Mapping the diverse functionsof dietary
fatty acidsvia target gene regulation

Anastasia Georgiadi



Thesis ommittee
Thesis supervisors

Prof.dr.Michael R. Miiller
Professor ofNutrition, Metabolism and Genomics
Wageningen University

Prof.dr.ir. (Sander) A.H. Kersten
Personal chair at the Division of Human Nutrition
Wageningen University

Other members

Prof. dr .ir. Jaap Keijer
WageningeruUniversity

Prof.dr. Matthijs K.C. Hesselink
Maastricht University

Prof.dr. Esther Lutgens
University of Amsterdam

Dr. Sander M. Houten
University of Amsterdam

This research was conducted under the auspices of the Graduate School VLAG
(Advancedstudies in Food Technology, Agrobiotechnology, Nutrition and
Health Sciences)



Mapping the diverse functions of dietary
fatty acidsvia target gene regulation

Anastasia Georgiadi

Thesis

submitted in fulfilment of the requirements for the degregaator
at Wageningen University
by the authority of Rector Magnificus
Prof. dr. M.J. Kropff,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on Tuesday 22 May 2012
at 1:30 p.m. in the Aula.



Anastasia Georgiadi

Mapping the diverse functions of dietary fatty acids via target gene regulation.
Thesis Wageningen University, Wageningen, The Netherlands, 2012

With references, with summary in Engliahd Dutch

ISBN: 97894-6173280-4









CONTENTS

CHAPTER 1 9

General Introduction

CHAPTER 2 21

Mechanisms of gene regulation by fatty acids

CHAPTER 3 45

Detailedtranscriptomics analysis of the effect of dietary fatty acdsgene
expression in the heart

CHAPTER 4 77

Induction of cardiac Angptl4 by dietary fatty acids is mediated by Peroxisome
proliferator activated receptér / add protects against fatty agiluced
oxidative stress

CHAPTER 5 115

Angptl4 overexpression protects against development of atherosclerosis in mice

CHAPTER 6 145

The hypoxia inducible gene (H) is a novel target gene of fatty acids in
macrophages

CHAPTER 7 165

General discussion

SUMMARY (English) 182
SAMENVATTING (Summary inDutch) 185
AKNOWLEDGEMENTS 190
About the author 195
List of publications 197

Overview of complete traning activities 198







Chapter 1

General Introduction



10

Chapter 1: General Introduction



Chapter 1: General Introduction

Dietary fat is a strong predictor of chronic diseases, such as cardiovascular

diseases, obesity, diabetes, dyslipidemia and metabolic syn{ite?heA great
number of epidemiological and observational studiesarty show that in
addition to the amount of fat consumed in a diet, fat composition is an equally
important factor in the development of chronic diseases. Evidence abounds
indicating that adherence to a diet with high content of polyunsaturated
(PUFAs) anl monounsaturate@UFAS) fatty acids such as the Mediterranean
diet has substantial health benefig6], while diets with high content of
saturated fatty acids (SFAs) such as the Western type diet increase the risk for
the development of several chrondiseases[7-9]. Nutrition science has
traditionally focused on the physiological aspects of food and epidemiological
studies on the relation between diet and disease risk. This approach led to the
generation of a great number of dietary guidelines, whrehaimed at disease
prevention rather than cure. Despite specific guidelines on consumption of
certain nutrients, especially dietary fats, the rates of diet related diseases remain
high [10,11], leading to the search of more efficient approaches of diseas
prevention. In response to this need, interest has grown into understanding the
molecular mechanisms underlying the diverse effects of food components,
which has been the basis for the appearance of the science of molecular
nutrition and nutrigenomics.

Nutrigenomics

Nutritional genomics or nutrigenomics investigates the interaction between
nutrients and genes at the molecular level by using genomic tools. The advent of
high throughput technology led to the emergence of a novel field generally
referredl to as genomics, which includes transcriptomics, proteomics and
metabolomics. Currently, transcriptomics is the most developed and feasible
tool used in nutrigenomics research. Transcriptomics is extensively used to
measure global changes in mRNA levéle(ttranscriptome) of cell or tissue in
response to external stimuli such as nutrients, pharmacological compounds or
certain diets or diseases. Taking advantage of that technology, nutrigenomics
research aims to provide a clear mechanistic framework tiieg liptake of
specific nutrients such as fatty acids to specific biological pathways and disease
process. To raise our understanding on fowmdabolism interactions above
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Chapter 1: General Introduction

purely descriptive type of information, it is important to carry out studies on
mutart mice or in cell culturesn order to idently molecular targets of nutrients
[12].

As a part of nutrition research, nutrigenomics approaches have focused on
understanding the early stages of disease development, as a response to
consumption of a certain diet or certain food compounds. One of the main goals
is to distinguish healthy indiguals from those that are in a gifiseased or
diseased stage, based on information derived from gene or protein expression
levels. Nutrigenomics research in humans focuses on tissues that are relatively
easily accessible, including blood cells, adipdssue and skeletal muscle. This
approach is anticipated to produce novel and more sensitive markers of disease
onset compared to those currently used in disease prevention. In such a way,
increasing our understanding on the transifimm predisease tohte disease
stage may allow early intervention that can restore hfE#h

P P A R Uhajor nutritional sensor of fatty acids

Within the field of nutrigenomics, dietary nutrients and their metabolites are
seen as signaling molecules that target specific cellular response systems. An
important set of signaling molecules in our diet are fatty acids. An important
mechanism ofaction of fatty acids is via stimulation or inhibition of DNA
transcription. The family of nuclear receptors represents an extensively
characterized group of transcription factors that is involved in mediating the
cellular responsesf fatty acids [1415]. Among them, the Peroxisome
Proliferator Activated Receptors (PPARS) perhaps comprise the best recognized
sensor system for fatty acids. PPARs are nuclear receptors that physically bind
fatty acids and other lipophilic compounds. Ligand binding triggeserias of
processes that includecruitment of specific coactivator proteins, leading to
induction or inhibition of the expression of PPAR target genes. Investigating the
type of target genes and their biological role has substantially improved our
knowledge on the function of PPARs in different tissues. Three different
subtypes of PPARs have been cloned, each characterizad unjique tissue

expression pattern. PPARU shows the hi
oxidative capacity such as brown adgse tissue, cardiac muscle, skeletal
muscle and liverP PARRAB/sU f ound i n many cel | t

expression is more restricted in adipocytes and macroph&jempter 1
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Chapter 1: General Introduction

provides an extensive review on fatty acid sensing, explaining the role of
Peroxsome Proliferator Activated receptors and other fatty acid sensors in fat
recognition and regulation of fatty acid target genes.

Heart, a highly oxidative muscle

The mammalian heart relies highly on fat oxidation for covering its energy
demands. The main site of fat oxidation is the cardiomyocyte, which covers
75% of the total humber of cells in the heart. Under resting conditions fat
oxidation covers up to 70% afardiac energy demands and the remainder is
covered by glucose utilization (2038%)[16,17]. In order to maintain the high
rates of fat oxidation the heart can use a variety of metabolic fuels and its
preference is determined to a large extent by thedbady met abol i ¢ st a
meal heart takes up most of the fat in the form of chylomicron triglycetiuks,
are formed in the small intestin&8]. Chylomicron triglycerides are lipolysed
via lipoprotein lipase activity to provide the heart witbe fatty acids FFAs).

A small part of FFA is also derived from albumibound FFA thatare taken

up by the heart without the intermediate role of LPL. Finally, in case of
nutritional deprivation the heart can catabolize ketones, amino acids or lactate
[19].

High rates of mitochondrial oxidation and oxygen utilization are coupled
with enzymatic and neenzymatic mechanismaiming to counterbalance the
production of highly reactive secondary products of the respiratory chain, the
reactive oxygen species (ROR0]. Among the best characterized enzymatic
mechanisms are the catalase and glutathione peroxslgseroxide dismutase
(SODs), thioredoxin and thioredoxin reductase. {domymatic mechanisms
include the intracellular antioxidants, such as Vitamin E, C and beta carotene,
ubiquinone, lipoic acid and uraf®1]. ROS can play an important role in
cardiac inflammation and their unbalanced production may lead to danfag
cell membrane, organelle structures, DNA and peroxidation of lipids giving rise
to lipotoxic metabolites such as ceramide. Additionally, ROS have been
described to directly regulate specific transcription factors involved in
inflammaion, such as NHA& and Nrf2 [2223]. Under conditionsof increased
lipids uptake by the hearsuch as chronic high fat diet or insulin resistance,
increasedrates of fatty acid oxidation,in combination with uncontrolled
production of ROS and lipid intermediates may result in mitochondrial
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Chapter 1: General Introduction

malfunctioning and lipid accumulatiof24]. Myocardial lipotoxicity refers to
the accumulation of intramyocardial lipids and is associated with contractile
dysfunction and even myocyte defd|.

Previous studies have suggested @ A Bldys a central role in cardiac
function. At initial stages of cardiomyopathy increase® A Rattivity results
in upregulation of beta oxidation genes and ROS production, whereas at later
stagesP P A Rattivity decreases, leading to mitochondrial malfunction and
lipid accumulation[26-28]. Since the heart takes up substantial amounts of
dietary fat,we set out to investigate the direct transcriptional targets of dietary
lipids in the healthy heart. Inhapter 2 we provide a detailed description of
target genes and metabolic pathways that are regulated acutely after an oral
gavage of triglyceride coisting of one type of fatty acid (C22:6, C18:3, C18:1
or C18:1). In addition, the role d? P A Rdinvestigated by conducting the
experiment irP P A R-Jmice. In chapter 3,we describe in depth a fatty acid
induced mechanism that serves to inhibit the. Id@pendent uptake of fatty
acids and thereby protect against cardiomyocyte lipotoxicity.

LPL - Angptl4 axis and its role in regulation of lipid uptake

Plasma levels of lipoproteins are considered a risk factor for atherosclerosis
and coronary headisease. Elevated levels of lalensity lipoprotein (LDL)
have been shown to increase thek rior atherosclerosislevelopementwhile
high levels of high density lipoprotein (HDL) are considered to be protective. In
recent years plasma triglycerides (T@)e increasingly recognizeds an
independent factor forcardiovascular disease (CVDJriglycerides TGs)
circulate in the plasma in the form of VLDEmnantsand chylomicrons. VLDL
remnants derivdrom the liver, whereas chylomicrorterive from the smal
intestine. Thus, levels of T&3n the plasma depend on the rate of production of
TG-rich lipoproteins in the small intestine and liver, and their clearance in
skeletal muscle, heart and adipose tissue. Clearance of plasma triglycerides is
catalyzed by [poprotein lipase (LPL), which is anchored to the capillary
endothelium via heparin sulphate proteoglycans and the protein GPIHBP1. For
an extended review on the function and regulation of LPL activity the reader is
referred to the review of Lichtenstein &nd Kersten S.; BBA;201[29]. Here
we lriefly describethe regulation of LPL by Angptl4, a target gene of PPARs
anda sensitive fatty acid target.
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Angptl4 isa secreted protein afizeabout 50KDa. It belogs to the family of
fibrinogenAngiopoietin like proteimthat includes Angptll, Angptl2, Angpti3,
and Angptl6. Similar to other angiopoieiike proteins, Angptl4 is divided into
distinct regions, which include a -términal signal sequence, a unique
sequence, a coilecbil domain and a large fibrinogen/angiogtan-like domain.
During protein maturation Angptl4 is cleaved to release aarhiinal and €
terminal fragment. Angptl4 is now well accepted as a potent inhibitor of LPL
activity. It has been showm vivo and in vitro that the inhibitory role of
Angptl4 on LPL activity is mediated by the-términal domain, which favors
the formation of inactive LPL monomers at the expense of active LPL dimers
[30,31]. Both Angptl4 and LPL are expressed in several tissues and cell types,
such as liver, skeletal muscle, ipase tissue, heart, small intestine, and
macrophages. Agpt4 was originally cloned atarget gene of PPARs and is
highly upregulated by fatty acids. Apart from being a potent inhibitor of LPL
activity, Angptl4 has been reported to have angiogenic anchavdwealing
functions [32,33]. The Gterminal part of the protein, whose role is less
understood compared to thet&minal domain, seems to be involved in these
functions.

Outline of this thesis

In Chapter 2 we provide an overview of existing knowledge on gene
regulation by fatty acids. The objective of this thesis was to provide a
comprehensive analysis of gene regulation by dietary polyunsaturated fatty
acids. We chose heart as the most relevant orgarvéstigate this question,
because after a meal heart preferentially utilizes fatty acids released via LPL
mediated lipolysis of chylomicron triglycerideShapter 3 is a transcriptomics
study investigating the effect of different PUFAs on cardiac gene ssipre
We take advantage of a unique expmmtal design in which mice are fed
single bolus of dietary triglycerideconsisting of one type of fatty acid. In
addi ti on, the role of PPARU, previous
lipid homeostais in the hearis explored.

In Chapter 3, we identify Angptl4 as the gene most strongly induced by
PUFAs in the heart. Based on previous knowledge on the inhibitory role of
Angptl4 on LPL activity, we hypothesized that increased influx of PUFA in the
heartmay result in upregulation of Angptléh order to inhibit LPL dependent
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release of FFAs, thereby protecting against the toxic consequences of increased
fat influx. In Chapter 4, we investigated in depth the transcriptional regulation

of this mechanism anitis contribution to regulate oxidative stress gmevent
lipotoxicity in the heart.

LPL is anchored to the endothelium via heparin sulphate proteoglycans and
its activity determines the plasma levels of triglycerides. Increased triglyceride
levels are considered a risk factor for atherosclerosis. Therefo@hapter 5
we investigatethe role of Angptl4 in atherosclerosis development, using a
model of whole body Angptl4 overexpression on a atheroscleposiege
ApoE3Leiden background.

Macrophages are central players in atherosclerosis development. They
function primarily as scavenger$ lipids and modified lipids anaxcessive
lipid accumulation leads to the formation of pndlammatory foam cells. In
Chapter 6, we describe the identification and initiiaracterization of thgene
Hig-2, which is sensitive tdatty acids uptake in marophages Finally,
conclusions and suggestions deriving from this thesis are discusShdpter
7.

16



Chapter 1: General Introduction

References

1. Kuller, L.H., Dietary fat and chronic diseases: epidemiologic overview. J Am Diet
Assoc, 1997. 97(7 Suppl): p. 89.

2. Weisburger, J.H., Dietary fat and risk of chronic disease: mechanistic insights from
experimental studies. J Am Diet Assoc, 1997. 97(7 Suppl): p2316

3. Knoops, K.T., et al., Mediterranean diet, lifestyle factors, angetd mortality in
elderly Eurogan men and women: the HALE project. JAMA, 2004. 292(12): p.
14339.

4. Babio, N., M. Bullo, and J. Sal&alvado, Mediterranean diet and metabolic
syndrome: the evidence. Public Health Nutr, 2009. 12(9A): p.-1607

5. Panagiotakos, D.B., et al., The mmt Greek diet and the ome§fomega3 balance:
the Mediterranean diet score is inversely associated with the edhegeaga3 ratio.
World Rev Nutr Diet, 2011. 102: p. 53

6. Pauwels, E.K., The protective effect of the Mediterranean diet: focus onrcante
cardiovascular risk. Med Princ Pract, 2011. 20(2): p-103

7. van Dijk, S.J., et al.,, A saturated fatty acich diet induces an obesitinked
proinflammatory gene expression profile in adipose tissue of subjects at risk of
metabolic syndrome. i J Clin Nutr, 2009. 90(6): p. 165#1.

8. Hooper, L., et al.,, Reduced or modified dietary fat for preventing cardiovascular
disease. Cochrane Database Syst Rev, 2011(7): p. CD002137.

9. Odermatt, A., The Westerstyle diet: a major risk factor for impadekidney
function and chronic kidney disease. Am J Physiol Renal Physiol, 2011. 301(5): p.
F91931.

10. York, D.A., et al., Prevention Conference VII: Obesity, a worldwide epidemic
related to heart disease and stroke: Group I: worldwide demographics siyobe
Circulation, 2004. 110(18): p. e46®.

11.Ahima, R.S., Digging deeper into obesity. J Clin Invest, 2011. 121(6): p-2076

12. Muller, M. and S. Kersten, Nutrigenomics: goals and strategies. Nat Rev Genet,
2003. 4(4): p. 31&2.

13. Afman, L. andM. Muller, Nutrigenomics: from molecular nutrition to prevention of
disease. J Am Diet Assoc, 2006. 106(4): p.-369

14.Mangelsdorf, D.J., et al., The nuclear receptor superfamily: the second decade. Cell,
1995. 83(6): p. 839.

15. Kersten, S., B. Degrgne, and W. Wahli, Roles of PPARs in health and disease.
Nature, 2000. 405(6785): p. 421

16. van der Vusse, G.J., et al., Fatty acid homeostasis in the normoxic and ischemic
heart. Physiol Rev, 1992. 72(4): p. 8840.

17



Chapter 1: General Introduction

17. Taegtmeyer, H., R. Hems, and.A. Krebs, Utilization of energyproviding
substrates in the isolated working rat heart. Biochem J, 1980. 186(3):-p1701

18. Teusink, B., et al., Contribution of fatty acids released from lipolysis of plasma
triglycerides to total plasma fatty acitlx and tissuespecific fatty acid uptake.
Diabetes, 2003. 52(3): p. 620.

19. Augustus, A.S., et al., Routes of FA delivery to cardiac muscle: modulation of
lipoprotein lipolysis alters uptake of F@erived FA. Am J Physiol Endocrinol
Metab, 2003. 284(2 p. E3319.

20. Giordano, F.J., Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest,
2005. 115(3): p. 508.

21. Nordberg, J. and E.S. Arner, Reactive oxygen species, antioxidants, and the
mammalian thioredoxin system. Free Radic Biol M2@01. 31(11): p. 128312.

22.Michiels, C., et al., Regulation of gene expression by oxygerkdpaB and HIF
1, two extremes. Free Radic Biol Med, 2002. 33(9): p. 431

23. Sabri, A., H.H. Hughie, and P.A. Lucchesi, Regulation of hypertrophic and
apoptotic signaling pathways by reactive oxygen species in cardiac myocytes.
Antioxid Redox Signal, 2003. 5(6): p. 7-3D.

24. Park, T.S., et al., Lipids in the heart: a source of fuel and a source of toxins. Curr
Opin Lipidol, 2007. 18(3): p. 2782.

25.Wende, A.R. and Abdt.D., Lipotoxicity in the heart. Biochim Biophys Acta, 2010.
1801(3): p. 31..

26. Banke, N.H., et al., Preferential oxidation of triacylglyceritdgived fatty acids in
heart is augmented by the nuclear recept® A R Circ Res, 20Q. 107(2): p. 233
41.

27. Finck, B.N. and D.P. Kelly, Peroxisome proliferatmtivated receptor alpha
(P P A R&ignaling in the gene regulatory control of energy metabolism in the
normal and diseased heart. J Mol Cell Cardiol, 2002. 34(10): p-3249

28. Lehman, J.J. and D.P. Kelly, Transcriptional activation of energy metabolic
switches in the developing and hypertrophied heart. Clin Exp Pharmacol Physiol,
2002. 29(4): p. 33495.

29. Lichtenstein, L. and S. Kersten, Modulation of plasma TG lipolysis by
Angiopoietinlike proteins and GPIHBP1. Biochim Biophys Acta, 2010. 1801(4): p.
41520.

30. Sukonina, V., et al., Angiopoietiike protein 4 converts lipoprotein lipase to
inactive monomers and modulates lipase activity in adipose tissue. Proc Natl Acad
Sd U S A, 2006. 103(46): p. 17458

31. Lichtenstein, L., et al., Angptl4 upregulates cholesterol synthesis in liver via
inhibition of LPL- and HL-dependent hepatic cholesterol uptake. Arterioscler
Thromb Vasc Biol, 2007. 27(11): p. 2420

18



Chapter 1: General Introduction

32. Goh, Y.Y., et al., Angiopoietidike 4 interacts with matrix proteins to modulate
wound healing. J Biol Chem, 2010. 285(43): p. 329009.

33. Yang, Y.H., et al., Suppression of the Raf/MEK/ERK signaling cascade and
inhibition of angiogenesis by the carboxyl termsnof angiopoietidike protein 4.
Arterioscler Thromb Vasc Biol, 2008. 28(5): p. 828.

19






Chapter 2

Mechanisms of gene regulation by fatty
acids

Anastasia Georgiadi ar8ander Kersten

Chaptempublished in Advances in NutrithpMarch 20121;3(2): 127134



Chapter 2 Mechanism®f gene regulation by fatty acids

Abstract:

Consumption of specific dietary fatty acids has been shown to influence risk
and progression of several chronic diseases, such as cardiovascular disease,
obesity, cancer, and arthritis. In recent years, insights into the mechanisms
underlying the biologidaeffects of fatty acids have improved considerably and
have provided the foundation for the emerging concept of fatty acid sensing,
which can be interpreted as the property of fatty acids to influence biological
processes by serving as signalling molesuben important mechanism of fatty

acid sensing is via stimulation or inhibition of DNA transcription. Here, we will
focus on fatty acid sensing via regulation of gene transcription and address the
role of Peroxisome Proliferator Activated receptors, $tRamulatory Element
Binding Protein 1, Tollike receptor 4, Grotein coupled receptors, and other
putative mediators.
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Chapter 2 Mechanism®f gene regulation by fatty acids

Introduction

Consumption of specific dietary fatty acids has been shown to impact risk
for a wide range of chronidiseases. What traditionally has been lacking is a
clear mechanistic framework that links uptake of specific lipids to a biological
pathway and disease process. Such a molecular framework should
accommodate the often differential effects of fatty acid$euifg in chain
length and saturation on numerous biological parameters. In recent years,
insights into the mechanisms underlying the biological effects of fatty acids
have progressed rapidly, partly thanks to the widespread use of in vivo and in
vitro gere targeting, and have provided the foundation for the emerging concept
of fatty acid sensing. Fatty acid sensing can be interpreted as the property of
fatty acids to influence biological processes by serving as signalling molecules.
While it is well estabshed that fatty acid derivatives such as eicosanoids have a
major signalling function, there is convincing evidence that fatty acids
themselves also carry this property. Part of this regulation occurs via regulation
of gene transcription, which is the topf this review.

Trafficking and cellular sensing of dietary fat

Every day our body processes an amount of fat equivalent to almost half a
cup. In the intestine, dietary triglycerides are first hydrolyzed into fatty acids
and monoglycerides that tater with bile acids associate into micelles in the
intestinal lumen. After being taken up into enterocytes, fatty acids are
reesterified into triglycerides (TG) and secreted as part of chylomicrons,
initially to the intestinal lymph vessels and from theme into the blood
circulation. The increase in circulating chylomicrons after a meal gives rise to
the postprandial peak in plasma triglycerides. The tiomeirse and magnitude
of the plasma triglyceride peak may differ between individuals and is elevated
in obese and diabetic subjects, giving rise to post prandial lipaemia. Plasma
chylomicrons undergo rapid lipolytic processing via the action of lipoprotein
lipase (LPL) anchored to the capillary endothelideading to the release of
fatty acids and thesubsequent ugke into the underlying tissyig].

One of the major sinks for mederived fatty acids is the adipose tissue,
which acquires most of the absorbed fatty acids via elevated local LPL activity.
Other tissues that substantially contribute postprandial clearanceof
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Chapter 2 Mechanism®f gene regulation by fatty acids

chylomicronTG are skeletal muscle, heart, and, after conversion to
chylomicron remnants, the livg2]. In contrast to plasma TG, circulating levels

of adipose tissue derived nesterified free fatty acids decrease rapidlyradte
mixed meal and again increase at the end of the post prandial period. A
significant portion of circulating FFAs are taken up by the liver, where together
with remnamiderived fatty acids and fatty acids produced via de novo
lipogenesis they form the kstrate for (rgesterification and subsequent
secretion into the plasma as VLBIG. Depending on the tissue and feeding
status, either plasma FFA or Td&rived fatty acids comprise the major share of
fatty acids for tissue uptaK@]. Irrespective of the specific route of delivery, it

is evident that the rate of fatty acigtake into many tissues is very variable and
influenced by numerous factors, including tissue metabolic activity, feeding
status, fat intake, and the intake of other nutrients, especially carbohydrates.
Furthermore, circulating concentrations and tissuese$ of FFA and TG
derived fatty acids are often altered during obesity, type 2 diabetether
metabolic disturbances.

A number of proteins are involved in cellular uptake of FFAs, including
CD36 and various FATHS]. After uptake, fatty acids are bound by fatty acid
binding proteins (FABPs) and can undergo a number of metabolic fates
including oxidation in mitochondria and esterification and storage in lipid
droplets. In addition, fatty acids can serve as signaling molecule by impacting
intra- and extracellular receptor sensor systems either directly or after
conversion to specific fatty acid derivatives. An example of these lipid sensors
are the nuclear receptorwhich mediate activation of gene transcription by a
variety of hydrophobic compounds, including retinoic acid, steroid hormones,
oxysterols and bile acidgd]. This review will provide an overview of our
current knowledge on the various cellular receptor systems enabling the cell to
sense the intreor extracellular fatty acid concentration and respond by altering
gene transcription.

Peroxisome Proliferaor Activated Receptors
The Peroxisome Proliferator Activated Receptors (PPARS) perhaps comprise
the best recognized sensor system for fatty acids (Figure 1). PPARs are

transcription factors that are members of the superfamily of nuclear hormone
receptos, which also include receptors for fat soluble vitamins A and D and
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steroid hormones[5]. Nuclear receptors function as ligaactivated
transcription factors by binding small lipophilic molecules. They share a
modular structure consisting of a DNANnd ligandbinding domain and play a
role in a numerous biological procesgék Three different PPARs subtypes
have beercloned, each characterized by a unique tissue expression pattern.
PPARU (Nrl1cl) is found in many tissues
such as brown adipose tissue, cardiac muscle, skeletal muscle and liver.
PPARMNFLE)isfoundinmanycelly pes, whil e PPARO2 ( Nr
is more restricted with adipocytes and macrophages expressing the highest level
[7,8]. Binding of ligand is believed to trigger the physical association of PPARs
to specific DNA sequences called PPAR response elements in and around target
genes. Additionally, ligand binding leads to recruitment e&ctivator proteins
and loss of caepressor proteins, resulting in activation of DNA transcription
[5]. Similar to many other nuclear receptors, PPARs bind to DNA as
heterodimer with the nuclear receptor RXR, which binds the vitamin A
derivative 9cis retinoic acid.

PPARs serve as a recepfor structurally diverse compounds. Although
substantial specificity towards one particular PPAR subtype has been achieved
in the design of synthetic PPAR agonists, there seems to be comparatively little
subtype specificity among endogenous PPAR agonistseveral landmark
papers from the 19906s it was demonst
bind fatty acids with a general preference towards long chain polyunsaturated
fatty acids (PUFAs]9-13]. Subsequent studies using a variety of biochemical
techniques have firmly corroborated the direct physical association between
fatty acids and PPARs and have thus established fatty acids as bona fide PPAR
ligands [14-18]. In addition, numerous fatty aedkrived compounds and
compounds showing structural resemblance to fatty acids, includingCag,
oxidized fatty acids (9(SHODE, 13(S)HODE),  eicosanoids,
endocannabinoids, andhytanic acid, have been shown to activate PPARs
26). Whereas the eicosanoid-D&oxy-Delta-12,14prostaglandin J2 behaves as
a specific high affi-nydroxyeicosagetaeriois &cidf o r
and prostacylin PGl 2 show prefef@ence f
27-29]. Since the intracellular concentration of fatty acids (free and bound to
fatty acid binding proteins) far exceeds the intracellular concentration of
eicosanoids and other endogenous PPAR agonists, and since fatty acids are able
to bind PPARs with high dffity, the question can be raised to what extent
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Chapter 2 Mechanism®f gene regulation by fatty acids

eicosanoids and other fatty aaldrived compounds substantially contribute to

the activation of PPARSs in vivo. Rather, it can be argued that PPARs serve as
general fatty acid sensors with comparatively tedi ligand specificity.
However, this concept is not universally embraced, and has clearly not stopped
the quest to identify the potentiallglusive single true endogenous PPAR
ligand. Recently, Semenkovich and colleagues identified the
phosphatidylcholinel-palmitoyl-2-oleoylsn-glycerol3-phosphocholine as the

l' i pid compound | ikely responsible for
a targeted deletion of the fatty acid synthase g€i3§]. Since
phosphatidylcholines are abundant in any delis unclear how activation of
PPARU -fmynitoyl2-oleoylsnglycerol3-phosphocholine fits into the
notion of PPARU being a |ipid sensor
status and lipid fluxes.

As discussed above, dietary fatty acids mostly enter the liver as TG within
chylomicron remnants, and are liberated after degradation of the remnant
particles by hepatic and | ysosomal [
dominant in mediating the effextof dietary fatty acids on hepatic gene
expression, including many genes involved in fatty acid catabolism, as revealed
by experiments i n wh/inide wewd prodidey witht a and |
single oral bolus of synthetic TG consisting of one type iy facid [17].

Lipolysis of circulating lipoproteins, whether hydrolysis of HDL by endothelial

lipase or lipolysis of VLDL by lipoprotein lipase, was shown to be an important
mechani sm for generating | i[3,8%disle f or P
hydrolysis of VLDL by hepatic lipase and lipoprotein lipase was shtwn

provide ligands foP P A R l hapatocytes and macrophages, respect[a3y

34].

In contrast and very surprisingly, circulating FFA, which primarily originate
from adipose tissue lipoy s i s , do not seem to be abl
in the liver[35, 36]. The precise mechanism behind the differential effect of
circulating FFA (iAol d fat o0)hesizedrfastyus di e
acids (Anew fato) on hepatic PPARU ac
related to existence of distinct intracellular fatty acids pools with distinct
metabolic and signaling properti€35]. In contrast, hepati® P A R fzan lbe
activated by plasma FF£86), and likely the same is true in skeletal muscle, as
revealed by the stimulatory effect of elevated FFA on expressit(hRA R b / U
target Angptl4 in skeletal musda7, 39].
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Interestingly, it was recently- propo
mediated gene transcription requires the prior esterificationtyf &&ids and
subsequent hydrolysis catalyzed by Adipose Triglyceride Lipase (AT&H)

Conversion to TG and subsequent lipolysis seems to be necessary in order for
fatty acids to become active signalingidis, but it is unclear whether the

specific routing of fatty acids leads to the formation of a specific high affinity

ligand or feeds a distinct intracellular fatty acid pool. In contrast, evidence was
alsoprovided that i n | i v e rity idépérdently ofo mot e ¢
ligand-induced activatiof4Q].

PPARU acts as a master regulator of h
expression of numerous genes involved in mitochondrial and peroxisomal fatty
acid oxidation, as well as other lipid related pathways, inflammatory pathways,
and glucose metabolisid1]. Accordingly, it can be argued that activation of
PPARU by fatty acids i n -fdrwandenechaaismd he a
aimed at promoting oxidation ahcoming fuels and thereby preventing the
intracellular accumulation and consequent lipotoxicity of fatty acids by
stimulating their oxidation. A similar role can be envisionedRoP A R fn/ U
skeletal muscle. Besides via stimulation of fatty acid oxidadioth possibly by
stimulating conversion of fatty acids into triglyceridd4], activation of PPAR
by fatty acids may protect against lipotoxicity by inhibiting L&&pendent
hydrolysis of circulating TG and consequent uptake of fatty acids via induction
of the LPL:inhibitor Angptl4[42].

The role of PPARSs in gene regulation by fatty acids is less clear in adipose
tissue. Marine oil fattyacids have major effects on adipose tissue function and
metabolism, as well as on adipose tissue gene regu[dhrAlthough PUFAs
are direct a g[b2h it is unslearf to what XeAtRhe observed
changes in adipose gene expression upon chronic PUFA feeding reflect direct
ligandact i vati on of PPAR2 or other PPARs,
by specific eicosanoids or other fatty aderived componds. Activation of
PPAROD by fatty acids may be aimed at p
acids to TG and stimulating overall TG storage capacity, thereby protecting
against lipotoxicity.
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Sterol-regulatory element binding protein 1

Dietary PUFAssuppress hepatic expression of genes involved in fatty acid
synthesis (Figure 1)The underlying mechanism involves a member of the
family of basichelix-loop-helix-leucine zipper transcription factors named
sterol regulatory element binding protdif SREBP-1, Srebfl). There are two
SREBP isoforms, designated SREB® and SREBR2, which differ in their
tissue specific expression and their target genes selectivity. Whereas SREBP
preferentially activates genes involved inrd®/o lipogenesis, SREBP hasa
preference towards genes involved in cholesterol synthesis and uptake, at least
in liver [44]. Together, SREBPs activate the expression of more than 30 genes
involved in the synthesis and uptake of cholesterol, fatty acid$ycerides,
and phospholipids.

Although SREBP1 and SREBP2 have both been suggested to be inhibited by
PUFAs, there is a lot more evidence implicating SREBP1 in downregulation of
gene expression by PUFAs. Studies over the last decade have indicated that
PUFAs potently lower SREBR mRNA levels and inhibit proteolytic
processing of SREBR [45-49]. The latter process is required for maturation of
precursor membradAesound SREBHL to the mature SREBP, which moves to
the nucleus and serves as the actual transcription factor. Recently, the target of
PUFAs was identified as Ubxd8, a ER membrhanand protein that facilitates
the degradation of Insif, which normally sequesters the SGSREBP
complex in the ER and prevents its activatjbf]. Specifically, t was shown
that PUFAs inhibit the activity of Ubxd8, thus causing the SGKREBP
complex to stay in the ER. In addition to the mechanism described above,
evidence has been provided that DHA but not other PUFAs stimulate the
removal of mature nuclear SREBPvia a mechanism dependent on 26S
proteosome and ERK signaliri§l]. Downregulation of SREBR mRNA by
PUFAs has been proposed to be mediated by stimulation of SREBRNA
decay[52], or by antagonizing the activity
potent inducer of SREBP gene transcriptiofb3, 54]. Since a role of LXR in
mediating effects of PUFAs is contentio[55], the reduction in SREBP
MRNA by PUFA is more likely to beesondary to inhibition of SREBP
maturation, which via autoregulation of SREBPranscriptional activation
leads to reduced SREBPMRNA levelg56].
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PUFAs have also baeshown to reduce expression of the glycolytic gene
pyruvate kinase via a mdxhTaiseffscomay ndep e
be mediated by inhibiting nuclear translocation of either carbohydrate
responsive element bimdy protein (ChREBP) or MAXike protein X (MLX)

(Figure 1)[58, 59]. ChREBPand MLX form a heterodimer functioning as
glucoseresponsive transcription factor that induces expression of genes
involved in glycolysis and lipogenesis, including pyruvate kinase, aCetl
carboxylase 1, and fatty acid synthase. However, additional mkstd to be
collected to more precisely define how PUFAs influence ChREBP or MLX
nuclear translocation and what are the direct molecular target of PUFAs.

Hepatocyte nuclear factor 4U

The hepatocyte nuclear factor 40 ( HNEF
is exclusively expressed in the gastrointestinal tract, liver and kiifey
Targeted disruption of HNF4U | eads to
defects in the expression of visceral endoderm proteins required for maintaining
gastrulation[60]. Using livers p e ¢ i f i-/e midé Nt Fvds($hown that liver
HNF4U is important for hegoeetnogthd e di -
expression of genes involved in lipid homeosté6y. In 1998 evidence was
provided that saturated fatty ag§bA may be able to serve as agonists for
HNF4U, wher eas unGoAtwere promosed th sdrveyas ac y |
antagonistic ligand$62]. These data have been contested experimentally and
are not widely acceptd®3]. Elucidation of the molecular structure usingay/
crystallography revealed the presence of a fatty acid that appeared to be
constitutively bound[64, 65. More recently, it was shown using affinity
isolationf/mass pect rometry t hat HNF4U is7 occup
cells as well as in liver of fed but not fasted mice, suggesting fatty acid binding
is exchangeable. However, nonducti on of HNF4U target :
observed in a human colon cancer cell line, raising questions about the purpose
of bi nding of | i[6é6oQverill,che hindingland especially F 4 U
the activation of H NGoAdJremaigs céntmoversigl. ac i d
Indeed, there is only very limited evidence that changes in the concentration of
fatty acids or acylCoA lead to activatioo f HNF4 U t arget s.
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I n addition to PPARs and HNF4U, t he
RXR have been proposed to serve as mediators of the effects of fatty acid on
gene transcription. With respect to LXR, it was suggkstat unsaturated fatty
acids suppress Srebplc gene expression by inhibiting [5dR However,
another study found that unsaturated fatty acids do not influence- LXR
dependent gene regulation in primary rat hepatocytes or irf&ger

Docosahexanoic acid was originally picked up as ligand for RXR when
looking for a factor in brain tissue that activates RXR in aluadled assa7].
Subsequent experiments showed the direct binding of PUFAs to RXR, with
strongest RXR activation observed for DHA and arachidonic aciaywiell by
linolenic, linoleic, and oleic acid68]. Recent studies confirmed the direct
binding of DHA to RXR, although with much lower affinity compared to 9cRA
[69]. In as much as DHA also binds PPARs &fARs form a permissive
heterodimers with RXR, it is technically challenging to distinguish between
DHA gene signaling via PPAR versus RXR. Interestingly, using RXR and
PPAROD antagoni st s, it was found that
in human cbriocarcinoma cells via activation of RX{R(]. Recently, effect of
DHA on despair behaviors and working memory could be attributed to
activati pri. of RXRDO

NF-E2-related factor-2 (NRF2)

An oral lipid load with PUFAs causes rapid upregulation of numerous
oxidative stress genes in several organs, likely representing an adaptive
mechanism aimed at preventing cellular lipotoxiditi?]. Increased levels of
reactive oxygen species and derivatives of fatty acid peroxidation activate the
transcription factor NRF2 (NFE2L2), which governs the expression of multiple
genes involved in the oxidative stress response. Compounds that activate NRF2
ranging from diphenols to hydroperoxides and heavy metals, are believed to
modulate the sulfhydryl group of cysteine residues with KEAP1, which serves
as NRF2specific adaptor protein for the CulBubiquitin ligase complel73].

As a result, these compounds cause the dissociation of -Quilimd thereby
inhibit NRF2 ubiquitination, leading to stabilization and nuclear translocation of
NRF2 and subsequent induction of NRF2 target genes. Studies have shown that
oxidation products of linoleic acid, eicosapentanoic acid and DHA can react
with KEAP1, while the intact fatty acids cann@4-76]. Thus, the effects of
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(dietary) PUFA on expression of genes involved in the oxidative stress response
are likely mediated by specific fatty acid oxidation produeis NRF2
dependent signaling.

Toll-like receptor 4

Numerous studies have investigated the impact of fattysaoiu the
inflammatory response in a great variety of cell types and tissues. These studies
overwhelmingly point to a prmflammatory effect of saturated fatty acids,
whereas 8 PUFA exhibit mostly artinflammatory propertie$77]. Most of
the modulatory effect of fatty acids on inflammation can probably be attributed
to fatty acid metabolites, including prostagtlins, leukotoxins, resolvins,
endocannabinoids, ceramides and diacylglycef@d. However, there is
accumulating evidence that fatty acids may be able to directly activate or
suppress inflammatory pathways.

Most of the biological activities of LPS are mediated via its lipid A moiety.

It is well established that the fatty acids that are part of lipid A play an
important role in ligand recognition and receptor activation of-llke receptor

4 (TLR4), leading to the suggestion that saturated fatty acids may promote
inflammation by direct activation of TLR4 (Figure 1). Subsequent studies have
provided compelling evidence that saturated fatty acids activate BF a n d
stimulate epression of N B t ar get s -2siN@®@Shandallsl UC @ X
macrophages by activating TLR4 signaling in a MyD88, IRAKnd TRAF6
dependent manngr8-8Q]. In contrast, unsaturated fatty acids are ineffective or
may even act as antagonists. It was reported that saturated fatty acids activate
TLR4 by promoting its recruitment to lipid rafts via a mechanism involving
reactive oxygen speci¢81]. Data showing direct physical binding of saturated
fatty acids to TLR4 are still lacking, leaving open the mechanism of TLR4
activation[82]. Others have argued against TLR4 activation by saturated fatty
acids[83]. Using TLR4/- macrophages, the role of TLR4 in mediating the
inflammatoy effects of saturated fatty acids was convincingly demonstrated
[84, 85]. Loss of TLR4 was also shown to partially protect againstiniéktced
obesity and insulin resistance, suggesfiLR4 may be involved in mediating

the detrimental effects of chronic high saturated fat consumgihi86, 87].
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G-protein coupled receptors

Members of the Grotein coupled receptor (GPCRs) family are involved in
mediating the stimulatory effects ofatfy acids on insulin secretion by
p ancr edldand on Becretion of various gastrointestinal hormones in the
gut [88, 89. These receptors, which include GPR4BFAR1), GPRA4l
(FFAR3), GPR43 (FFAR2), GPR84, and GPR120, each exhibit preference for a
specific set of fatty acids. To what extent activation of GPRs by fatty acids
directly influences gene transcription remains to be determined (Figure 1).
Nevertheless, uk to the emerging importance of GPRs in fatty acid sensing in a
variety of tissues, somasgussion on GPRs is warranted.

In addition to being activated by short chain FAs such as acetate, propionate,
butyrate and pentanoate, GPR41 and GPR43 have in @oitimat they are well
expressed in the colon, which is exposed to elevated concentrations of SCFAs
via bacterial fermentatiof88]. Furthermore, GPR41 is expressed in numerous
immune cells and adipose tissue, where it was shown to be involved in
regulation of leptin productiof0]. The relative role of GPR41 versus GPR43
as sensor for SCFAs in the enteroendocrine system is not clear. Recently, it
was proposed that GPR41 mediates the effect of gut microbiota on fat mass
[91], while stimulation of GPR43 by SCFAs was shown to be necessary for the
normal resolution of certain inflammatory respor$s3.

In contrast to GPR41 and GPR43, GPR40 is activated by medium and long
chain fatty acids , which include saturated and unsaturated fatty acids. GPR40 is
expressed at hi g-ieelld where it nsedidtes thepstinmulatorg a t i
effectof fatty acids on glucosstimulated insulin secretidi®3, 94]. Apart from
t he p anceelis,eGPR40 és krfown to be expressedrarious other cell
types such as enteroendocrine cells. In these cells, GPR40 is involved in the
stimulation of production of GLR and GIP by fatty acid®95].

Other relevant members of the GPCR family are GPR84, GPR119 and GPR120.
GPR84 is well expressed in bermmarrow derived macrophages and has been
proposed as receptor for medium chain fatty af9@. GPR119 has a similar
expression p&rn as GPR40 but the receptors shares only little homology.
Endogenous ligands of GPR119 have been identified and include the fatty acid
derivatives monoacyl glycerol, lysophosphatidylcholine and
oleoylethanolamid¢97, 98]. GPR120 is activated by saturated and unsaturated
fatty acids with twelve or more carbons. GPR120 is most abundant in mouse
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large intestine, lung and adipose tissue, but is also expressed in enteroendocrine
cells where it mediates the effect faitty acids on release of glucaglke
peptidel and cholecystokining99-101]. Remarkably, GPR120 was recently
proposed to serve as a specific sensor f8rfatty acids in macrophages that

may mediate the putative insulin sensitizing and-aiatbetic effects of 43 fatty

acids in vivo by repressing macrophagduced tissue inflamation[10Z. So

far, evidence is lacking that activation of these receptors is directly linked to
regulation of gene expression.

Conclusion

While the importance dlietary fatty acids as determinants of risk for numerous
chronic diseases has been well recognized, only recently have we started to gain
appreciation for the vast regulatory functions of dietary fatty acids in the human
body. It is now evident that fatgcids, either directly or via its metabolites, act

via a great variety of signaling pathways to influence numerous metabolic,
inflammatory, and other biological processes. In the past decade, nutrigenomics
has provided the ideal conceptual framework aredrtecessary technological
tools to address the global effects of dietary fatty acids, and has importantly
contributed to a major advancement in our understanding of the molecular
action of dietary fatty acids. So far the focus has been on the molecular
chaacterization of specific signaling routes, coupled to the description of the
whole genome effects of dietary fatty acids. In the future, greater emphasis will
have to be placed on the functional consequences of specific target gene
regulation in order tdully understand the functional impact of dietary fatty
acids and their potentially preventive effect in specific disease conditions. It can
be foreseen that nutrigenomics will continue to make a push towards a more
mechanistic and genomidsiven approachwithin the domain of nutritional
sciences and further promote the implementation of high throughput
technologies.
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Figure 1. General mechanisms ofjene regulation by fatty acids

The mechanisms shown mainly apply to hepatocytes. PUFAs reduce exprefssion o
genes involved in fatty acid and cholesterol synthesis by binding and inactivating
UBXDS8, thereby inhibiting proteolytic processing of SREBP PUFAs reduce
expression of Hype pyruvate kinase (glycolysis) in liver most likely by inhibiting
nuclear traslocation of MLXChREBP. Various fatty acids but especially PUFAs act
as |ligand for PPARs. Activation of PPARU
fatty acid catabolism. DHA has been reported as a ligand for RXR. GRR4hd
GPR120 are expressed bnterocytes, enteroendocrine cells and other cell types and
serve as membrane receptors for various types of fatty acids including SCFAs. It is
uncertain whether they are involved in the effects of fatty acids on gene expression.
TLR4 is present macrophagand other cell types and has been proposed to be activated
by saturated fatty acids. bHLH, basic helix loop helix.
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Abstract

Fatty acids comprise the primary energy source for the heart and are mainly
taken up via hydrolysis of circulating triglyceridieh lipoproteins. While most

of the fatty acids entering the cardiomyocyte are oxidized, a small portion is
involved in altering gene transcription to modulate cardiometabolic functions.

So far, no in vivo model has been developed enabling study of the
transcriptional effects of specific fatty acids in the intact heart. In the present
study, mice were given a single odase of synthetic triglycerides composed of

one single fatty acid. Hearts were collected 6h thereafter and used for whole
genome gene expression profiling. Experiments were conducted irtypdd

and PPARtle to allow exploration of the
It was found that: 1) C18:3 had the most pronounced effect on cardiac gene
expression. 2) The largest similarity in gene regulation was observed between
C18:2 and C18:3. Large similarity wasl s o observed bet ween
Wy14643 and C22:6. 3) Many genes were regulated by one particular treatment
only. Genes regulated by one particular treatment showed large functional
divergence. 4) The majority of genes responding to fatty acid traatwere

regul at ed -dependent nRrihér Rdinphasizing the importance of
PPARU in mediating transcriptional re(
Several genes were robustly regulated by all or many of the fatty acids studied,
mostly representingvell-described targets of PPARs (e.g. Acotl, Angptl4,

Ucp3) but also including Zbtb16/PLZF, a transcription factor crucial for Natural
Killer T cell function. 6) Del eti on an
on expression of numerous genes involvednietabolism and immunity. Our

analysis demonstrates the marked impact of dietary fatty acids on gene
regul ation in the heart via PPARU.
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Introduction

Fatty acids serve as the primary energy substrate for the contracting heart via
their oxidation in lhe mitochondria. Oxidation of fatty acids in the heart may be
altered during specific disease conditions impacting the heart, including cardiac
failure, myocardial ischemia and diabete&3]. Impaired oxidation or excess
delivery of fatty acids in the hdamay give rise to cardiomyocellular lipid
storage. Limited variation in cardiac lipid storage can be considered normal and
occurs as a direct consequence of physiologlaatifations in circulating FFA
[35]. However, chronically elevated cardiac lipidrstge is considered harmful
and may lead to ligoxic cardiomyopathyZ4].

Fatty acids entering the cardiomyocyte can originate from two principal
sources, which are circulating triglycerideh lipoproteins and circulating
albuminbound free fattyacids. The former pathway, shown to be the main
sourceof fatty acids for the heart3[ 31, requires the catalytic activity of
lipoprotein lipase (LPL), which is anchored into the capillary endothelium. To
what extent fatty acids from different extrac&lusources are channeled into
different intracellular pathways in the heart remains to be investigated.

While most of the fatty acids entering the cardiomyocyte are oxidized, a
small portion of the incoming fatty acids are transported towards the sucleu
and alter gene transcription to modulate cardiometabolic functions. Several
transcription factors are implicated in mediating effect of fatty acids on gene
transcription in various tissues, incind SREBP1 ¢ , HNF4U, 28%.nd PPA
PPARs are ligandctivated transcription factors that govern DNA transcription
by direct bindig to promoters of target genesf]. In addition, they down
regulate gene expression by interfering with the activity of other transcription
factors. The family of PPARs consists thiee members encoded by distinct
genes: U, U, and 2, whi ch areande ach (
developmental patterns of expression.

PPARU serves as the molecul ar target
addition, PPARU dcids ardovarious tattyeacld deriyativesa t t y
such as eicosanoids and endocannabinoi
has a preference towards ledigain polyunsaturated fatty acids (PUFA4)Z,

18, 19. While several studies have examined the effect of fatty acids on PPAR
target genes in isolated cardi omyocyt e
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target such as Ucp2, Cptla, CdB@pp3, Acsll, Acotl, and Acadb,[10, 32,

34], little is known about genegulation by fatty acids in the intact heart.
Previously, we described an in vivo model that allows characterization of the

transcriptional targets of FRAs in diverse tissues in vivdl4, 2§. In this

model, mice are given a single oral bolus of sytithteiglycerides composed of

a single fatty acid. We showed that the Angptl4 gene is a very sensitive target of

fatty acids in the heart and furthermore that its upregulation is part of a

protective mechanis against cardiac lipotoxicitylfl]. The presentstudy

examines the whole genome effects of individual dietary fatty acids in the heart

via transcriptional profiling. By conducting these experiments in-tyie¢ and

P P A R-lhice, the specific contributio of PPARU coul d be de

Methods

Chemicals: Wy14643 was obtained from Eagle Picher Technologies
laboratories (Lenexa, KS, USA). Triolein, trilinolein, trilinolenin,
tridocosahexaenoin were from MthekPrep, Inc. (Elysian, MN, USA). Cell
culture media, fetal bovine serum and penicillin/dwap/cin were from Lonza
(Verviers, Belgium).

Animals and oral lipid load: Purebr ed Sv 129 -/-ancd 2 PARU
months of age) on a Sv129 background were used. In the short term experiment,
animals were switched to a Him diet consisting of a modifiedIN76A diet

(corn oil was replaced with olive oil to minimize baseline intake of
pol yunsaturated fatty acids, which ar e
weeks befee the start of the experimefiResearch Diet Services, Wijk bij
Duurstede, the Netherldg). Starting at 5 a.m. the animals were fasted for 4
hours followed by an intragastric gavage of 400 pL synthetic triolein,
trilinolein, trilinolenin, or tridocosahexaenoin. Wy14643 was given as 400 pL

of a 10 mg/mL suspension in 0.5% carboxylmethyl ¢edle. The latter also

served as control treatment (400uL). 6 hours after the oral gavage the mice
were anaesthetized with a mixture of isofluorane (1.5%), nitrous oxide (70%)
and oxygen (30%). Blood was collected by orbital puncture, followed by
sacrificeof the mice by cervical dislocation. Hearts were removed,-Boapn

in liquid nitrogen and stored &80°C.
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In the long term experiment, wildy p e  a n-ft mieeRvAr&fed a chow
diet (RMH-B diet, Arie Blok, Woerden, the Netherlands) containing @1
Wy14643 for 5 days. The animal experiments were approved by the animal
ethics committee of Wageningen University.

Microarray analysis: RNA from total heart was extracted with TRIzol reagent
and purified using RNeasy Mini kit (Qiagen, Venlo, Netherlan@8)A quality

was assessed on an Agilent 2100 bioanalyzer (Agilent Technologies,
Amsterdam, the Netherlands) with 6000 Nano Chips using a Eukaryote Total
RNA Nano assay. Expression profiling was carried out on individual mouse
hearts using Affymetrix Mous€&enome 430 2.0 Arrays (short term experiment)
or on pooled RNA from 4 mice using Affymetrix Mouse NuGO arrays (long
term experiment). Hybridization, washing and scanning of the arrays were done
according to standard Affymetrix protocols. Scans of th&métrix arrays
were processed using packad@resn the Bioconductor projeciilf]. Raw signal
intensities were normalized by using the G@AR algorithm [36]. Probesets
were defined according to Dai et al. using remapped CDF version 11.e@ bas
on the Entregene databas@]. The Bioconductor R package Linear models for
microarray data (LIMMA) was used to identify differentially expressed genes.
All comparisons were simultaneously analysed. In order to balance between
random responses and relative weak deaptional effects by the treatments,
genes that met the eaff of mean absolute fold change > 1.2 argapue<0.01
were considered significantly regulated. A regularizéelst was used, which
has the same interpretation as an ordindgst except thathe standard errors
have been moderated across genes, i.e. shrunk to a cowatusn using a
Bayesian model30]. The microarray datasets have been submitted to NCBI
Gene Expression Omnibus (GEO numbers pending).

Functional classification of genes:For functional classification of probe
sets/genes into gene sets clusters or biological pathways, Gene set enrichment
analysis (GSEA) and ingenuity software v.6.5 were used. For identifying
specific pathways regulated by each treatment we used Ingenuityigdnon
pathways, considering only differentially expressed genes witlvadug<0.01

(fatty acids and Wy treatment) or differentially expressed genes with a p
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value<0.0l and fold hange>1.2 (basel i/)&orGSEAdt ype
differentially expressedene sets with a-palue<0.05 were considered.

Correlation Plot: Signal log ratios were calculated between intensity values for
individual animals and the mean intensity value of the wildtype control group.
Signal log ratios of genes significantly reguthtey at least one treatment were
used as input for a correlation plot in Biowisdom Omniviz 6.0.3 (Cambridge,
UK).

Results
Oral feeding of synthetic triglycerides

To study the effect of individual fatty acids on in vivo gene expression in the
heart, micefasted for 4 hours were given a single oral dose (400 pL) of
synthetic triglycerides (TGs) consisting of one single fatty acid, followed by
collection of the heart 6 hours thereafter (26). Those dosage mirrors the amount
of dietary fat provided in a pograndial lipid test in humans. The fatty acids
studied were oleic acid (C18:1), linoleic acid (C18:2), linolenic acid (C18:3),
and docosahexaenoic acid (C22:6). In addition, a set of mice was given a single
oral dose of the synt hNotsatwated fatsy Bditls agon
were included because triglycerides composed of common dietary saturated
fatty acids are solid at room temperature and could not be administered orally.
The 6hour time point was chosen because dietary triglycerides enter into the
circulation within 1 hour after intake and a constant rate of absorption is
sustained for at least 4 hours thereafter (Figure 1A). The focus of the present
study is on heart since heart shows the highest relative rate of uptake of dietary
fatty acids, whe expressed per gram organ weigBi]. No major differences
in metabolic processing of dietary f af
between different dietary fatty @S were observed in this stud#].
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Figure 1: Whole genome effects of dietary fatty acids on gene expression in the
heart. A. Mice fasted for 5h were intravenously injected with lipoprotein lipase
inhibitor tyloxapol and immediately thereafter given 400 pL of olive oil containing
7uCi glycerottri[*H] oleate (triolein). Blood was collected every hour and used to
determine radioactivity, which is expressed as a percentage of total oral dose. Results
illustrate the constant rate of absorption of dietaiglyicerides for several hours. B.
Number of geng up or down regulated (P<0.01) in mouse hearts six hours after a
single oral dose of Wy14643 or synthetic triglycerides containing one specific fatty
acid. Mice receiving carboxymetlodllulose served as reference.Nimber of genes
regulated by each dhe fatty acid treatments that were also significantly regulated by
Wy14643 (P<0.01).

Similarity in gene regulation between fatty acids

Expression profiling carried out on individual mouse hearts indicated that
the largest number of genes was chanf@lbwing treatment with C18:3,
followed by C22:6, C18:2, Wyl14643 and finally C18:1 (FiguB). The
proportion of genes umnd downregulated was approximately equal, and was
consistent throughout the various treatments. C22.6 showed the most
pronounced werlap in gene regulation with Wy14643, followed by C18:3,
C18:2 and C18:1Rigure1C). Next we studied the similarity in gene regulation
between the various fatty acids via scatter plot analysis, in which the mean fold
change in expression of a gene by dreatment is expressed in one dimension,
and the mean foldhange in expression of the same gene by another treatment
is expressed in the other dimension. Results indicated that mean changes in
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gene expression elicited by C18:3 and C18:2 were highlyasirffigure 2A),

as illustrated by the limited scatter. Much less similarity in gene regulation was
observed between C18:2 (or C18:3) and C22:6. Consistent with the above data,
Wy14643 showed the least scatter, indicating highest similarity, when plotted
against C22:6, compared to the other fatty acids. Similar results were obtained
via correlation analysis, which determines the magnitude of correlation in
overall gene expression between two individual mi€&gure 2B). High
correlation in gene expressiorasvobserved between mice that received C18:2
and mice that received C18:3. Compared to C22:6, mice that received C18:2 or
C18:3 correlated relatively poorly with mice given Wy14643.
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Figure 2: Similarity in gene regulation between different fatty acids A. Scatter
plots showing similarities in gene regulation between two treatments. The mean fold
change in expression of a gene by one treatment (relative to control treatment) is
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expressed in one dimension-gyis), and the mean folchange in expressioof the

same gene by another treatment (relative to control treatment) is expressed in the other
dimension (xaxis). The more pronounced the scatter, the lowesithdarity in gene
regulation. B. Correlation plot showing correlation in gene expressionwéoet
individual mice. Signal log ratios were calculated between intensity values for
individual animals and the mean intensity value of the control group. Signal log ratios
of genes significantly regulated by at least one treatment were used as input for a
correlation plot. Red indicates high correlation, blue indicates weak correlation.

To compare the effects of the various treatments, we determined the top 10
of genes most significantly wjpr downregulated by each treatment (Table 1).
Some of the topupregulated genes were regulated by all five treatments
(Zbtb16/PLZF) or by four treatments (Hmox1, Angptl4, Ucp3). Many of the
commonly upregulated genes are involved in metabolic pathways (Hmgcs2,
Acotl, Angptl4) or oxidative stress (Hmox1, Ucp3, Mt2)er@s that were
consistently downregulated by Wy and fatty acids included the nuclear receptor
Nurrl (Nr4al) and fibroblast growth factor 16 (Fgfl6). To illustrate specific
patterns of gene regulation, examples of genes that were regulated by all
treatmentsby all fatty acids, or by only one treatment are shown in Figure 3A.
Only a small proportion of the genes were regulated by all five treatments or by
all fatty acids Figure 3B). Many more genes were either exclusively regulated
by one particular treatmé (Figure 3B) or shared between two treatments (data
not shown).
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Table 1: Top 10 of genes most significantly regulated by the various treatments
ranked according to foldchange (FC). Genes regulated by more than one
treatment are shown in bold.

Wy Cc226 c183 c182 c181
Entrez ID gene name FC Entrez ID gene name FC  Entrez ID gene name FC Entrez ID gene name FC Entrez ID gene name FC
57875 Angptl4 50 15368 Hmox1 79 15368 Hmox1 T4 57875 Angpti4 51 57875 Angptl4 5.7
26897 Acot1 4.0 14229 Fkbp5 48 14229 Fkbp5 3.8 15368 Hmox1 4.0 15360 Hmges2 3.0
- 15368 Hmox1 33 235320 Zbtb16 37 15360 Hmges2 3.8 15360 Hmges2 3.3 22229 Ucp3 2.9
.‘l.ré 18787 Serpine1 3.0 320292 Rasgefib 26 57875 Angptld 3.7 14229 Fkbp5 28 14229 Fkbp5 2.5
S |11492 Adam19 28 194231 Cnksr1 25 235320 Zbth16 33 22229 Ucp3 26 235320 Zbth16 2.5]
g 22229 Ucp3 28 17750 mMt2 2.5 16818 Len2 33 235320 Zbtb16 26 26897 Acotl 2.2
:’u' 320292 Rasgefib 26 18787 Serpinel 2.4 17750 Mt2 29 17750 Mt2 22 100847 Upk3b 21
15360 Hmges2 28 53608 Map3ke 24 235493 BC031353 27 12741 Cldn5 21 21847 KIf10 2.0
235320 Zbtb16 26 226691 AIGD7873 22 22229 Ucp3 26 235493 BC031353 20 21345 Tagin 2.0f
213989 Tmem82 23 68487 Tmem140 21 241274 Pnpla? 2.4 71780 Isynal 2.0 66180 Lepreld 2.0
60344 Fign =21 80803 Fgf16 -3.3 15370 Nrda1 4.4 15370 Nrda1 -33 15370 Nrda1 -3.8|
22693 Zip30 =21 23796 Aplnr -2.3 80903 Fgf16 -31 18158 Nppb -32 73333 Slc25a31 -1.8|
E 80903 Fgf16 -2.0 218763 Lrrc3b -2.2 18158 Nppb =27 80903 Fgf1é -28 81489 Dnajb1 -1.8]
o 1218763  Lrrc3b -1.9 170826 Ppargcib -2.0 27279 Tnfrsf12a -2.3 228564 Frmd§ =23 12443 Cend1 -1.6|
g) 235050 Zpe10 1.7 27528 DOH4S114  -1.9 71699 Slcdla3 2.3 71699 Slcdla3 23 22256 Ung -1.9]
g 242022 Frem2 -1.6 16716 Ky -1.9 228564 FrmdSs 2.3 27279 Tnfrsf12a 21 18626 Per1 -1.6|
g 54353 Skap2 -16 241303 Fam78a -1.8 217166 Nr1d1 2.2 109019 Obfc2a 21 71699 Slcd1a3 -1.9|
Q ss952 2310030G06Rik! .5 67468 Mmd -1.8 229599 Gm129 -21 106522 Pkdcc 1.9 224860 Plcl2 -1.§|
54352 IxS 15 208177 Phidb2 -18 106522 Pkdcc 21 229599 Gm129 -18 12767 Cxcréd -1.6§
69150 Snx4 -1.5 60344 Fign -1.8 81489 Dnajb1 -2.0 278279 Tmic2 -1.8 109019 Obfc2a -1.6]
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Figure 3: Fatty acid specific gene regulation in mouse heartA. Changes in
expression of selected genes in wildtype mice by the different treatments, illustrating
gene regulation by all treatments (Hmgcs2), specific/selective regulation by Wy14643
(PGC1la), C22:6 (Lrrc52), C18:3 (Gsta3), C18:2 (Cldn5), and reguldy all fatty

acids (Tbx5).B. Number of genes exclusively upr downregulated by one specific
treatment or shared betweeneomr more treatments (P<0.01). Comparative
functional analysis of the whole genome effects of the various treatments. Gemg sets
and dowrregulated by the various treatments as identified by GSEA (P<0.05) were
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classified into broad functional categories. Results illustrate aberrant effect of C22:6
with respect to upregulated genes, and aberrant effect of Wy14643 with respect to
downregulated genes.

We next investigated whether similarities in gene regulation between the
various treatments were also observed at the level of pathways. To that end,
Ingenuity pathway analysis was carried out on the changes in gene expression
causedy each treatment. The results reveal that many pathways are commonly
regulated by the various fatty acids, including several pathways related to
metabolism of amino acids and fatty acids (Table 2). The number of pathways
specifically regulated by one fgtacid was limited, with the exception of
C22:6, which specifically regulated several pathways related to inflammation
and cytokine/growth factor signalling. Similar data were obtained by Gene Set
Enrichment Analysis (Figure 3C). Most of the gene setigleed among genes
unregulated by the various treatments were related to nutrient/energy
metabolism, except for C22:6 which induced gene sets involved in a variety of
biological functions. The special status of C22:6 was not evident among down
regulated gee sets. These data indicate that C22:6 induces the most diverse
biological response in cardiac gene expression compared to the other fatty acids
studied.
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Table 2: Results of Ingenuity canonical pathway analysis considering only
differentially expressed genes with a-palue<0.01

Pathways regulated by at least three fatty acids
Butanoate Metabolism

Tryptophan Metabolism

Valine, Leucine and Isoleucine Degradation
PXR/RXR Activation

NRF2-mediated Oxidative Stress Response
RAR Activation

Fatty Acid Metabolism

LPS/IL-1 Mediated Inhibition of RXR Function
PTEN Signaling

Glutamate Metabolism

PIBK/AKT Signaling

Xenobiotic Metabolism Signaling

Aryl Hydrocarbon Receptor Signaling
TR/RXR Activation

VEGF Signaling

Pathways specific for 18:1
Eicosanoid Signaling

B Cell Development
Pyruvate Metabolism

Pathways specific for 18:3

Lysine Degradation

Nitrogen Metabolism

Tyrosine Metabolism

Glutathione Metabolism

Fcy Receptor-mediated Phagocytosis in Macrophages and Monocytes

Pathways specific for 22:6

Acute Phase Response Signaling
Docosahexaenoic Acid (DHA) Signaling
Prolactin Signaling

NF-kB Signaling

p38 MAPK Signaling

IGF-1 Signaling

HMGB1 Signaling

ERKS5 Signaling

Rac Signaling

Pathways specific for Wy14643
Intrinsic Prothrombin Activation Pathway
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Role of PPARU in gene regulation by

Sever al of the top regulated genes b\
(Table 1). In addition, significant overlap was observed between gene regulation
by fatty acids and Wy14643 (Figure 1C, Figure 2A). These results suggest that
PPARU plays a role in gene regulation
better define the role of PPARU in he
PPARU del et i oagemome dgere £xplessionhirothe heart using
P P A R-Uhice. Using a cubff of fold-change >1.2 and P<0.01, we found that
294 genes showed elevated expression and 297 genes showed reduced
exprs si on i-A miceRAgRrE4A). Many of the top downregulate
genes represented known targets of PF
including Acotl, Acot2, Ucp3, Gpam and Slc22a5 (Figure 4B). The functional
roles of the top uprequat e d g e n e/s mide werePnBra Rilerse,
including genes involved in lipid mabolism (Acsl6, Angptl4) but also genes
involved in immune response, cell cycle, and oxidative stress response.
Pathways differentially expressed between wilgg p e and- mt@ ARU
according to Ingenuity pathways analysis fell into four main categoijgd: |
metabolism, amino acid metabolism, carbohydrate metabolism, and

inflammation/immunity, reflecting the established role P ARU i n t he:
processes (FigurC).
We next set out to investigate the i

by dietary fattyacids in the heart. Regulation of a particular gene by dietary
fatty aci ds or synt het i c-depegdemnt iwkeh s wa .
expression was statistically significantly-ugr dowvnregulated in WT but not

P P A R-Umnice. As expected given the high esfficity of the Wy14643
compound, gene regulation by WY14643 was almost completely dependent on
PPARU, whi ch was e-goudownregulaedgeres (Figudte f or
5A, B) . The i mportance of PPARU in gene
less prmounced but still remarkably high. Interestingly, a very uniform picture

was observed for the three PUFAs studied. Specific examples of genes showing

cl ear -degerdl&tiorindependent gene regulation by dietary fatty acids

are shownin Figure 5C. Induah of Ucp3 and Acotl expression by Wy14643

and fatty aci ds was entirely dependel
Zbtb16/ PLZF was completely independent
Hmox1 showed a mixed picture: Whereas induction by Wy14643 was gntirel
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P P A Riépendent, this was not or only partially observed for the various fatty
acids. Taken together, these data indi
regulation by dietary fatty acids in heart, although other mechanisms contribute

as well.

Figure 4. Ef f ect of PPARU del eti on onA Numiee exopr e
of genes wupregul at ed -/-onice cbroparadrtevdldiypeanticeat i n P
baseline (control treatment, carboxymethylcellulose) according @0R<and mean fold

chang>1.2. B.Heatmap showing changes in expression of the 20 genes exhibiting the

hi ghest mean fold increase (top -pmiceel ) an
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