ¥865 + 95 mg for gWAT; 1590 + 133
vs. 1297 + 113 mg for sScWAT, p<0.05). Higher adipos females at week 35 was also
reflected in higher leptinaemia (89.6 = 2.8 vs974 4.7 ng/ml at week 35, p<0.05). HF-
feeding induced accumulation of TAG in the livef$oth sexes with a more pronounced
effect in males (197 £ 27 vs. 121 + 8 mg/g of tesgu males and females, respectively;
p<0.05). Higher TAG accumulation in the liver tdgett with smaller gWAT and sCWAT
suggested decreased capacity for adipose tissaggenient and thereby higher ectopic
lipid deposition in males as compared to females.

At week 15, HF-fed females showed the ability tardase plasma glucose levels
in response to fasting, in contrast to HF-fed maledicating metabolic inflexibility in
males (Fig. 3a). Glucose homeostasis was evallmteldree subsequent intraperitoneal
glucose tolerance tests (IP GTT) and fasting bigladose (FBG) levels determination at
weeks 10, 25 and 33. HF-feeding exacerbated gluodsence associated with aging in
both sexes, however, males were affected earligr 8,c). At week 33 plasma insulin
levels were determined at the baseline and 30 esnafter glucose load during IP GTT.
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Although the fasted insulin did not differ betwete sexes, a higher increase in response
to glucose load was observed in males (Fig. 3dis $hggests that females need lower
insulin levels to maintain the same glucose toleeags males. Since adiponectin possess
substantial insulin-sensitising effect mediatedotiygh activation of AMPK, better
sensitivity to insulin action in females can beatetl to constantly higher plasma
adiponectin levels (1.25 + 0.05 vs. 0.78 £ 0.03 AatUweek 15; 1.44 £ 0.13 vs. 0.92 +
0.07 A.U. at week 35 in females and males, respalgtip<0.05).

Figure 3 Glucose homeostasis. (a)
Plasma glucose levels in fasted and fed

A e I : mice at week 15. (b-d) Intraperitoneal
wl % ¥ o glucose tolerance (GTT) test was
150 “ 100 performed at week 10, 25 and 33,

8 respectively, after weaning to either ST or
o ST nale % HF diet. (b) Fasting blood glucose (FBG) at

100 —O— ST female 40

-trmae 2 time O of the GTT performed at week 10, 25
0 0 and 33, respectively. (c) Area under the

Fasted Fed o % ® glycaemic curve (AUC) of the tests
performed at week 10, 25 and 33,
respectively. (d) Plasma insulin levels at

‘1d time 0 and 30 min of the test performed at

3 week 33. Data are means + SE (n=10; at
u week 10, only part of mice was randomly
/I selected for the testing). *significant

difference between sexes within diet,
N *significant difference between diets within
500 o] —— 0 sexes (ANOVA), tsignificant difference
0 before and after respective treatment (RM

0 10 25 33 0 30

Week Time (min) ANOVA).
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Lower ectopic fat storage and better metabolicileraff females prompted us for
further analysis of adipose tissue, as insulinstaace is closely associated with adipose
tissue inflammation and correlates with adipocyre.sHistological analysis of gWAT
and scWAT combined with morphometry of adipocytdwoveed that HF-feeding
increased adipocyte size as well as macrophadgatibn in gWAT and scWAT of both
sexes. In agreement with a widely accepted coniteptadipocyte size correlates with
adipose tissue inflammation, males demonstratgubagiie hypertrophy accompanied by
a markedly increased number of CLS especially inAGWboth at week 15 and 35.
Surprisingly, the dissociation of adipocyte sizenfr macrophage infiltration was
observed in females, where in spite of bigger adifes, adipose tissue macrophage

infiltration remained considerably lower (see poation)
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4 CONCLUSIONS

Concerning the specific aims of this thesis, thl¥gang conclusions may be formulated:

1. Naturally occurring n-3 LC-PUFA exhibited beneficeffects in the prevention
and treatment of obesity and metabolic syndromewé¥er, chemical DHA-
derivatives manifested the same range of healtrefbten but with a higher
efficacy. Substance 2x{ethyl DHA ethyl ester) profoundly reduced adip&cyt
size and adipose tissue inflammation in obese mtech was associated with

improved insulin sensitivity.

2. Differences in plasma leptin levels between obess#tsistant A/J and obesity
prone C57BL/6 mice were identified. A/J mice extedi a cold sensitive
phenotype when fed LF diet. However, HF diet norseal cold tolerance by
inducing both, UCP1 mediated thermogenesis andshorering thermogenesis in
oxidative skeletal muscle. Muscle thermogenesis veasompanied by a
preferential oxidation of lipids, suggesting theatvement of leptin-AMPK axis.

3. a2 subunit of AMPK was required for the preservatioh hepatic insulin
sensitivity mediated by n-3 LC-PUFA in mice fed Hiét. Dietary n-3 LC-PUFA
modulated the type of accumulated hepatic DAG ammptetely prevented an

increase of polyunsaturated DAG in AMBR-dependent manner.

4. Sex-dependent differences in adipose tissue inonsgpto HF-feeding were
described. Female mice demonstrated higher adypdsitvever, in spite of larger
adipocytes, the frequency of CLS was significafdlyer than in males. Females
accumulated less fat in non-adipose tissues, whimpether with lower
inflammation of WAT and constantly increased adgadm levels corresponded
with their improved sensitivity. Thus, adipose tissexpandability and its
capability to handle energy surplus rather thaal tbody fat content contributed
to a resistance of female mice to metabolic denareges associated with obesity.
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