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ABSTRACT
Marco Bucci
LIPOTOXICITY IN OBESITY AND CORONARY ARTERY DISEASE
Studies by PET, CT and MR.
Turku PET Centre, Department of Clinical Physiology and Nuclear Medicine and Department
of Medicine, University of Turku, Turku
Annales Universitatis Turkuensis
Lipotoxicity is a condition in which fatty acids (FAs) are not efficiently stored in adipose tissue
and overflow to non-adipose tissue, causing organ damages. A defect of adipose tissue FA
storage capability can be the primary culprit in the insulin resistance condition that
characterizes many of the severe metabolic diseases that affect people nowadays. Obesity, in
this regard, constitutes the gateway and risk factor of the major killers of modern society, such
as cardiovascular disease and cancer. A deep understanding of the pathogenetic mechanisms
that underlie obesity and the insulin resistance syndrome is a challenge for modern medicine. In
the last twenty years of scientific research, FA metabolism and dysregulations have been the
object of numerous studies. Development of more targeted and quantitative methodologies is
required on one hand, to investigate and dissect organ metabolism, on the other hand to test the
efficacy and mechanisms of action of novel drugs. The combination of functional and
anatomical imaging is an answer to this need, since it provides more understanding and more
information than we have ever had. The first purpose of this study was to investigate
abnormalities of substrate organ metabolism, with special reference to the FA metabolism in
obese drug-naïve subjects at an early stage of disease. Secondly, trimetazidine (TMZ), a
metabolic drug supposed to inhibit FA oxidation (FAO), has been for the first time evaluated in
obese subjects to test a whole body and organ metabolism improvement based on the hypothesis
that FAO is increased at an early stage of the disease. A third objective was to investigate the
relationship between ectopic fat accumulation surrounding heart and coronaries, and impaired
myocardial perfusion in patients with risk of coronary artery disease (CAD). In the current
study a new methodology has been developed with PET imaging with 11C-palmitate and
compartmental modelling for the non-invasive in vivo study of liver FA metabolism, and a
similar approach has been used to study FA metabolism in the skeletal muscle, the adipose
tissue and the heart. The results of the different substudies point in the same direction. Obesity,
at the an early stage, is associated with an impairment in the esterification of FAs in adipose
tissue and skeletal muscle, which is accompanied by the upregulation in skeletal muscle, liver
and heart FAO. The inability to store fat may initiate a cascade of events leading to FA
oversupply to lean tissue, overload of the oxidative pathway, and accumulation of toxic lipid
species and triglycerides, and it was paralleled by a proportional growth in insulin resistance. In
subjects with CAD, the accumulation of ectopic fat inside the pericardium is associated with
impaired myocardial perfusion, presumably via a paracrine/vasocrine effect. At the beginning
of the disease, TMZ is not detrimental to health; on the contrary at the single organ level (heart,
skeletal muscle and liver) it seems beneficial, while no relevant effects were found on adipose
tissue function. Taken altogether these findings suggest that adipose tissue storage capability
should be preserved, if it is not possible to prevent excessive fat intake in the first place.
Keywords: fatty acid metabolism, adipose tissue, liver, skeletal muscle, heart, obesity, CAD,
functional imaging, anatomical imaging
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LIPOTOKSISUUS LIHAVUUDESSA JA SEPELVALTIMOTAUDISSA
Tutkimuksia positroniemissiotomografialla, tietokonetomografialla ja magneettikuvauksella.
Valtakunnallinen PET-keskus, Kliininen fysiologia ja isotooppilääketiede sekä Sisätautioppi,
Turun yliopisto, Turku
Annales Universitatis Turkuensis
Lipotoksisuudella tarkoitetaan tilaa, jossa rasvahappoja ei kyetä varastoimaan rasvakudokseen
tehokkaasti ja ylimääräiset varastoimattomat rasvahapot vaurioittavat kehon muita kudoksia.
Rasvakudoksen kykenemättömyys varastoida rasvahappoja saattaa olla ensisijainen tekijä
insuliiniresistenssissä. Insuliiniresistenssi liittyy aineenvaihduntasairauksiin ja erityisesti
lihavuuteen. Lihavuus lisää riskiä sairastua moniin yhteiskunnallisesti merkittäviin sairauksiin,
kuten sydän- ja verisuonisairauksiin sekä tiettyihin syöpiin. Rasvahappoaineenvaihduntaa ja sen
toiminnan häiriöitä on tutkittu paljon viimeisten parinkymmenen vuoden aikana, mutta
lihavuuden ja insuliiniresistenssin tarkkojen patogeneettisten mekanismien ymmärtäminen on
edelleen haaste nykypäivän lääketieteelle. Kvantitatiivisten menetelmien kehittäminen
tarkempaan kudostason aineenvaihdunnan tutkimiseen sekä uusien lääkkeiden tehon ja
vaikutusmekanismien selvittämiseen on välttämätöntä. Toiminnallisen ja anatomisen
kuvantamisen yhdistämisen etuna on tarkempi ja selkeämmin tulkittava tieto verrattuna
aiempiin menetelmiin. Tutkimuksen ensimmäinen tavoite oli tutkia eri elinten
aineenvaihdunnan häiriöitä, erityisesti rasvahappoaineenvaihdunnan häiriöitä lihavilla, muutoin
terveillä henkilöillä. Toisena tavoitteena oli tutkia rasvahappojen oksidaatiota säätelevän
trimetatsidiini-lääkeaineen vaikutuksia koko kehon ja eri elinten aineenvaihdunnan
paranemiseen lihavilla henkilöillä, oletuksena, että lihavuuden alkuvaiheessa rasvahappojen
oksidaatio on vilkkaampaa. Tutkimuksen kolmantena tavoitteena oli tutkia sydämeen ja
sepelvaltimoiden ympärille kertyvän ektooppisen rasvan määrän ja heikentyneen sydämen
verenvirtauksen välistä suhdetta potilailla, joilla on kohonnut sepelvaltimotautiriski. Tässä
tutkimuksessa kehitettiin uusi PET-kuvantamista, 11C-palmitaattia ja tilamallinnusta hyödyntävä
menetelmä, jolla voidaan kehoon kajoamatta tutkia maksan rasvahappoaineenvaihduntaa.
Tutkimustulokset osoittivat, että tämä kuvantamismenetelmä soveltuu myös luurankolihaksen,
rasvakudoksen ja sydämen rasvahappoaineenvaihdunnan tutkimiseen. Tulokset osoittivat myös,
että lihavuus on alkuvaiheessa yhteydessä huonontuneeseen rasvahappojen esteröitymiseen
rasvakudoksessa ja luurankolihaksessa, ja samalla rasvahappojen oksidaatio on suurentunut niin
rasvakudoksessa, luurankolihaksessa kuin sydämessä. Rasvakudoksen kykenemättömyys
varastoida rasvahappoja saattaa johtaa tapahtumaketjuun, jonka tuloksena rasvahappoja on
liikaa tarjolla kehon rasvattomille kudoksille, jolloin oksidatiiviset aineenvaihduntareitit
ylikuormittuvat, toksisia rasva-aineenvaihduntatuotteita ja varastorasvoja (triglyseridejä) kertyy
elimistöön ja insuliiniresistenssi pahenee. Myös sepelvaltimotautipotilailla ektooppisen rasvan
kertyminen perikardiumin sisään on yhteydessä sydämen huonontuneeseen toimintaan
oletettavasti parakriinisten/vasokriinisten vaikutusten kautta. Näiden löydösten valossa on
tärkeää pyrkiä ylläpitämään rasvakudoksen kykyä varastoida rasvaa, mikäli rasvan ylimääräisen
saannin rajoittaminen ei ensisijaisesti ole mahdollista. Lihavuuden alkuvaiheessa, jolloin
rasvahappojen oksidaatio on suurentunut kompensoimaan ylimääräistä rasvahappokuormaa,
osittainen beetaoksidaation esto ei ole haitallista terveydelle, päinvastoin yksittäisten elinten
tasolla (sydän, luurankolihas ja maksa) vaikutukset ovat hyödyllisiä.
Avainsanat: rasvahappoaineenvaihdunta, rasvakudos, maksa, luurankolihas, sydän, lihavuus,
sepelvaltimotauti, toiminnallinen kuvantaminen, anatominen kuvantaminen
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LC-CoA
LDL
LPL
LV
LVEF
MDCT
MBF (*)
MRI
MRS
PET
OGTT
Ra
ROI
ROS
RPP
SD
SEM
SV
TAC
TAG
VLDL

[15O]-water
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Coronary artery disease
Coronary flow reserve
Coenzyme A
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Computed tomography
Diacylglycerol
Fatty acid
Free fatty acid
Fatty acid oxidation
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Heart rate
Intramyocellular triacylglycerol
Left anterior descendent coronary
Long-chain acyl-CoA
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Lipoprotein lipase
Left ventricle
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Multi-detector computed tomography
Myocardial blood flow
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Positron emission tomography
Oral glucose tolerance test
Rate of appearance
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Reactive oxygen species
Rate pressure product
Standard deviation
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Time activity curve
Triacylglyceride
Very low-density lipoprotein

(°) The terms FA and FFA are often used indifferently, because their meaning is somewhat
overlapping. In this thesis, the term FA is used to refer to the complexed fatty acids; FFA is
used to refer to the unbound molecule, ready to be processed into intracellular/extracellular
metabolic pathways.
(*) Asterisks denote the lowest regional value of MBF and CFR (see section 5.1.6.1.)
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1 INTRODUCTION
There has been increasing interest in lipid fuel metabolism over the past 20 years,
partly because of the key role of lipids as mediators of insulin resistance in conditions
such as obesity, dyslipidemia and type 2 diabetes (Boden, 1997; McGarry, 1992;
Boden, 1998). While there is still debate on which is the organ that first fails or that is
determinant in causing the insulin resistance syndrome (DeFronzo & Tripathy, 2009;
Perseghin, 2009; Pagotto, 2009; Kahn et al., 2006), there is consensus in identifying
lipotoxicity as a condition in which fatty acids (FAs) are stored in non-adipose tissues,
hence defined as ectopic fat. And there is agreement and evidence that the consequence
of this ectopic accumulation is the impairment of the function of the interested organ,
caused by lipid toxic metabolites and free radicals, leading ultimately to systemic
diseases (Unger et al., 2010; Gastaldelli & Basta, 2010; Cusi, 2010). One of the current
mainstream hypotheses states that the adipose tissue might be the first organ affected
by derangements that can directly cause lipotoxicity (Iozzo, 2009; Lelliott & VidalPuig, 2004). It is logical to think that if the adipose tissue fails to act as a sink for FAs,
they can spread out and overflow into lean organs; herein FAs can damage organ
functions, possibly via increased oxidative stress, promoted by increased oxidation, or
providing substrates for peroxidation, but in vivo evidence in humans is needed to
support this hypothesis. One of the organs that might be directly affected by an
augmented circulation of FAs is the skeletal muscle. The reasoning that leads to this
hypothesis might be too simplistic and a recent systematic review points out that
circulating non esterified FA (NEFA) are not the key component of insulin resistance,
and that augmented circulation of NEFAs are not necessarily associated with insulin
resistance (Karpe et al., 2011). Even if this is true, an increased flux of NEFA coming
from adipose tissue towards lean tissues is augmented in overweight/insulin resistant
states (Mittendorfer et al., 2009). It is recognized that, in both animals and humans,
elevated storage of intramuscular triglycerides (IMTG) is a common feature of obese
and/or insulin resistance states (Hulver et al., 2003; Goodpaster & Kelley, 2002).
However the questions of whether it is a protective or a detrimental feature and
whether the defect is primary or secondary (Karpe et al., 2011), are controversial. It is
also still in doubt whether skeletal muscle fatty acid oxidation (FAO) is increased or
decreased during fasting in such altered metabolic states (Koonen et al., 2010). A
possible explanation can be that initially FAO increases, prompted by the augmented
influx of lipid substrate trying to counteract IMTG accumulation. Once the pathway
becomes saturated, the build-up of IMTG and free radicals may cause impairment of
mitochondrial function (Turner et al., 2007; Nair et al., 2008). Augmented reliance on
FAs can be deleterious also to the heart (Iozzo, 2010), especially because fatty acids
are not the most efficient oxidable substrate oxygen-wise. Increased FA delivery to the
myocardium leads to the subsequent increase in FAO that disrupts the metabolic
plasticity of the heart (Iozzo, 2010), causing reduced glucose utilization and insulin
resistance (Randle et al., 1963), and because of the increased oxygen consumption
(Peterson et al., 2004) increases the risk of ischemia. The liver, being defined as the
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“metabolic sensor of lipotoxicity” (Cusi, 2009), plays an important role in metabolic
diseases. Liver steatosis, similarly to intramyocellular lipids, has been associated with
direct mechanisms of lipotoxicity (McClain et al., 2007; Jou et al., 2008), whereas
lipid depots are considered as “innocent bystanders” (Choi & Diehl, 2008; Jou et al.,
2008). An important role in the altered liver fatty acid metabolism is assumed by FAO,
which produces ROS, that ultimately cause hepatic inflammation and fibrogenesis (Li
et al., 2008; Yang et al., 2000; Fromenty et al., 2004).
Obesity is an emerging pandemic health problem. It is defined as an increased body
weight above a body mass index of 30 kg/m2 (weight/height2); it affects 475 million
people worldwide, and more than 20% of the Finnish population. This condition is
particularly present in westernized countries where the abundance of food and
technologization has led to an increased intake of calorie-rich food and decreased
physical activity. Such environmental factors together with a susceptible genetic
background are considered causes of the disease. Obesity is a chronic disease,
associated with several co-morbidities and in general with a decreased life expectancy.
It is one of the challenges of modern medicine to identify the primary culprit that at the
early stages of the disease leads to the disruptive cascade of metabolic complications;
then, we could tackle the problem aiming at the specific pathogenetic mechanisms
through pharmacological interventions, when environmental and behavioural solutions
fail in treating the disease. An additional challenge is to distinguish obese subjects with
metabolic complications form the subjects that are “metabolically healthy”, in the
sense that their body can compensate for the excess of body weight and fat by
adjusting their metabolic rates to keep their organs fat free or at least to not incur
metabolic complications. Nonetheless, obesity and diabetes are both risk factors for
coronary artery disease (CAD). CAD is a disease characterized by the narrowing of the
lumen (stenosis) of vessels that nourish the heart. Increased risk/presence of CAD has
been associated with the accumulation of fat surrounding the heart (pericardial fat)
(Rosito et al., 2008; Sarin et al., 2008; Gorter et al., 2008; Greif et al., 2009) but it is
unclear whether fat can mediate anatomical damage to coronaries and even more
importantly myocardial functional impairment. The fat surrounding vessels and heart
may promote the progression of atherosclerosis via a paracrine/vasocrine effect,
mediated by numerous hormones that have pro/anti-inflammatory effects and pro/antivasodilation effects (Iacobellis et al., 2008). In this study the not fully explored
association between ectopic fat accumulation and myocardial function was assessed in
subjects with CAD.
The purpose of the present study was to provide evidence of the metabolic
alterations hypothesized in lipotoxicity in humans in vivo. Therefore, obese subjects
with no co-morbidities or diabetes, at the so-called “early stage” of the disease, were
used as a valuable model to characterize fatty acid metabolism in different important
organs:
a) the adipose tissue, as the natural storage and supplier of lipid substrate, and
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b) the skeletal muscle, as the most important lipid substrate consumer of the body
were studied simultaneously to provide evidence of the hypothesized reciprocal inverse
relation. According to the hypothesis, adipose tissue would be less prone to store fat
and skeletal muscle would compensate the excess by burning more;
c) the liver fatty acid oxidation is a key process that for anatomical reasons has
remained inaccessible to measurement for a long time: the aim was to validate a noninvasive measurement to characterize liver fatty acid metabolism in humans and
compare obese and lean subjects;
d) the heart fatty acid oxidation route has been dissected for the first time so that
both extracellular and intracellular lipid sources have been taken into account to
quantify the process in obese subjects.
To pursue these aims the best choice was to adopt an integrated approach using
non-invasive in vivo methods, which combine functional and anatomical imaging; thus
obtaining a detailed picture of specific organ metabolisms and fat distribution and
content. Functional imaging is represented by positron emission tomography (PET);
this technique allows studying the short half-life isotope tracer distribution in tissues,
and by signal modelling distinguishes the different metabolic pathways. 11C-palmitate,
has been previously used for the study of myocardial and liver fatty acid metabolism,
while [18F]-2-fluoro-2-deoxyglucose ([18F]FDG) remains the most common, widely
used tracer for studying glucose metabolism. For this study it was necessary to
develop/validate novel quantification approaches. Anatomical information was
obtained by magnetic resonance and computed tomography (CT). Magnetic resonance
imaging and spectroscopy provided fat masses and intra- and extracellular fat content,
respectively. CT was used for both anatomical reference and to measure pericardial fat
masses.
A metabolic modulator able to relieve the oxidative pressure caused by fatty acid
overload can be an effective measure to prevent the long-term effects of lipotoxicity in
the early stage of the disease. Trimetazidine is a partial inhibitor of fatty acid oxidation
that has been used as an anti-angina drug and in vitro experiments have suggested that
the mechanism of action is to shift myocardial metabolism towards glucose utilization
(Kantor et al., 2000). In this study trimetazidine has been tested for the first time in
drug-naïve human obese subjects to evaluate a possible improvement in organ
metabolism, such as heart, skeletal muscle and adipose tissue, using the same methods
as described above.
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2 REVIEW OF THE LITERATURE
In the present review of the literature, when possible, human investigations have
been preferred to animal and in vitro studies. The review starts with a concise overview
of FA metabolism and the assessment methods available for the characterization of the
different processes involved in FA metabolism at systemic and organ level. It
continues with a paragraph describing the mainstream theory behind the lipotoxicity
concept, followed by references to obesity, organ lipotoxicity and CAD pathogenesis
in relation to lipid metabolism. Finally, it briefly reports the metabolic modulators able
to directly affect the fatty acid metabolism, with special reference to trimetazidine.

2.1 Fatty acid metabolism
2.1.1 Fatty acid systemic trafficking
Most living organisms rely for their energy metabolism on essentially three main
fuels: fatty acids, carbohydrates and proteins (Prout, 1827). FAs are the most
efficiently storable source of energy. Thanks to their highly energetic molecular bonds,
FAs can yield around twice as much (39.3 kJ*g-1) the amount of energy obtained by
the same mass of carbohydrates (17.6 kJ*g-1) or proteins (23.7 kJ*g-1) (Jeukendrup &
Gleeson, 2010). Furthermore, the relative hydrophobic nature of FAs makes it possible
to store them in large quantities in the body, via esterification prompted by removal of
space-occupying water molecules. Because of their special chemical properties FAs
also constitute the building blocks of all biological membranes. Among their roles, FAs
are precursors of essential bioactive organic molecules.
FAs are quite insoluble in plasma and are avidly and reversibly bound to albumin or
esterified with glycerol to form triacylglycerides (TAGs) and packaged in lipoprotein
particles for transport in the circulation (Spector, 1975). In the human body, FAs can
be present as unbound (free fatty acids [FFAs] or non-esterified fatty acids [NEFAs])
or complexed to other molecules/substances (chylomicrons, TAG, low-density
lipoproteins (LDLs), very low-density lipoproteins (VLDLs), high-density lipoproteins
(HDLs), phospholipids, to cite the most important).
The network of trafficking of FAs is shown in Figure 2.1.1.1. (a) during fasting
conditions and (b) during fed conditions (with insulin action). Most FAs constituting
the human body are derived from dietary sources (gut); while an additional source is
the De Novo Lipogenesis (DNL), that occurs in liver and adipocytes (Hellerstein,
1999). FAs digested in the gut are mobilized in complexes called chylomicrons. When
lipid complexes arrive at the capillary beds, an enzyme called lipoprotein lipase (LPL)
splits up proteins and glycerol from FFAs, freeing them. FFAs can enter the cells by
either passive diffusion or by protein-mediated transport, although this is a matter of
debate; recently the latter is the more accredited cellular uptake mechanism (Bonen et
al., 2007). After entering the cells, FFA fates are mainly three: oxidation for energy
production, esterification for storage, generation of new biomolecules (membrane
biosynthesis or lipid signalling molecules).
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Figure 2.1.1.1. (a) The trafficking network of fatty acids (fasting state). Yellow arrows indicate
processes that occur at higher rates during fasting than during the fed state. Blue arrows indicate
processes not particularly activated or modulated by insulin. (Figure adapted from Nussey &
Whitehead, 2001; Hodson & Frayn, 2011 and based on Frayn et al., 2003).
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Figure 2.1.1.1. (b) The trafficking network of fatty acids (fed state). Red arrows indicate
processes inhibited by insulin action and the green arrow the process promoted by insulin
action. Blue arrows indicate processes not particularly activated or modulated by insulin.
(Figure adapted from Nussey & Whitehead, 2001; Hodson & Frayn, 2011 and based on
Vogelberg et al., 1980; Campbell et al., 1992).
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2.1.2 Fatty acid turnover, lipolysis and regulation
White adipose tissue is the largest energy storage organ of the body (around 10-15
kg in a lean young adult) and more than 95% of the body’s lipids are found stored as
TAGs in adipose tissue, with small amounts in liver and muscle (both cardiac and
skeletal) (Coppack et al., 1994). In these tissues, mainly in the adipose, especially
during the post-absorptive state, the TAG stores are mobilized through the lipolysis
process, which refers to the hydrolysis of TAG into FFAs and glycerol. The main result
of lipolysis, occurring both intracellularly and extracellularly, is to release FFAs into
the circulation, while in other cells such as those of liver and muscle, lipolysis provides
FFAs for local oxidation, and in the intravascular space lipolysis uses circulating lipids
to allow the fatty acid tissue uptake. Whereas the TAG breakdown in the vascular
space is operated by LPL, the rate-limiting enzyme involved in the lipolysis in the
adipocytes is the hormone-sensitive lipase. As the name suggests, the action of this
enzyme is promoted and inhibited by hormones, catecholamines (Galster et al., 1981)
and insulin (Coppack et al., 1989) respectively. Thus, after a meal when insulin is
present at high levels in the circulation, lipolysis is inhibited (Campbell et al., 1992),
while during fasting, catecholamines are high and insulin low, lipolysis is promoted
and plasma FFA levels are consequently high, resulting in a high level of uptake and
oxidation by tissues. This is because the rate of FA uptake is in turn dependent on the
FFA concentration in plasma (Armstrong et al., 1961). Adipose triglyceride lipase is
equally important to the hormone sensitive lipase (HSL) (Zimmermann et al., 2004).
Along with monoacylglycerol lipase, they catabolize stored triglycerides in adipose
tissue (Lafontan, 2008; Langin, 2006). Total plasma FFA concentration in humans
varies from 90 to 1200 µmol/L with basal values of 300-500 µmol/L. The lowest
concentrations occur with carbohydrate-rich diets, and the highest values appear,
together with high lipolytic rates, or reduced FFA clearance, during fasting (Stern &
Maickel, 1963), prolonged exercise (Havel et al., 1963), diabetes (Taskinen et al.,
1985) and obesity (Nestel et al., 1978). In these conditions, the major source of FA
comes from adipose tissue TAG lipolysis, while after a meal the major sources of FA
are the dietary and excesses of glucose stored as fat via the lipogenesis in liver and
adipocytes. It must be considered that the plasma FFA pool is highly dynamic; in fact
high clearance rates (the half-life of FFA is about 3-4 min at rest) accompany high
rates of FFA uptake and release; this makes it possible that, even in micromolar
quantities, FFAs are largely available, with release rates also being greater than
utilization rates. On average, overnight post-absorptive FFA release rates are
approximately 5-6 µmol/kg/min, whereas whole body fatty acid oxidation rates
account for only 3-4 µmol/kg/min (Jensen, 2003). In healthy adults, the daily FFA flux
rate is estimated to be 100g/day (Miles et al., 2004).
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2.1.3 Fatty acid disposal (utilization)
2.1.3.1 Fatty acid uptake
Fatty acid uptake by adipocytes of FFAs released from plasma TAGs by LPL
represents an important buffering process among the normal adipose tissue functions
(Frayn, 2002). The exact mechanism of transport of FFAs across membranes remains
controversial (Kampf & Kleinfeld, 2007). The presence in the fat cell (Lafontan, 2008)
and other tissue cell membranes of protein-mediated carrier systems, that operate at
low substrate concentrations, is now more accepted, in light of new supporting
evidence (Bonen et al., 2007).
In the fasting state, approximately 30-40% of FFA uptake occurs in the splanchnic
bed (Meek et al., 1999), but there is no knowledge of the specific contributions of
liver, gut or visceral adipose. Considering that most of the FFA uptake in the leg (1520% of total (Meek et al., 1999)) can be attributed to skeletal muscle, and that leg
skeletal muscle constitutes about 40% of the total muscle, it can be stated that FFA
uptake in whole body skeletal muscle is probably 40-50% of the total FFA disposal
(Jensen, 2003). Myocardial FFA uptake accounts for roughly 5% of systemic FFA
disposal, while kidney accounts for less than 4% (Jensen et al., 2001).
Tissue FFA uptake is directly related to plasma FFA concentrations but increasing
and lowering FFA concentrations affect FFA uptake differently. When plasma FFA
concentration is increased, such as during fasting, there is no resulting shift in the
relative proportions of FFA taken up by the different tissue beds, but an overall
increase occurs in tissue FFA uptake (Jensen et al., 2001). When FFA concentrations
are lowered, such as after a meal (Jensen, 1995) or during insulin infusion (Meek et al.,
1999), the relative proportions of fatty acids that are taken up in different tissue beds
change. In these conditions, a relative decrease (down to 20-25%) of splanchnic
contribution to total FFA uptake and a relative increase (up to 20-30%) of leg tissue
contribution are observed (Meek et al., 1999).
Subcutaneous adipose tissue FFA uptake is lower than visceral adipose tissue per
unit of fat mass (Hannukainen et al., 2010), but although it is clear that subcutaneous
fat plays a bigger role in the FFA removal due to its mass, their relative contribution to
the total FFA uptake have not been quantified.
2.1.3.2 Fatty acid esterification and body fat distribution
The process of storing FAs in more complexed molecules is called esterification
and results in the formation of triglycerides that are mainly stored in the adipose tissue.
Adipose tissue can be distinguished topographically according to the fat depot location:
subcutaneous, intra-abdominal (subdivided into visceral and retroperitoneal), epicardial
(subdivided by the pericardial sac into intra-pericardial fat and extra-pericardial fat),
extramyocellular, peri-vascular, lymphnodal, retro-orbital and facial, to cite the most
important regions (Iozzo, 2009). Of particular importance are the paracervical and
supraclavicular adipose tissue, which are examples of brown adipose tissue, and have
been found to be functional in adult humans and histologically different from the
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“typical” white adipose tissue (Virtanen et al., 2009; Fruhbeck et al., 2009). Besides
these compartments, fatty acids can be stored intracellularly in lipid vesicles in other
tissues; in this regard, the most studied organs are liver, skeletal muscle and heart. The
intracellular lipid depots of these organs constitute an important dynamic pool
providing fatty acids when there is a metabolic demand for substrate for oxidation
(Kanaley et al., 2009) or TG release (in liver only) (Diraison & Beylot, 1998). In postabsorptive conditions in skeletal muscle of healthy humans esterification was found to
match lipolysis with a high rate of pool turnover (29 h pool-1) (Sacchetti et al., 2004).
2.1.3.3 Fatty acid oxidation
To meet energy demands, once FFAs enter the cells, they can be activated and
directed towards ß-oxidation into the mitochondria for the production of adenosine
triphosphate (ATP). ATP is the best known molecule that contains metabolic energy
usable for the vast majority of chemical reactions within the cells and is produced in
large quantities by the energy respiratory chain. One molecule of FA, for example, the
palmitic acid (16 carbon atoms) is able to produce 129 molecules of ATP via its
complete oxidation as compared with glucose (6 carbon atoms) that completely
oxidized yields only 36 ATP molecules (Bailey & Ollis, 1986; Stipanuk, 2006).
Skeletal muscle especially in basal conditions is the major determinant of whole
body energy expenditure (Zurlo et al., 1990) and fatty acid oxidation is predominant in
carbohydrate utilization (Andres et al., 1956).
Fatty acid oxidation plays an important role also in liver metabolism, since 50% of
fatty acid taken up undergoes oxidation (Sidossis et al., 1999), while the other 50% is
directed towards re-esterification to TAG (Diraison & Beylot, 1998) and subsequent
VLDL secretion.
Convincing evidence demonstrates that white adipose tissue, even if capable of
oxidizing FAs, oxidizes almost solely glucose (Frayn et al., 2008). Compared to white
adipose tissue, brown adipose tissue contains more mitochondria, therefore it is
intrinsically capable to burn chemical energy (Fruhbeck et al., 2009; Cannon &
Nedergaard, 2004). In burning chemical energy, brown adipose tissue is characterized
by the involvement of uncoupling proteins (UCPs) that dissipate energy and produce
heat (Cannon & Nedergaard, 2004). Unlike white fat, brown adipose tissue has shown
a selective uptake of fatty acids (especially under cold stimulation state)(Bartelt et al.,
2011) and it has been estimated that most of the substrate oxidation in brown adipose
tissue derives from fatty acids (Virtanen et al., 2009).
Figure 2.3.3.1.1 shows an overview of cardiac fatty acid metabolism, with special
reference to the processes occurring inside the mitochondrion. Heart FFA oxidative
metabolism under aerobic conditions represents 60-90% of the total substrate oxidation
(Stanley et al., 1997), while carbohydrates contribute only 10-40% of generated energy
(Gertz et al., 1988). It must be noted that glucose oxidation is more efficient in oxygen
utilization than lipid oxidation (Ferrannini, 1988); for this reason fatty acid oxidation
requires 10-15% more oxygen. These increased requirements and reliance on FFAs
render the heart vulnerable in situations of low oxygen supply. A strategy to help the
heart in critical situations will be described in section 2.4.1. Another important aspect
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of heart FFA oxidative metabolism is the source of lipid fuel. It is known that skeletal
muscle FFA oxidation rate during exercise exceeds the FFA availability and
intracellular lipid depots assume an important role as substrate provider (van Loon,
2004). Taking into consideration that the heart is continuously working, it is reasonable
to think that both sources (intracellular and circulating FA) are important. It is not
known in a human what is the contribution of circulating FFA as compared to
intracellular lipid depots to the myocardial fatty acid oxidation. This concept has
already been studied in dogs (Kisrieva-Ware et al., 2009).
Figure 2.3.3.1.1. Overview of
fatty acid β-oxidation in the heart.
Fatty acids utilized for cardiac
fatty acid β-oxidation primarily
originate from either plasma fatty
acids bound to albumin or from
fatty acids contained within
chylomicron or very-low-density
lipoproteins (VLDL) triacylglycerol (TAG). Fatty acids are
taken up by the heart either via
diffusion or via CD36/FATP
transporters. Once inside the
cytosolic compartment of the
cardiac myocyte, fatty acids
(bound to fatty acid binding
proteins) are esterified to fatty
acyl coenzyme A (CoA) by fatty
acyl CoA synthase (FACS). The
fatty acyl CoA can then be
esterified to complex lipids such
as TAG, or the acyl group
transferred to carnitine via carnitine palmitoyltransferase (CPT)
1. The acylcarnitine is then
shuttled into the mitochondria,
where it is converted back to fatty
acyl CoA by CPT 2. The majority
of this fatty acyl CoA then enters
the fatty acid β-oxidation cycle,
producing acetyl CoA, NADH,
and FADH2. Under certain
conditions, mitochondrial thioesterase (MTE) can cleave longchain acyl CoA to fatty acid
anions (FA-), which may leave the mitochondrial matrix via uncoupling protein.
(Figure and legend from Lopaschuk et al., 2010).
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2.1.4 Fatty acid metabolism regulation and interaction with glucose metabolism
It is not surprising that fatty acid metabolism is finely regulated, given the central role
of FA in the body and cellular energy homeostasis. A gross acute regulation operated
by insulin determines the switch between the predominant lipolysis/fatty acid oxidation
during fasting and predominant lipid storage/glucose utilization following a meal. A
long-term regulation is further operated by catecholamines. Finally, a fine regulation at
cellular level is operated by the interaction of two main energy metabolisms (glucose
and FA) through the well known substrates cycles (Frayn, 2003). Randle and
colleagues were the first to describe how fatty acid oxidation fuelled by increased FA
availability inhibits glucose uptake and oxidation (Randle et al., 1963). The direct
cellular mechanism of inhibition of glucose oxidation by fatty acids in the cardiac and
skeletal muscle cell is shown in Figure 2.1.4.1. Fatty acids entry increases acetyl CoA
and citrate content that inhibit pyruvate dehydrogenase (PDH) and
phosphofructokinase (PFK), respectively. The subsequent excess of glucose-6phospate concentration inhibits hexokinase (HK) II activity, reducing cell glucose
uptake. Nuutila and coworkers (Nuutila et al., 1992) confirmed in vivo that elevation
of FFA reduces whole body, skeletal and cardiac muscle glucose uptake. It is still
matter of debate the intracellular mechanism originally proposed by Randle, which
associates increased β-oxidation to insulin resistance. This mechanism has been
questioned in skeletal muscle where increased FA concentrations reduced glucose
uptake more than twice as much compared to the reduction in glucose oxidation and
glycogen synthesis, probably mediated by inhibition of glucose transporter 4 (GLUT4)
membrane translocation, rather than HK inhibition (Roden et al., 1996). Later the
insulin receptor signaling pathway has been suggested as mediator of increased cellular
FA-CoA and inhibition of GLUT4 translocation (Roden, 2004; Perseghin et al., 2003).
However, in support of Randle cycle hypothesis, it has to be noted that the inhibitory
effects of increased plasma FFA on whole body glucose storage and uptake is only
apparent after 2-4 hours (Boden et al., 1991), while glucose oxidation effects are
evident during the first hour (Roden et al., 1996; Roden, 2004). It was concluded that,
during hyperinsulinemia, lipid rapidly replace glucose as oxidative substrate and
inhibit glucose uptake. Studies from Hirabara and coworkers reconciled the two views,
supporting both Randle cycle and the inhibition of insulin pathway in skeletal muscle
in presence of FFA (Hirabara et al., 2003; Hirabara et al., 2007). They found increased
intracellular glucose-6-phospate in rat soleus muscle acutely exposed of to FAs in
presence of insulin; they explained the findings, postulating that fatty acids acutely
potentiate insulin-mediated glycogen synthesis via a mechanism that requires its
metabolism (i.e. Randle cycle), thus reconciling both views. These studies and others
reviewed elsewhere (Zhang et al., 2010) and discussed in section 2.3.3 suggest caution
in the approach aimed at increasing fatty acid oxidation for treating insulin resistance.
Randle’s original article, proposing the so-called “glucose-fatty acid cycle”, tried to
describe the homeostatic mechanism that controls circulating concentrations of glucose
and fatty acids between different organs, in a hormone-independent and a hormonedependent fashion (Randle 1963). Figure 2.1.4.2 shows the original Randle cycle view.
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The cycle permits the maintenance of a constant glucose plasma concentration in
animals that feed intermittently with a hormone-independent mechanism. Insulin can
interact, inhibiting adipose tissue lipolysis, reducing circulating concentrations of fatty
acids, and thus affecting fuel selection in muscle and adipose tissue.
McGarry and Foster discovered that Randle’s cycle can be reversed when the
glucose excess inhibits the fatty acid oxidation (McGarry et al., 1977). The mechanism
of how increased glucose inhibits fatty acid oxidation is explained in Figure 2.1.4.2.
When citrate escapes oxidation and is transferred to the cytosol it can regenerate
acetyl-CoA, which in turn may be carboxylated to malonyl-CoA. Malonyl-CoA
promotes through fatty acid synthase (FAS), fatty acid esterification and directly
inhibits carnitine palmitoyltransferase (CPT) I, which regulates the LCFA entry and
oxidation in mitochondria. This mechanism was discovered first in the liver (McGarry
et al., 1977).

Figure 2.1.4.1. – Fatty acids inhibit glucose oxidation in cardiac muscle and partly in skeletal
muscle (please refer to the text). In heart, the mechanism of inhibition is believed to be graded
as more severe at the level of pyruvate dehydrogenase (PDH) and less severe at the level of 6phosphofructo-1-kinase (PFK) or glucose uptake. (Figure adapted from Hue & Taegtmeyer,
2009).
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Figure 2.1.4.2. Randle’s “glucose-fatty acid cycle”: a reciprocal control (hormone independent)
between glucose and fatty acid metabolism depicted by black arrows. Red arrows represent the
control operated by insulin: glucose uptake stimulation and lipolysis inhibition. FA-CoA, Fatty
acid acyl-CoA; G3P, L-glycerol-3-phosphate; TAG, triacylglycerol; Pyr, pyruvate.
(Figure based on Randle et al., 1963 and adapted from Hue & Taegtmeyer, 2009).

Figure 2.1.4.3. Glucose inhibits fatty acid oxidation in liver, cardiac and skeletal muscle.
(Figure adapted from Hue & Taegtmeyer, 2009).
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2.2 Assessment of fatty acid metabolism and fat storage in vivo
2.2.1 Whole body fatty acid metabolism
When considering the body in its entirety, pooling all tissues together, the two main
processes ruling FA disappearance are: oxidation and esterification (storage). It is
equally important to assess the FFA turnover, the balance between lipolysis and reesterification, which regulates FFA plasma levels and is mainly determined by adipose
tissue; the topic will be introduced in this section and expanded in the following
dedicated to the specific tissue.
FA oxidation produces CO2 that is carried to lungs and expelled by breathing;
indirect calorimetry is a technique that measures the whole body gas exchange (VO2
and VCO2) (Ferrannini, 1988). With this technique, total net lipid oxidation can be
measured, but cannot differentiate and includes both oxidation of plasma FFA and
oxidation of intracellular lipids, a concept revealed by the use of the following
technique.
Radioactive isotope tracers, such as 14C-palmitate, have been used to measure
plasma FFA oxidation only (Frederickson & Gordon, 1958; Groop et al., 1991).
Comparing the results with indirect calorimetry, Groop and colleagues showed that
oxidation of circulating FFA represents from 40% to 50% of total lipid oxidation, and
the rest is released by intracellular depots (Groop et al., 1991).
Palmitic acid accounts for ~ 30% of the total FFA pool regardless of the plasma
FFA concentration (Hagenfeldt et al., 1972). Because the fractional turnover of
palmitate is very similar to that of total FFA, labelled palmitate can be used to trace
total FFA turnover (Frederickson & Gordon, 1958; Hagenfeldt et al., 1972; Groop et
al., 1989). Fatty acid turnover can also be measured using isotope dilution techniques
involving the infusion of stable isotopomers of fatty acids (e.g.13C1-palmitate) (Wolfe
& Peters 1987).
Nonoxidative FFA disposal, a measure of FFA re-esterification (or fat storage), is
assumed to be measurable by the difference between FFA turnover rate (by radioactive
isotope labelled tracer) and total net lipid oxidation (by indirect calorimetry) (Diraison
& Beylot, 1998; Groop et al., 1991; Waterhouse et al., 1969).
The opposing process to FFA re-esterification is the FFA release (or lipolysis), and
similarly as for FFA turnover, it has been demonstrated, via radioactive isotope tracers,
that plasma palmitate Ra (Rate of appearance) is similar to total FFA Ra (or lipolysis)
(within 15% of the real value). It must be noted that in fasting conditions, in the steadystate, FFA release equals FFA appearance and FFA turnover (Havel et al., 1963).
Whole body lipolysis can also be estimated using glycerol tracers to measure rates of
appearance (Ra) (Wolfe & Peters 1987).
.

2.2.2 Adipose Tissue
In vivo assessments of systemic and regional adipose tissue FFA release have been
carried out in humans under a variety of circumstances (feeding, fasting, exercise,
obesity, diabetes, etc) (Frayn et al., 1997). Similarly, measures of dietary and FFA
storage in regional fat depots have been reported (Jensen, 2008).
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The first two main techniques available to investigate regionally in vivo FA
metabolism in adipose tissue were the arteriovenous technique (Frayn et al., 1989) and
microdialysis (Arner & Bulow, 1993; Arner & Bolinder, 1991). The evolution of the
technology permitted the combination of the above-mentioned techniques with
radioactive and isotopic tracers, usually used for systemic measurements (Coppack et
al., 1994).
The arteriovenous technique has some advantages compared to microdialysis. It can
be used to estimate absolute substrate flux of hydrophobic molecules and lipoprotein
particles, while this is not possible with microdialysis. On the other hand, both
techniques require blood flow for the estimates, and microdialysis allows simultaneous
blood flow assessment and is easier to perform than arteriovenous techniques, plus it
can study more than one adipose depot. A limitation for both techniques is the inability
to study the intra-abdominal adipose tissue (Frayn et al., 1997), and a negative aspect
can be their invasiveness.
Measurement of splanchnic FFA release by arteriovenous technique (hepatic vein
catheterization) and isotope dilution gives only indirect estimates of visceral adipose
tissue lipolysis (Nielsen et al., 2004), since it is impractical to obtain direct
measurements from the portal vein in humans. This limitation can be overcome by the
use of non-invasive PET imaging of the abdominal area, by means of which the rate of
lipolysis can be estimated in relation to the specific fat depot mass.
Dietary FA uptake in subcutaneous and visceral adipose tissue in normal weight
humans has been compared by tissue biopsies, showing that VAT accumulates more
dietary fat (milligram meal fat per gram of adipose tissue lipid) than either upper body
subcutaneous or lower body subcutaneous fat (Jensen, 2008). Similar results, but
related to circulating FFA, have been described in lean subjects with the use of PET
and a long chain FA tracer (18F-FTHA) (Hannukainen et al., 2010), but before the
present study there were no similar investigations in obese subjects.
2.2.3 Liver
The liver plays an important role in the fatty acid trafficking, being active in
utilizing and releasing FAs. Because of its anatomical location it is impractical to
perform direct organ measurements; additional complications derive from the fact that
the liver has a dual blood supply, from systemic circulation (hepatic artery) and from
splanchnic circulation (portal vein). Indirect methods assessing liver FA metabolism,
such as invasive procedures of splanchnic balance (DeFronzo, 1987; Sidossis et al.,
1999), have not been able to distinguish between the relative contributions to FA
turnover of liver, visceral adipose and gut, except for two studies contextual to
abdominal surgery (Hagenfeldt et al., 1972; Vogelberg et al., 1980).
Liver lipogenesis and FFA re-esterification contribute to about 50% of liver TG
release. These results were obtained by indirect calorimetry and stable isotope-labelled
tracers at whole body level (Diraison & Beylot, 1998), hence additional studies with
direct regional measurements are warranted.
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Before the current study, liver lipid oxidation has been extensively studied in
animal models but in humans only indirectly via measurement of serum β-OH butyrate
(Hodson & Frayn, 2011).
Using positron emission tomography it has been possible to non-invasively
investigate liver metabolism as shown by the first study in humans that quantified
hepatic FFA uptake by using the 18F-FTHA tracer (Iozzo et al., 2004; Iozzo et al.,
2003) or 11C-Acetate and 11C-Palmitate (Rigazio et al., 2008). It is now a challenge to
go beyond the uptake measurement and assess individual pathways, such as FFA
oxidation, esterification, or release of TG by the liver.
Another issue related to fatty acid metabolism is the amount of fat stored within
specific tissue cells. For this purpose, magnetic resonance spectroscopy has been
validated as a useful technique to measure non-invasively the hepatic intracellular fat
content (Szczepaniak et al., 1999), and has been used in conjunction with other
methodologies to investigate liver insulin sensitivity and systemic insulin resistance
(Rigazio et al., 2008; Kotronen et al., 2008a).
2.2.4 Skeletal Muscle
Skeletal muscle is responsible for the majority of whole body lipid oxidation
(Andres et al., 1956; Zurlo et al., 1990). Capaldo and coworkers first and Kelley and
colleagues later were active in measuring RQ and fatty acid oxidation and uptake
across the leg by indirect calorimetry with the organ balance method (Colberg et al.,
1995; Kelley & Simoneau, 1994; Capaldo et al., 1988). Even if the measurements
referred to skeletal muscle, it cannot be excluded that adipose tissue of the leg might
have influenced the observations especially when comparing subjects with different
degrees of adiposity. Particularly for FFA balance the problem arises that FAs are both
taken up and released by the leg (Ahlborg et al., 1974). FFA uptake occurs into muscle
but possibly also into fat, and FFA release occurs from adipocytes (Guo et al., 2000;
Dyck et al., 1997). Even if not convinced by this evidence, Jensen acknowledges that
FFA net uptake across the leg does not reflect the total uptake (Jensen, 2003).
Furthermore he underlines that change in local lipolysis can dramatically affect the
measurements, thus requiring the use to be combined with isotopic tracers (Jensen,
2003).
By combining the use of tracers and A-V balance it has been possible to measure
FFA oxidation, but it is still considered a rough estimation, because of labelling
fixation issues (Jensen, 2003). The combined method has another limitation, it is, for
example, extremely difficult to measure leg tissue RQ at rest, because of the small
differences between arterial and venous concentrations of CO2, even when specific
analyzers are used (Jensen et al., 1998).
PET imaging has a promising chance to provide non-invasive and quantitative
measurement of skeletal muscle FFA metabolism. A first attempt has been carried out
with the 18F-FTHA tracer, planned as an oxidation tracer via accumulation in the
mitochondria, but that resulted in an FFA uptake tracer for skeletal muscle, since a
study in pigs showed only 36% of the tracer uptake enters the mitochondria (Takala et
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al., 2002). Two studies in humans had been performed before the pig study (Maki et
al., 1998; Turpeinen et al., 1999). 11C-Palmitate has been effectively used for tracing
myocardial FAO (Bergmann et al., 1996), but no studies have so far investigated the
skeletal muscle with this tracer.
IMTG quantification has been the focus of extensive research in the past two
decades. MR methodology has contributed considerably to the topic. In particular,
proton (1H) MRS technique has been optimized to distinguish intramyocellular (IMCL)
from extramyocellular lipid content (EMCL) in vivo, non-invasively (Boesch et al.,
1997; Szczepaniak et al., 1999) and with a great reproducibility (Torriani et al., 2005).
MRI and CT quantification methods have also been effectively adopted, although both
methods lack differentiation between IMCL and EMCL, and the second method does
not provide absolute quantification (Dube & Goodpaster, 2006). 1H-MRS provides also
additional information such as the creatine content (van der Meer et al., 2007) that
relates to skeletal muscle oxidative potential (Chanseaume et al., 2008).
2.2.5 Heart
In vitro and ex vivo methodologies have been proven to be useful in many
mechanistic studies, and they have been perfected over the years (Barr & Lopaschuk,
2000). PET methodology, which will be described in the following section, has high
costs and may be technically demanding, but provides in vivo measurements that can
be performed longitudinally.
PET studies in humans have shown that is feasible to assess myocardial
metabolism, as shown in Figure 2.2.5.1 (Iozzo, 2010). 11C-palmitate has been used to
assess FA metabolism (including oxidation) (Schelbert et al., 1986; Bergmann et al.,
1996). This technique measures the influx of FAs from the circulation and gives the
relative fractions (rate constants) of substrate flowing to mitochondria for oxidation or
moving in and out of triglyceride stores, but it cannot estimate the absolute amounts of
intracellular lipid turnover. Estimation of the latter requires that the PET-derived rate
constants are multiplied by the intracellular mass of FAs, as quantified by 1H-MRS.
Figure 2.2.5.2 shows a simplification of the theory behind MRS (explained in detail in
section 2.2.7) and its application in myocardial cardiac energy metabolism assessment,
as recently reviewed (Iozzo, 2010). As measured by 1H-MRS, myocardial triglycerides
in lean individuals are 10 μmol/g (= 30 μmol/g of FAs) (Kankaanpaa et al., 2006)
which is more than twice as high as the hourly uptake of FAs from blood (about 4
μmol/g/h of triglycerides or 12 μmol/g/h of FAs, calculated from Peterson et al.)
(Peterson et al., 2004). This means that myocardial triglycerides might be an important
source of oxidative energy. The first study that tackled this issue has been performed
by Kisrieva-Ware and colleagues that have studied 26 dogs in different conditions with
11
C-palmitate and lipid pool pre-labelling to measure fatty acid trafficking and
oxidation derived from endogenous TG depots (Kisrieva-Ware et al., 2009). However
studies in humans are warranted.
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2.2.6 Positron Emission Tomography principles
PET is a nuclear imaging technique that employs short-lived positron-emitting
radioisotopes to label molecules of interest (e.g., substrate, perfusion indicator) and
visualize their fate in individual organs. Emitted positrons annihilate when combined
with an electron in the body tissue, generating two 511 KeV photons in quasi-opposite
directions. Detectors are arranged all around the tissue of interest, and events
interacting nearly simultaneously with opposite detectors are recorded and used to
generate the image. After extracting from the image information pertaining to the time
activity concentration of tracer in the blood and cardiac wall, mathematical modelling
is used to quantify the rates of metabolic processes within the target tissue. The main
advantages of PET imaging are that it is functional and quantitative, the short-lived
nature of positron decay (<2 min to 110 min for the nuclides shown here) allows
conduction of repeated studies, and most radionuclides (11C, 13N, 15O) are isotopes of
naturally occurring elements in the organic matter and can be substituted in the target
molecule without altering its structure; others (18F) are complexed to form analogues,
which are meant to minimally or purposely affect the properties of the natural
compounds (Iozzo, 2010).
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Figure 2.2.5.1. PET principles and the most commonly used PET tracers with the corresponding
target myocardial metabolic processes are shown in the bottom table. (Figure from Iozzo,
2010).
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Figure 2.2.5.2. Principles of MRS and, as shown in the bottom table, its application in the study
of cardiac high-energy phosphate metabolism and lipid toxicity by use of 31P- and 1H-MRS.
(Figure from Iozzo, 2010).
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2.2.7 Magnetic Resonance Spectroscopy principles
MRS provides quantitative information on the molecular composition of the
different body tissues. The technique is based on the concept that, when nuclei with a
net spin are subjected to a magnetic field they precede at highly specific frequencies.
Besides, the electrons surrounding the nucleus of interest superimpose a unique
magnetic force on the main field of the scanner, making nuclei of the same species in
different metabolites resonate at slightly different frequencies. Such chemical shift
properties enable distinction of molecules by MRS. The original signal, represented by
a sum of frequencies recorded as a function of time is transformed into a spectrum of
peak amplitudes as a function of frequency, in which peak-areas represent the relative
abundance of corresponding metabolites (Iozzo, 2010).
2.2.8 Fat distribution, assessment of whole body and regional fat depots
Several methods have been validated to measure fat distribution in the human body,
beyond the “classical BMI”. The simplest method to estimate fat composition is based
on gender, height and weight (Hume, 1966). Direct measurement can be performed
with dual energy X-ray absorptiometry (DEXA) (Haarbo et al., 1991). Regarding
abdominal fat distribution, waist circumference or waist/hip ratio have been adopted as
practical ways to measure central adiposity, but the accurate measurement of visceral
fat require the use of imaging techniques such as magnetic resonance imaging (MRI)
or computed tomography (CT). Even if total volume quantification is the optimal
method, it has been demonstrated that abdominal subcutaneous, intraperitoneal and
retroperitoneal fat depots can be predicted and estimated from a single MRI axial slice
at the level of the intervertebral disc L2-L3 (Abate et al., 1997).
The fat accumulation surrounding the heart has been studied subsequently with
more advanced techniques. One of the first imaging methods was echocardiography
(Iacobellis & Willens, 2009) which allows the measurement of the epicardial and
pericardial fat thickness. Recently, with imaging techniques such as magnetic
resonance (Nelson et al., 2009) and computer tomography (Mahabadi et al., 2009) it
has been possible to measure the volumes of intra- and extra-pericardial fat (see section
2.3.5 for explanation of nomenclature).
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2.3 Lipotoxicity: a fatty acid metabolism disorder
One of the first appearances of the term “lipotoxicity”, in a scientific publication
related to metabolic diseases, was in a research paper where Unger and coworkers
described the toxic effects of excessive free fatty acids on pancreatic β-cell survival,
suggesting that hyperlipidaemia has a role in the pathogenesis of the non-insulindependent diabetes mellitus or type 2 diabetes mellitus (T2DM) (Lee et al., 1994).
McGarry, one of the co-workers of this paper, already two years before, in a seminal
paper, proposed a pioneering way of looking at T2DM; in his view, disordered fatty
acid metabolism assumed a central role (McGarry, 1992). Afterwards, new evidence
supported the concept of fatty acids as mediators of disease progression, with
associations to the predisposing conditions: insulin resistance syndrome and obesity
(Boden, 1997; Boden, 1998). By insulin resistance is meant a “pre-diabetic” condition
where organs are less responsive to the insulin action, requiring an increased secretion
of insulin from the pancreas, which in the long run burns-out its β-cells. It is important
to mention that nowadays there is still an open debate on which is the first organ to fail
and cause insulin resistance, whether it is the brain (Pagotto, 2009), the liver
(Perseghin, 2009), the skeletal muscle (DeFronzo & Tripathy, 2009) or the pancreas
(Kahn et al., 2006). The review and the thesis are aimed to support a different
hypothesis: adipose tissue is the first organ, the primary culprit that once hit causes the
cascade of damaging events occurring in metabolic diseases. According to this
hypothesis, lipotoxicity can be defined as a condition in which fatty acids are not
properly stored in adipose tissue and they overflow to nonadipose tissues,
accumulating in the so-called ectopic fat and causing a compensatory increase in fatty
acid oxidation with formation of toxic lipid metabolites and free radicals. All this leads
to organ insulin resistance and/or impairment of organ function (Iozzo, 2009; Lelliott
& Vidal-Puig, 2004). Some evidence supporting the “lipotoxicity hypothesis” is
reviewed in this section, but for more information, see recent more comprehensive
reviews (Cusi, 2010; Iozzo, 2009; Mittendorfer, 2011).
Adipose tissue assumes a central role in the pathogenesis of metabolic diseases,
especially of insulin resistance, being the organ that physiologically stores and releases
fatty acids, and it has been substantiated by a great deal of evidence that elevated FFAs
promote insulin resistance (Boden, 2011). Furthermore, the adipose tissue is the largest
endocrine organ of the body and Figure 2.3.1 summarizes the main roles and effects of
the principal fat-derived products that have been related to insulin resistance and
metabolic risk. Based on the evidence reviewed, Iozzo proposed the cascade of events
(reported in Figure 2.3.2) occurring when adipose tissue develops abnormally, causing
a vicious circle of detrimental phenomena that lead to insulin resistance in nonadipose
organs (Iozzo, 2009).
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Figure 2.3.1. The adipose tissue as endocrine organ and the products involved in the metabolic
risk. (Figure from Iozzo, 2009).

Figure 2.3.2. The cascade of events caused by abnormal subcutaneous adipose tissue
adipogenesis. (Figure from Iozzo, 2009).
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2.3.1 Lipotoxicity in obesity: adipose tissue failure in storing fatty acids
Obesity is nowadays considered a pandemic health problem. An obese subject is
defined by the World Health Organization as a subject with a body mass index larger
than 30 kg/m2 (WHO Consultation, 1998). In 2010, it was estimated by the
International Obesity Task Force that there were 475 million obese people worldwide,
most of them in the developed countries where specific environmental conditions can
trigger genetic backgrounds. The prevalence of the disease has steeply increased
worldwide since World War II, partly due to culturally mediated changes like
hypercaloric diets and the decreased level of physical activity associated with the
modern industrialized society (Price et al., 1993). It has been proposed that several
factors contribute to the development of the disease, the basic idea being that these
factors, external or internal, act to disrupt the balance between food intake and energy
expenditure, shifting the scale so that an increased food intake and/or a reduced energy
expenditure lead the subject to accumulate fat mass in the body.
Obesity predisposes to a series of life-threatening comorbidities, strong
relationships have been found by many studies between obesity and incidence of
diabetes, cardiovascular disease and some types of cancers (Whitlock et al., 2009).
Obesity is also closely associated with peripheral and hepatic insulin resistance
(Boden, 1997) and with a low-grade inflammatory state characterized by elevated
proinflammatory cytokines in blood and tissues (Tataranni & Ortega, 2005). These
conditions contribute to the development of type 2 diabetes mellitus (T2DM),
hypertension, atherogenic dyslipidemias, and disorders of blood coagulation and
fibrinolysis (Boden, 2008). All of these disorders are also independent risk factors for
atherosclerotic vascular disease such as heart attacks, strokes and peripheral vascular
disease (Bray, 2004). Understanding the molecular mechanisms controlling the
development of obesity is essential for designing effective therapies.
Obesity is characterised by an increase in the adipose deposits, resulting from an
imbalance between food intake and energy expenditure. This adipose tissue expansion
is a physiological and protective process (Ruge et al., 2009). Not all obese subjects are
metabolically “unhealthy”; it has reported that 20% of the obese population is
metabolically healthy, i.e., they have increased fat mass, but favorable cardiovascular
risk profile (low TG, high HDL), high insulin sensitivity and low visceral fat (Karelis
et al., 2004), but some report that the prevalence of this phenotype in the population
might be lower than it was previously thought (Calori et al., 2011), while others report
higher values (Mittendorfer, 2011). In the Cremona Study, metabolically healty obese
subjects, defined by BMI and HOMA-IR cut-offs, had similar, if not better, survival
than non-obese insulin-sensitive subjects (Calori et al., 2011). Thus, what is dangerous
is the wrong accumulation of fat (in ectopic sites) or the non-accumulation of fat, like
in lipodystrophy (Frayn et al., 2003). Hyperplastic obesity - in which newly
differentiated adipocytes maintain the ability to store triglycerides - is typically more
benign than fat hypertrophy (Iozzo, 2009). Insulin-sensitive individuals, in whom the
anabolic effect of insulin is enhanced, gain more weight and have a fourfold more
rapid decrease in insulin sensitivity than less insulin-sensitive subjects, as documented
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by longitudinal studies in Pima Indians (Swinburn et al., 1991). This means that even if
BMI, as a rough measure of obesity, has worked quite well for several decades, the
whole body fat accumulation is not the only factor to consider for identifying a subject
at risk, and to progress, the aim should be the characterization of adipose tissue
metabolism with non-invasive and reproducible methods and the association with
insulin sensitivity measures. Nowadays a characterization of abdominal obesity is
preferred to identify high risk individuals. The rationale behind this is that visceral
adipose tissue is believed to be more prone to lipolysis in response to counterregulatory hormones and more resistant to the antilipolytic effect of insulin (Ostman et
al., 1979; Despres, 2007). Moreover, it has been proposed that because visceral fat
drains directly into the portal vein, FFA derived from it would have a more direct
impact on liver metabolism than fat from peripheral (subcutaneous) lipolysis (Cusi,
2009). Even if the “portal hypothesis” seems reasonable to explain the development of
hepatic insulin resistance by visceral adipose tissue, the finding that in healthy obese
subjects the contribution of visceral fat to the peripheral plasma FFA pool increases
only modestly (from 10% to only 25% compared to lean subjects) (Nielsen et al.,
2004), suggests that expansion of subcutaneous fat adipose tissue is important in the
developement of hepatic insulin resistance. Furthermore, since FFA from visceral fat
contributes only 5% or less to the overall FFA pool (Nielsen et al., 2004), it is unlikely
to be primarily responsible for peripheral (muscle) insulin resistance, again
highlighting the detrimental effect of overall adiposity (visceral and subcutaneous) as
sources of FFA for subsequent ectopic (i.e., muscle, liver, β-cells) fat deposition (Cusi,
2009).
Despite the dominant role played by adipose tissue in the regulation of systemic FA
disposal, this tissue produces a variety of hormones and proinflammatory cytokines
that affect insulin action, lipolysis, and oxidative stress (Wu et al., 2009). And to
further stress the increased importance of subcutaneous adipose tissue, leptin, the
adipose tissue-derived peptide that has been clearly shown to have physiological
relevance in man, is secreted in considerably greater amounts from subcutaneous than
from visceral fat depots (Van, V et al., 1998; Montague et al., 1998).
In the following sections, the effects of lipotoxicity on different organs will be
discussed with special reference to obese subjects.
2.3.2 Hepatic lipotoxicity
The liver is considered the “metabolic sensor of lipotoxicity” (Cusi, 2009) and plays
a central role as both a target and a cause in obesity-related disorders. Obesity
increases the risk of developing non-alcoholic fatty liver disease (NAFLD), the most
common chronic liver condition, characterized by insulin resistance and defined by a
hepatic triglyceride content exceeding 5% of liver weight (Kleiner et al., 2005). It has
been estimated that one third of the adult population and two thirds of obese subjects in
the United states are affected by fatty liver disease (Angulo, 2007; Wieckowska et al.,
2007). It is suggested that fatty liver, being the hepatic component of metabolic
syndrome, is probably a better predictor of abnormal metabolism in insulin-resistant
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states than visceral adipose tissue (Perseghin, 2011). NAFLD refers to a wide spectrum
of liver diseases ranging from steatosis (accumulation of fat in the liver), to nonalcoholic steatohepatitis (NASH, fat in liver causing inflammation), to chirrosis
(irreversible damage with fibrotic scars resulting from chronic inflammation). Hepatic
lipotoxicity is implicated in all these conditions, but it is important to identify the key
process in the cascade of the alterations of the hepatic fatty acid metabolic pathways in
order to predict the progression towards tissue damage. The accumulation of fatty acid
has been advocated as the “first hit” in steatohepatitis (Day & James, 1998), and there
is evidence suggesting that the amount of hepatic fat increases the exposure of
hepatocytes to potentially toxic fatty acids (McClain et al., 2007; Jou et al., 2008)
constituting a marker for metabolic disorders and insulin resistance independently from
obesity (Kotronen et al., 2008b). However, recent data indicate that intracellular
triglycerides depots are just ‘‘innocent bystanders’’ in the processes leading to cellular
injury and inflammation (Choi & Diehl, 2008; Jou et al., 2008), an explanation
presciently suggested by the eminent Austrian pathologist Heribert Thaler:”…the cause
of steatosis, and not the fat accumulation by itself, produces cirrhosis’’ (Thaler, 1975)
and might even have a protective role in sequestering FA, thus reducing their free
intracellular levels (Yamaguchi et al., 2007; Choi & Diehl, 2008). Instead, fat-laden
hepatocytes are damaged by ROS, that, once released, cause hepatic inflammation and
fibrogenesis (Li et al., 2008; Yang et al., 2000; Fromenty et al., 2004).
Therefore, the assessment of FA oxidation is one key element in the
characterization of the high-risk situation because this process is the source of reactive
oxygen species in obesity-related hepatic lipotoxicity (Fromenty et al., 2004;
Nakamura et al., 2009); at the moment, direct non-invasive measurement of hepatic FA
oxidation in obese and humans in general is lacking.
The flux of FAs from white adipose tissue to the liver and its hormonal control are
important determinants of hepatic FA exposure. The liver receives a dual FA supply,
from the systemic circulation and from the portal vein; the latter drains the visceral
compartment, which is expanded in obesity, and active in releasing FA (Nielsen et al.,
2004). Insulin promotes nutrient storage both in adipose tissue and in the liver; via its
antilipolytic effect, it supports the FA buffering capacity of triglyceride depots. Loss of
control of this process because of insulin resistance or deficiency may lead to enhanced
FA oxidation and free radical formation. However this relation has not yet been tested
in insulin-resistant humans.
2.3.3 Skeletal muscle lipotoxicity
Skeletal muscle is one of the organs that are directly affected by lipotoxicity, and
the consequences of its altered FA metabolism are reflected at the whole body level. A
proof of this concept comes from studies where systemic FFA levels are acutely
increased, for example, by infusing heparinized lipid emulsions; insulin-stimulated
glucose uptake (that is known to occur for more than 80% in skeletal muscle) is
reduced dose-dependently by lipid infusions in all individuals regardless of sex or age
(Boden et al., 1994; Boden & Chen, 1995). Under these conditions, insulin resistance
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arises within 2-4 hours after plasma FFA levels increase, and disappears within 4 hours
after normalization of FFA levels (Boden et al., 1991).
If many agree that FFAs have a role in skeletal muscle insulin resistance, it must be
noted that many other mediators have been proposed as opposers of glucose
homeostasis by blocking insulin signal transduction in the context of obesity-related
diseases, as reviewed in Figure 2.3.3.1 (Muoio & Newgard, 2006). Nonetheless, the
main focus of this section is to illustrate the proposed mechanisms of action of FA in
mediating the skeletal muscle alterations, including the mitochondrial dysfunctions.
Several lines of evidence support the hypothesis that the lipotoxic action of FFA on
skeletal muscle insulin sensitivity is due to an increase in intramyocellar fat content
(Abdul-Ghani & DeFronzo, 2010) and in both animals and humans it is recognized that
elevated intramuscular triglyceride (IMTG) storage is a common feature of obese
and/or insulin resistance states (Hulver et al., 2003; Goodpaster & Kelley, 2002).
Despite these correlations, there is increasing evidence that lipid metabolites such as 4hydroxynonenal (4-HNE), diacylglycerols (DAGs), ceramides, and long chain acylCoAs (LC-CoAs) may play a more significant role than triglycerides in producing
skeletal muscle insulin resistance (Chow et al., 2010). The presence of increased IMTG
might be just a marker of more direct events rather than being per se the causal element
(Perseghin, 2005). For example, the theory does not fit when increased IMTG stores, in
amounts similar or even higher than obesity, have been found in muscle of exercisetrained subjects with high insulin sensitivity (Goodpaster & Kelley, 2002). On the
other hand, fatty acid oxidation has been thought to be a discriminant between athletes
and obese subjects, with the latter having a higher IMTG/peroxidation ratio (Russell et
al., 2003). Skeletal muscle oxidative capacity (assessed by citrate synthase activity) has
been shown to be a better predictor of insulin sensitivity than either IMTG or LC-CoA
content (Bruce et al., 2003).
As discussed above, the primary oxidative fuels supporting the skeletal muscle
activity are fatty acids and glucose, and physiologically, skeletal muscle responds to
supply and demand by shifting between substrates. Randle’s and McGarry’s substrate
cycles (described in section 2.1.4) held a similar view in appointing to lipids a central
role in mediating glucose resistance and both of them were related to fatty acid
oxidation. However, while in Randle’s view, the insulin resistance was provoked by an
increase of fatty acid oxidation, in McGarry’s view, it was mediated by a decreased
fatty acid oxidation with accumulation of toxic fatty acid intermediates.
A considerable number of studies have investigated whether skeletal muscle fatty
acid oxidation is increased or decreased in obesity and insulin resistance, and there has
been consistently evidence supporting one or the other hypothesis, spreading confusion
in the matter (Koonen et al., 2010; Muoio & Newgard, 2006).
The concept of “metabolic inflexibility” has been an attempt to reconcile the
opposing views, proposing that the muscle of obese and insulin resistant mammals
loses the ability to switch between glucose and lipid substrates (Kelley & Mandarino,
2000). To support this idea, fat oxidation (measured by RQ across the leg) in type 2
diabetic and obese compared to lean subjects was found to be increased in the
postprandial state and decreased in the fasting state (Kelley et al., 1999). The root
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cause of the inflexibility was ascribed again to IMCL accumulation and the Randle
hypothesis was excluded (Kelley & Mandarino, 2000). Other studies have supported
the theory of a diminished fatty acid oxidation in the post-absorptive state as a primary
factor leading to an insulin-resistant state (Blaak, 2004). At variance with this view, a
number of studies have reported how both obesity and insulin resistance are
characterized by increased gene expression of lipid catabolic genes, related to
trafficking and β-oxidation (Muoio & Newgard, 2006; Kelley et al., 1999). Studies on
fatty acylcarnitines further support the increased oxidation hypothesis; in fact
accumulation of acylcarnitines in muscle of obese/insulin-resistant rats is the result of
an increased incomplete fatty acid oxidation that does not match the demand, resulting
in a backflux in the cytosol of fatty acid acylcarnitines (Muoio & Newgard, 2006).
Therefore, recently it has been proposed and substantiated by evidence that increased
fatty acid oxidation is the first step in the skeletal muscle insulin resistance cascade
(Koves et al., 2008; Nair et al., 2008). This line of thought fits with another piece of
the puzzle: the causative role of ROS in multiple forms of insulin resistance (Houstis et
al., 2006). Mitochondria are not only responsible for substrate oxidation and ATP
generation, but are also the primary source of ROS (Turrens, 1997; Boveris et al.,
1972), and are actively involved in the antioxidant defence (Andreyev et al., 2005).
Given that mitochondrial integrity is crucial for cell survival, the adaptations favouring
augmented IMTG and lowered fatty acid oxidation, seen in late or more severe obesity
(Hulver et al., 2005; Thyfault et al., 2004; Hulver et al., 2003), might be interpreted as
protective measures to defend muscle mitochondria from lipid-induced insults (Muoio
& Newgard, 2006). A possible sequence of events can be that adipose tissue
lipotoxicity prompts an augmented influx of lipid substrate to the skeletal muscle that
initially compensates with an increase in FAO trying to counteract IMTG
accumulation, and in this regard, Randle’s hypothesis is still valid. To support the “first
stage” proposal, Perseghin and coworkers studied overweight subjects with normal
IMCL and insulin sensitivity and found an increased post-absorptive lipid oxidation
compared to leaner controls (Perseghin et al., 2002). The ”second stage” fostered by an
overproduction of free radicals (Russell et al., 2003) with concomitant or subsequent
build-up of IMTG (Guo, 2007) (maybe via McGarry’s theory), may lead to
mitochondrial malfunction (Muoio & Newgard, 2006). Further research is needed to
support the sequence of events, and more importantly it should be specified in the aims
of the studies whether the early processes of the disease or the late ones are under
evaluation, to avoid confusion in the literature.
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Figure 2.3.3.1. Obesity-related metabolic dysfunction in skeletal muscle. Obesity is associated
with a host of metabolic, inflammatory, and adipocrine stresses that combine to mount a fullscale attack on both mitochondrial function and insulin signalling. These stresses converge to
activate a network of inhibitory serine kinases that interfere with insulin signal transduction and
hence glucose homeostasis. Abbreviations: AKT, protein kinase B; DAG, diacylglycerol;
GLUT-4, insulin-regulated glucose transporter 4; IKK-β, IkB kinase catalytic subunit β; IL-6,
interleukin-6; IRS1, insulin receptor substrate 1; JNK, c-jun amino-terminal kinases; LC-CoA,
long-chain acyl-CoA; PKC, protein kinase C; RBP-4, retinol-binding protein 4; ROS, reactive
oxygen species; Ser, serine; TNFα, tumor necrosis factor-α; Tyr, tyrosine. (Figure and legend
from Muoio & Newgard, 2006).

2.3.4 Myocardial lipotoxicity
The healthy myocardium is metabolically flexible, which means it is able to meet
demands of adjusting energy and perfusion requirements according to the workload,
and to switch substrate preference according to substrate availability and nutritional
status. The loss of this plasticity is a common characteristic of different cardiac
diseases, but also of lipotoxicity-related metabolic diseases such as obesity and
diabetes (Iozzo, 2010). Therefore, extensive research has been carried out in the
attempt to identify the precise mechanism(s) of action responsible for metabolic
derangement-induced cardiac abnormalities in obese and diabetic models (Lopaschuk
et al., 2010); especially considering that such metabolic diseases predispose to
cardiovascular diseases (Yusuf et al., 2004); for example, obesity is an independent
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risk factor for heart failure, as defined by the criteria of the Framingham heart study
(Kenchaiah et al., 2002).
The earliest change that develops in response to an increase in caloric intake, as
discussed above, is an increased FA supply to the organs, this alters myocardial
substrate utilization and precedes mitochondrial and contractile dysfunction and
cardiac steatosis (Wende & Abel, 2010).
Similarly to what has been described for skeletal muscle, the role of fatty acid βoxidation in contributing to lipid-induced cardiac pathology seems controversial,
because of apparently opposing findings, such as either increased or decreased fatty
acid oxidation expression genes or metabolic rates in obese/diabetic/transgenic animal
models (Lopaschuk et al., 2010), but as discussed in some reviews, an altered
myocardial FA supply is paralleled by an increase in fatty acid oxidation as observed in
both animal models and in a few human studies (Lopaschuk et al., 2010; Mittendorfer
& Peterson, 2008; Iozzo, 2010). Characterization of alterations in FFA metabolism in
obese humans has been carried out by using PET imaging in young women and it has
been shown that myocardial FA uptake, utilization and oxidation are positively related
to insulin resistance, and that myocardial FA uptake and oxygen consumption are
positively related to BMI (Peterson et al., 2004). An acknowledged limitation of
previous studies that have failed to observe an increased fatty acid oxidation is the lack
of direct measurement of endogenous (derived from intramyocardial lipid stores) fatty
acid oxidation (Lopaschuk et al., 2010; Young et al., 2002). This process has never
been measured in humans, and only one study has addressed the issue in dogs
(Kisrieva-Ware et al., 2009). Intramyocardial lipids should be an important source for
oxidation, since with obesity the myocardial lipid pool almost trebles compared to the
lean (Kankaanpaa et al., 2006).
Cardiac steatosis is a per se hallmark of obesity and diabetes (Kankaanpaa et al.,
2006; Szczepaniak et al., 2003; Rijzewijk et al., 2008; McGavock et al., 2007).
Similarly to skeletal muscle steatosis, intramyocardial lipid stores have been suggested
to be protective from heart dysfunction at an early stage of the disease by storing away
(through esterification) the detrimental lipid intermediates (i.e. DAGs, LC-CoAs,
ceramides, acylcarnitines), and be deleterious in the long run (Zhang & Ren, 2011;
Brindley et al., 2010). As for skeletal muscle, the reconciliation of findings supports
the view of an increased FAO at the early stages of the disease prompted by an
increased efflux of FA coming from the failing adipose tissue. According to this
hypothesis, FAO should increase in compensation, but when the increase cannot match
the abundant availability, cardiac steatosis can develop (Mittendorfer & Peterson,
2008) and act in turn to counteract the unused toxic lipids. After passing a certain
“threshold” (Atkinson et al., 2003) TG stores seem to stop being protective and
become detrimental for the cell (Zhou et al., 2000; Zhang & Ren, 2011; Brindley et al.,
2010; Lopaschuk et al., 2010).
If, at first look, the compensatory increase of FA oxidation seems protective, it is
unfortunately far from being beneficial since it is accompanied by mitochondrial
uncoupling and reduced cardiac efficiency with oxygen wasting and an increase of
ROS production that ultimately leads to cell apoptosis (Lopaschuk et al., 2010; Iozzo,
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2010). Mechanistic studies supporting this concept have been performed in both obese
(Boudina et al., 2005)and diabetic mouse models (Boudina et al., 2007), as well as in
diet-induced obese rats (Cole et al., 2011). Furthermore, as already explained by the
Randle hypothesis, not yet questioned in relation to cardiac metabolism, an increased
FAO disrupts the insulin mediated signal for the promotion of glucose uptake and
oxidation (Randle et al., 1963); this lack of flexibility is negative in critical conditions
such as ischemia and high workload when glucose oxidation is preferable for lower
myocardium oxygen consumption.
2.3.5 CAD: links with lipotoxicity and the role of pericardial fat
CAD is a disease characterized by progressive development of atheromatous
plaques within the intima of the vessels that nourish the heart; the plaques that
constitute a significant obstruction are the ones that limit the blood flow to the
myocardium. The pathological process of narrowing (or stenosis) of the lumen by the
inward-growing plaques is also called atherosclerosis. Atherosclerosis is often defined
as a chronic inflammatory disease (Ross, 1999); however, inflammation is only one of
the driving forces of the disease, that is multi-factorial (Badimon et al., 1993) and
many of these factors, including inflammation, are linked with lipotoxicity. Among the
causative risk factors for CAD, elevated serum cholesterol levels (Smith, Jr. et al.,
2000) are a characteristic of lipotoxic states; among the predisposing factors for CAD,
are overweight and obesity (especially abdominal) and insulin resistance (Smith, Jr. et
al., 2000; DeFronzo, 2010). Among the conditional risk factors, C-reactive protein as
inflammatory marker (Smith, Jr. et al., 2000) is directly related to the altered hormone
secretion profile of adipose tissue in the context of lipotoxicity (de Ferranti &
Mozaffarian, 2008). C-reactive protein is not the only factor modulating the
progression of CAD, many other inflammatory mediators can be secreted by adipose
tissue, and in this regard the local fat depots surrounding the heart and vessels play a
dual role as both protectors and promoters of atherosclerosis (Iacobellis et al., 2008;
Iozzo, 2011). Lipotoxicity promoting ectopic fat deposition might be one of the causes
of the switch from the protective role to the aggravating role of the local fat depots in
the context of CAD. The fat surrounding the heart can be differentiated into separate
compartments: that inside the visceral portion of the pericardial sac, defined as
intrapericardial fat (IPF) and elsewhere as epicardial adipose tissue (Sarin et al., 2008;
Greif et al., 2009; Nelson et al., 2009) or, in some cases, as pericardial fat (Mahabadi
et al., 2009), that overlying the parietal side of the sac, defined as extrapericardial fat
(EPF), elsewhere as paracardial fat (Sarin et al., 2008; Greif et al., 2009; Nelson et al.,
2009) or pericardial fat (Iacobellis & Willens, 2009) and the fat depot in the
mediastinic area still in continuity with the heart, defined as thoracic fat (Mahabadi et
al., 2009). Regardless of the nomenclature, IPF and EPF are not only anatomically
distinct fat depots but they also have different embryological origins, and, more
interestingly, different vascularization (Iacobellis & Willens, 2009). IPF is supplied by
branches of coronary arteries and shares the same microcirculation of the myocardium,
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while this is not true for EPF (Iacobellis & Willens, 2009). For these reasons and
because there is no physical barrier between IPF and myocardium or the wall of the
coronary vessels, IPF might have more direct effects on vascular remodelling and
plaque complications than EPF, acting through vasocrine/paracrine signalling (Baker et
al., 2006; Zhou et al., 2011; Barandier et al., 2005; Mazurek et al., 2003; Zhang &
Zhang, 2009; Henrichot et al., 2005; Payne et al., 2009; Payne et al., 2008); however,
the mechanisms of the development/progression of CAD disease in relation to fat
accumulation have not been fully elucidated. Increased risk/presence of CAD has
recently been associated with the accumulation of fat surrounding the heart (Rosito et
al., 2008; Sarin et al., 2008; Gorter et al., 2008; Greif et al., 2009). Nonetheless, the
evidence of a continuous relationship between IPF and the severity of CAD remains
controversial, especially if the evaluation endpoints are purely anatomical. Some
studies have found an association between the number of vessels presenting stenosis
and the amount of fat (Ueno et al., 2009; Gorter et al., 2008), whereas other studies
have found no such association (Jeong et al., 2007; Taguchi et al., 2001). It must be
noted that not all anatomical stenoses prevent blood flowing into the myocardium. It is
therefore important to assess myocardial perfusion impairments together with the
anatomical lesions to correctly define the severity of the disease and identify the
significant obstructive stenosis (Gould, 2009; Tonino et al., 2010). Thus, the
relationship between impaired myocardial perfusion and pericardial fat becomes more
interesting and has not been fully explored yet. One group has investigated and found a
correlation between echocardiographically measured CFR and epicardial fat thickness
in women with normal coronary arteries (Sade et al., 2009), but the relationship in
CAD subjects seems to be unaddressed.

2.4 Fatty acid metabolism modulation drugs
As discussed in the previous sections, metabolic and cardiovascular diseases share
common underlying pathological mechanisms related to alterations of fatty acid
metabolism. Therefore, a potential treatment strategy to prevent or limit the
progression of such diseases is to modulate fatty acid metabolism, and possibly to
indirectly affect and improve glucose metabolism as well, these being extremely
important in insulin resistance related diseases. Peroxisome proliferators-activated
receptors (PPAR) became attractive therapeutic targets since the discovery that these
transcription factors, belonging to the nuclear receptor superfamily, are involved in the
transcription of genes related to lipid metabolism (Dreyer et al., 1993). To date, 3
isoforms of PPAR have been identified, which includes PPARα, β/δ and γ. All PPAR
isoforms and therefore the modulation of PPAR activity has become an attractive
treatment target for obesity and metabolic diseases (Zhang et al., 2010). An alternative
approach to the gene transcription modulation is to influence the specific enzyme
activity; some examples of such metabolic modulators, with special reference to the
fatty acid oxidation pathway, will be discussed.
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The metabolic therapy can act at different levels: (1) targeting fatty acid supply and
uptake; (2) modifying cytoplasmic lipid levels; (3) restorating fatty acid oxidation /
glucose oxidation balance; (4) stimulating / inhibiting fatty acid oxidation.
1) A number of pharmacological approaches can be used to decrease the fatty
acid supply to critical organs:
a. Fibrates are PPARα receptor agonists. PPARα receptors are expressed
mostly in tissues that have a high capacity for fatty acid β-oxidation,
such as the liver, heart and skeletal muscles. Activation of PPARα
leads to the increase in FA uptake as well as oxidation in these tissues.
In human, fibrates decrease plasma levels of TG and FFA (Staels et
al., 1998) via increase of lipid uptake and oxidation in the liver,
according to animal studies (Zhang et al., 2010). Several clinical trials
have confirmed the cardiovascular benefits of fibrates (Jun et al.,
2010) especially among diabetic subjects (Watts & Karpe, 2011).
Overall, improvements in major cardiovascular events were related to
coronary events rather than strokes and were largely confined to
volunteers with dyslipidaemia (Watts & Karpe, 2011). However, if the
PPARα overactivation in liver is beneficial, this might be not the case
for skeletal muscle and heart, as shown by specific transgenic mouse
models (Zhang et al., 2010). On the contrary, PPARα null mouse
models present lower fatty acid oxidation and improved glucose
uptake and oxidation, and have a more efficient glucose disposal,
being protected by insulin resistance resulting from high fat feeding
(Zhang et al., 2010).
b. Thiazolidinediones (TZDs) were widely used as insulin-sensitizers to
treat diabetes and insulin resistance. They are agonists of PPARγ
nuclear receptors, which are mainly located in the adipose tissue and
their activation leads to increased fat storage (Zhang et al., 2010).
PPARγ receptors also increase expression of glucose transporters in
adipose tissue and skeletal muscle ameliorating the glucose disposal.
The first class of TZDs (troglitazone) was withdrawn from the market
because of severe liver damage; the second class (rosiglitazone) has
been reported in meta-analyses to be associated with possible
increased risk of cardiovascular disease (CVD) events; the third TZD
class (pioglitazone) reported side effects are weight gain, edema
(DeFronzo et al., 2011), bone loss and precipitation of congestive
heart failure in at-risk individuals, but not increase in CVD/all cause
mortality (Shah & Mudaliar, 2010). When pioglitazone treatment has
been compared to rosiglitazone, the latter resulted in higher risk of
congestive heart failure, myocardial infarction and death as compared
to the former (Loke et al., 2011). It might be that weight gain even if
an undesirable effect of TZD, might be a mediating mechanism of
action through expansion of subcutaneous adipose tissue, being
positively correlated with the decline of HbA1c levels and a greater
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improvement in insulin sensitivity and beta-cell function (Miyazaki et
al., 2005).
c. PPARβ/δ receptor agonists induce and increase oxidative metabolism
in skeletal muscle as for PPARα receptors, but the mice models
overexpressing PPARβ/δ receptors in the heart also show an increased
glucose metabolism (Zhang et al., 2010). It is unsure whether the
mechanism of action will be beneficial in humans.
d. Antilipolytic drugs, such as acipimox, the long-lasting form of
nicotinic acid, are able to lower plasma FFA levels and enhance
insulin action in obese subjects (Santomauro et al., 1999). It has been
reported that nicotinic acid increases HDL cholesterol levels, possibly
due to increased cholesterol release from adipose tissue (Karpe &
Chamas, 2010). The major complication of nicotinic acid is the
cutaneous flushing, that can cause discontinuation of the therapy at
rates as high as 25-40%, but several strategies have been proposed to
prevent the side effect (Davidson, 2008).
2) Lowering lipid intermediate accumulation especially in skeletal muscle and
heart has been suggested as a possible intervention. However, specific agents
designed for this action are still lacking. Increasing DGAT, the enzyme that
converts DAG to TG, could be a novel target since mice over-expressing it
show improved insulin sensitivity and decreased DAG and ceramide (Zhang et
al., 2010). Acipimox, in this context, has been found useful, since total long
chain CoA levels in the muscle were reduced by its action, in concomitance
with improved whole body glucose disposal (Koves et al., 2008).
3) Therapeutic interventions that aim to restore the balance between glucose and
fatty acid metabolism should be beneficial for glucose disposal and reverse
insulin resistance.
a. PDH activators have been proposed as good candidates to re-establish
the metabolic balance. After several attempts the most promising
among this type of drugs is the PDK4 inhibition. PDK4 knockout mice
show higher rates of glucose oxidation and lower rates of fatty acid
oxidation in diaphragm muscle, and they seem more insulin sensitive
than wild type mice when exposed to high fat diet (Zhang et al., 2010).
4) Stimulating or inhibiting fatty acid oxidation is a dilemma and controversial as
can be deduced from the previous section. Maybe the choice can be motivated
by the status of the disease (early stages/inhibition, late stages/promotion);
below are reported the different proposed approaches for fatty acid oxidation
modulation:
a. Malonyl CoA decarboxylase (MCD) inhibition, blocks conversion of
malonyl CoA to acetyl CoA, thus increasing cytoplasmic levels of
malonyl CoA, inhibiting FFA uptake into mitochondria and ultimately
reducing fatty acid oxidation. Inhibition of MCD in skeletal muscle
and heart has had beneficial results in animal studies (Zhang et al.,
2010), while increase of its activity in liver results in positive effects
on insulin sensitivity as well (An et al., 2004). Further studies are
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b.

c.

d.

e.

f.
g.

necessary to determine whether a specific organ should be targeted for
the translation to human therapy.
Etomoxir, an irreversible inhibitor of the activity of carnitine
palmitoyltransferase I (CPT-I) to transfer FA from the cytosol into
mitochondria. In a recent study, its use in living rats was not
accompanied by any changes in FA uptake or oxidation, or in glucose
uptake under basal or maximally stimulated metabolic states (Luiken
et al., 2009). A more recent investigation confirms that the effects
produced by etomoxir in vitro are not reproduced in vivo (Schwarzer
et al., 2009). Furthermore, the use of etomoxir has been associated
with the risk of cardiac hypertrophy (Cabrero et al., 2003; Luiken et
al., 2009), increase in heart lipid content (Schmitz et al., 1995),
oxidative stress (Merrill et al., 2002), and hepatotoxicity, leading to
the interruption of a clinical trial (Holubarsch et al., 2007).
Perexiline is an alternative inhibitor of CPT-I. Initially developed as an
antianginal drug, it has been recently employed in patients with heart
failure. Perhexiline inhibits both CPT-I and CPT-II, causing an
improvement in myocardial function and skeletal muscle energetics,
but it has been associated with potential peripheral neuropathic (Meier
et al., 1986) and hepatotoxic effects, and for these reasons requires
monitoring of plasma levels (Killalea & Krum, 2001).
ACC inhibitors block the enzyme that drives the opposite reaction that
MCD catalyzes, thus they promote fatty acid oxidation. The rationale
of the approach comes again from whole-body knockout mice (ACC2
-/-) that show improved insulin sensitivity when fed a high fat diet
(Choi et al., 2007). Like for the activation of MCD, the liver might be
the organ primarily involved in the alleviation of the insulin resistance,
thanks to decreased lipid metabolites (Atkinson et al., 2002; Zhang &
Zhang, 2009).
Activators of AMPK that both promote fatty acid oxidation via
inhibition of ACC and translocation of GLUT4, have been shown to
promote insulin sensitivity but it is not clear which of the two
mechanisms is determinant in the improvement (Zhang et al., 2010).
Trimetazidine (TMZ), being the object of the current thesis, will be
dealt with in a separate section (2.4.1).
Ranolazine shares with TMZ the in vitro evidence of a shift in muscle
substrate preference from FA to glucose (McCormack et al., 1996). It
was previously believed to be an activator of pyruvate dehydrogenase
(Clarke et al., 1996), but subsequently an in vivo study suggested that
the drug might not inhibit FA oxidation (Wang et al., 2007);
nonetheless, the mechanism of action remains to be elucidated (Boden,
2010).
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2.4.1 Trimetazidine
As confirmed by a recent meta-analysis, trimetazidine has a significant protective
effect against all-cause mortality and cardiovascular events and hospitalisation in
patients with heart failure (Gao et al., 2011). However, more studies on humans are
warranted to clarify the specific mechanisms of action of the drug. Table 2.4.1.1
summarizes the basic and clinical studies focussed on the investigation of trimetazidine
mechanisms of action, with special reference to cardioprotection. Trimetazidine may
improve myocardial energy metabolism by inhibiting FAO and promoting glucose
metabolism. This speculation originates from in vitro and animal studies in which
TMZ partially inhibits the beta-oxidation enzyme 3-keto-CoA-thiolase (Lopaschuk et
al., 2003; Kantor et al., 2000). A recent PET study in patients with dilated
cardiomyopathy is the only investigation in which FAO was measured during TMZ
treatment, which improved cardiac efficiency and function, accompanied by a modest
decline in plasma FAO rate constant (Tuunanen et al., 2008). However, the role of
intracellular lipids was not considered, glucose uptake was not measured, and patients
had severe heart failure with metabolic and medication-related confounders. Based on
current knowledge, there are no data about the reciprocal modulation of FA and
glucose metabolism by TMZ on the heart, and the consequences on cardiac work
efficiency in humans.
Regarding metabolic diseases, a metabolic modulator able to relieve the oxidative
pressure caused by FA overload in the early phase of the disease might be an effective
preventive measure. In cardiomyopathic patients with type 2 diabetes, trimetazidine
has been shown to improve systemic glucose metabolism, as reflected by a reduction in
fasting glycemia and an increase in forearm and whole body glucose uptake during
hyperinsulinemic euglycemia (Fragasso et al., 2003). The drug effects on forearm lipid
metabolism were investigated only in the short term (15 days), demonstrating a
downregulation in lipid oxidation during insulin stimulation (Monti et al., 2006). It
must be noted that the same study presented some unexpected results: a) even if the
control group comprised the same T2DM cardiomyopathic patients with insulin
resistance, one could expect a reduction in forearm lipid oxidation by insulin
stimulation, and this was not observed; b) trimetazidine did not produce significant
changes in forearm lipid oxidation in the fasting state, where lipid availability, hence
oxidation, should be maximal (Monti et al., 2006). However, the effects of
trimetazidine on adipose tissue metabolism and adipokine secretion have not been
investigated.
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Table 2.4.1.1. Cardioprotective basic and clinical studies with TMZ.
Study type

TMZ effects &
proposed mechanism(s)

Concentration
or dose used

Reference

Isolated working rat
hearts perfused with
insulin, glucose and
FFA

 glucose oxidation;  FFA oxidation
 Activity of 3–ketoacyl CoA thiolase

Perfusions: TMZ 1mol/L;
enzyme studies 75 mol/L

(Kantor et al., 2000)

Isolated rat heart
perfusions; low flow
ischemia

 tissue acidosis & Na gain during
ischemia

TMZ 1 mol/L

(El et al., 2000)

Isolated rat heart
perfusions

 ischemic contracture; no effect on
glycolysis

TMZ 1mol/L

(Boucher et al., 1994)

In situ rat fibrotic heart
from pressure overload

 fibrosis via amelioration of
NADPH oxidase-ROS-CTGF signalling
pathway (all )

TMZ 10mg/kg

(Liu et al., 2010)

In situ/In vivo db/db
mice heart

 hemodynamic parameters;  ROS;
 antioxidant ability;  PGC1α;
 serum TG / IMTG

TMZ 10mg/kg (low dose gr.) (Li et al., 2010)
TMZ 30mg/kg (high dose gr.)

In situ rabbit heart

Less neutrophil infiltration after
ischemia-reperfusion

TMZ 2.5mg/kg

(Williams
1993)

In situ rabbit heart

Inhibition of mitochondrial permeability
transition pore (mPTP) opening; ischemic
preconditioning-like effect on reperfusion
injury

TMZ 5mg/kg

(Argaud et al., 2005)

Human red blood cell
(RBC) incubation

Erythrocytes incubated; subjected to
oxidative stress; less potassium loss after
TMZ

Prior TMZ 20 mg 3X daily
(less for body wt <60 kg)

(Maridonneau-Parini
& Harpey, 1985)

12 HF pts, 6 ischemic

TMZ 20 mg 3X
 NYHA 3.04 to 2.45 (p=0.005);
 cardiac PCr/ATP ratio;  effort stress test daily for 2 cross-over periods
of 90 days each

28 HF pts (17 ischemic)  NYHA; QoL better;  LV ESV;  EF
given TMZ, 27 controls

et

al.,

(Fragasso
2006a)

et

al.,

TMZ 20 mg 3X daily for
mean of 13 months

(Fragasso
2006b)

et

al.,

30 ischemic HF
patients given TMZ, 31
controls

 NYHA;  LV EF;
mortality  by 58%; C-reactive protein
(CRP less at 18 months)

TMZ 20 mg 3X daily for 48
months; open label

(Di Napoli et al.,
2005; Di Napoli et al.,
2007)

Human idiopathic
cardiomyopathy;
ischemia excluded;
cardiac FAO directly
measured

Improved forward work; modest 10%
 myocardial FFA oxidation; decreased
whole body insulin resistance; synergism
with β-blockade

TMZ 35 mg 2X daily for 3
months added to prior
standard anti-HF drugs

(Tuunanen
2008)

Type 2 diabetes with
HF; forearm AV levels
of metabolites during
euglycemic insulin
clamp

Pre-treatment with oral TMZ
 glucose oxidation &  lipid oxidation;
 cyclic GMP release;  endothelin release 20 mg 3X daily for 15 days

25 HF pts (16 ischemic)  whole body REE;  NYHA; QoL better; TMZ 20 mg 3X daily for 3
given TMZ, 19 controls  LV ESV;  EF
months

al.,

(Monti et al., 2006)

(Fragasso et al., 2011)

FFA= free fatty acids; FAO = fatty acid oxidation; HF =heart failure; TMZ = trimetazidine;
NYHA=New York Heart Association; QoL= quality of life; AV= arteriovenous; LV=left
ventricle; EF=ejection fraction; ESV= endsystolic volume.
(Adapted from Opie & Knuuti, 2009).
.
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3 OBJECTIVES OF THE STUDY
The purposes of the present study were:

1) to develop and validate a new methodology (based on positron emission
tomography) for the assessment of fatty acid metabolism in the liver (I);

2) to investigate the pathogenesis of obesity-related diseases in relation to the
fatty acid metabolism and its deregulations (lipotoxicity) in organs such as
liver (I), adipose tissue, skeletal muscle (II) and heart (II) in obese subjects;

3) to evaluate the mechanism and therapeutic effect of a metabolic drug called
trimetazidine in modulating the fatty acid metabolism in adipose tissue,
skeletal muscle (II), and heart (III) of obese drug-naïve subjects;

4) to evaluate the association between ectopic fat accumulation around heart
(pericardial fat) and heart metabolism (myocardial perfusion) in CAD subjects
(IV).
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4 SUBJECTS AND STUDY DESIGN
4.1 Study subjects
In total six pigs and 123 human subjects were studied. Figure 4.1.1 shows how
many study subjects, and with which characteristics (obese, controls, intermediate risk
of CAD), were included in the studies (I-IV).
4.1.1 Inclusion criteria and recruitment
In studies I, II and III, subjects were recruited by local advertisement. Inclusion
criteria were, age 20-75 years, no chronic diseases, no substance abuse, normal
physical examination and a stable weight and diet for the previous three months.
Routine blood testing was performed during the screening visit, together with a 75 g
oral glucose tolerance test (OGTT) to exclude undiagnosed diabetes mellitus.
Studies I and II included a cross-sectional study where the effect of obesity was
evaluated, comparing eight obese subjects with eight (seven in study I) healty
volunteers. A cutoff body mass index (BMI) of 30 kg/m2 was used. One patient with
full-blown metabolic syndrome but a BMI less than 30 kg/m2 was included in the
obese group.
Studies II and III included a substudy to evaluate the effects of trimetazidine
including the eight obese and one control individuals (BMI ≥ 27 kg/m2) from the crosssectional study who volunteered to undergo a one-month treatment with 35 mg daily of
trimetazidine (Vastarel®, Servier).
Study IV included 107 consecutive out-patients (64 males and 43 females),
prospectively enrolled, with a history of stable chest pain and 30-70% pre-test
likelihood of CAD, as based on risk factors and symptom-limited exercise test
(Diamond & Forrester, 1979; Diamond et al., 1983). Exclusion criteria were atrial
fibrillation (FA), iodine allergy, unstable angina, severe loss of kidney function, 2nd or
3rd degree AV-block, severe congestive heart failure (NYHA IV), symptomatic asthma
and pregnancy. Patients with angiographically proven CAD or previous myocardial
infarction were not eligible.
All patients and healthy subjects included in the studies (I-IV) gave written
informed consent before their participation, after having obtained detailed information
on the nature, purpose and potential risks of the study. The studies were conducted
according to the guidelines of the Declaration of Helsinki and, furthermore, the study
protocol was approved by the Ethics Committee of the Hospital District of Southwest
Finland.
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4.2 Study design
Figure 4.1.1 shows the general design of the studies, with the shared study protocols
and the organs of interest in common. The measurements with PET, CT and MR are
briefly reported. The colours help to distinguish the different substudy measurements
in the different organs.
In study I, validation studies were conducted in six pigs, in which arterial, portal
and hepatic vein catheterization simultaneously to a PET scan were performed to
compare PET-derived with directly measured liver FA metabolism. The experiment
protocol is described in Figure 4.2.1. The imaging methodology was transferred to
humans, in which the effects of obesity were explored.
Studies I, II and III in humans included PET examinations that with one study
session permitted the study of different organs at the same time point. The general
study design for PET examinations is shown in Figure 4.2.2.
In particular, the second part of study I aimed to compare liver FA metabolism and
visceral lipolysis between obese humans and healty humans. The substudy included
fifteen PET examinations, nine of which were performed ad hoc to carefully image the
whole liver and visualize the portal vein, as part of the input function needed to
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calculate FA metabolism from imaging data. These nine studies were first used to
confirm relationships with circulating markers of liver metabolism, and to validate the
extension of the current approach to studies lacking portal vein information, to be used
in the remaining six human studies.
In study II, for the cross-sectional study, PET examinations were conducted to
characterize FA metabolism in skeletal muscle and subcutaneous abdominal adipose
tissue (SAT) in obese and healty subjects.
Study II and study III share the treatment substudy evaluating the effect of
trimetazidine on glucose and FA metabolism of different organs. The general outline of
the treatment study is shown in Figure 4.2.3. After baseline examinations, a four-week
treatment with TMZ (35 mg daily, Vastarel®, Servier) was started. Diet counselling
was provided for the standardization of caloric intake, and patients were instructed to
maintain their current lifestyle. After two weeks of treatment, an additional visit took
place during which compliance was confirmed, a clinical examination was performed,
and blood samples drawn. The PET and MR imaging examinations were repeated at
the end of the treatment.
In study II, patients underwent PET imaging sessions using [18F]fluorodeoxyglucose ([18F]FDG) and [11C]-palmitate to determine glucose and FA
metabolism of skeletal muscle, subcutaneous and visceral adipose. Systemic substrate
metabolism was determined by both indirect calorimetry and plasma PET tracer
kinetic, MRI/MRS were used to assess abdominal fat masses, skeletal muscle
triglyceride and creatine content, and adipokines measurements were performed to
comprehensively characterize the endocrine function of adipose tissue.
In study III, PET images were used to measure myocardial glucose and FA
metabolism, MR imaging to assess left ventricular dimensions and function, and proton
MRS to quantify the content of triglycerides and creatine in the left ventricular wall.
In study IV, all patients underwent CT calcium score and CTA assessment and
myocardial PET perfusion imaging using a PET/CT hybrid scanner, followed by ICA
within two weeks. The imaging protocol and study design are shown in Figure 4.2.4.
No cardiac events took place during the interval. FFR measurements were performed
for stenoses over 30% when feasible and appropriate. Some stenoses could not be
evaluated because of technical limitations or because they were considered
complicated lesions by the operator.
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Figure 4.2.1. Study design I – Validation in pigs.

Figure 4.2.2. Study design I-III – PET in humans.
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Figure 4.2.3. Study design I, II – Treatment study with trimetazidine.

Figure 4.2.4. Study design IV.
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5 METHODS
5.1 Positron emission tomography (I-IV)
5.1.1 Production of positron emitting tracers
[11C]palmitate. (I-III) [11C]palmitate (t½ = 20.4 minutes) was synthesized via
carbonation of n-pentadecylmagnesium bromide with [11C]carbon dioxide (Padgett et
al., 1982). The radiochemical purity of the final product exceeded 98%.
[18F]FDG. (II,III) [18F]FDG (t½ = 109 minutes) was synthesized using a modified
method of Hamacher et al. (Hamacher et al., 1986). The radiochemical purity of the
final product exceeded 98%.
[15O]H2O. (IV) [15O] (t½ = 123 seconds) was produced with a low-energy deuteron
accelerator Cyclone 3 (Ion Beam Application Inc., Louvain-la-Neuve, Belgium). [15O]water ([15O]H2O) was produced using the dialysis technique in a continuously working
water module (Sipilä et al., 2001). Sterility and pyrogenity tests were performed to
verify the purity of the product. The radiochemical purity of the [15O] was
approximately 97%.
5.1.2 PET imaging study sessions (animals) (I)
Anesthetized pigs (29-31 kg) were studied during fasting (n=3) or euglycemic
hyperinsulinemia (n=3). Access to food was withdrawn at least 16 hours prior to the
study. Animals were anesthetized with ketamine and pancuronium, and mechanically
ventilated via tracheal intubation with normal room air (regulated ventilation, 16
breaths per minute). Catheters were placed in the jugular vein, carotid artery and
femoral vein, for the administration of glucose, insulin, and 11C-palmitate, and for
sampling of arterial blood. Splanchnic vessels were accessed by subcostal incision;
after dissection of the hepatogastric ligament, purse string sutures were allocated to
allow catheter insertion via a small incision in the hepatic and portal vein. Doppler
flow-probes were placed around the portal vein, assumed to represent 83% of liver
blood flow (Iozzo et al., 2007). Surgical access was closed, and distal catheter
extremities were secured to the abdominal surface to avoid tip displacement. Vital
signs, blood pressure, and heart rate were monitored throughout the study (Figure
4.2.4). An ECAT 931-08/12 scanner (CTI Inc, Knoxville, TN, USA) was used. In the
hyperinsulinemic experiments, insulin was infused in a primed-continuous fashion at a
rate of 5.0 mU·kg-1·min-1, and euglycemia was maintained by a variable 10% glucose
infusion; in fasting studies, saline was infused instead. A 20-min transmission scan was
68
performed with a removable Ge ring source for attenuation correction. After 60 min
had elapsed from the start of the insulin or saline infusion, 11C-palmitate (37167
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MBq) was injected and dynamic imaging was carried out for 50 min (20 frames, 8x15,
2x30, 2x120, 1x180, 6x300, 1x600 seconds). Blood was simultaneously drawn from a)
the carotid artery and portal vein at each imaging time frame to measure total plasma
radioactivity for computation of the input function, b) the carotid artery, and hepatic
and portal veins at 10 and 40 min for the assessment of tracer partitioning between the
FA, triglyceride, phospholipid, and water-soluble pool, as previously reported
(Guiducci et al., 2006), and at 3, 5, 10, 15, 30 and 50 min in the 11C-palmitate scan for
the measurement of 11C-CO2. Unlabelled FA, glucose, and triglyceride levels were
measured at baseline and during each scan, by previously described procedures (Iozzo
et al., 2004). At the end of each experiment, animals were sacrificed and the whole
liver explanted. The volume of the organ was assessed by water displacement.
5.1.2.1 Assay of labelled 11C-CO2
Blood samples (2 mL) were collected into tubes without any additives from carotid
artery, portal vein, and hepatic vein during 11C-palmitate PET imaging. Aliquots of
blood (0.6 mL) were immediately transferred 1) to tubes containing 0.5 M NaOH (2.4
mL) in order to fix CO2 as bicarbonate, capped quickly and briefly mixed; 2) to tubes
containing isopropanol (1.8 mL) and 0.5 M HCl (0.6 mL) to prevent clotting and
enabling evaporation of CO2, briefly mixed and then bubbled with argon or nitrogen
for 10 min at 80°C. Radioactivity in both tubes was measured with an automatic
gamma counter (1480 Wizard 3” Gamma Counter; EG&G Wallac, Turku, Finland)
cross-calibrated with a dose calibrator (VDC-202, Veenstra Instruments, Joure,
Netherlands), and the amount of radioactivity associated with 11C-CO2 was calculated
accordingly.
5.1.2.2 Assay of labelled lipid fractions
The procedure has been previously reported in detail, and metabolite analysis and
image quality assessments in these animals have been previously reported (Guiducci et
al., 2006). Briefly, blood samples were collected in dry syringes, transferred to EDTAcoated tubes, mixed, and immediately stored in ice. After separation of plasma into
organic and water components, as described (Guiducci et al., 2006), the aqueous phase
was counted, and the organic phase was passed through a solid-phase extraction (SPENH2) column, which had been previously activated by elution of 3 ml of heptane.
Separation of triglycerides, FA, and phospholipids was obtained by subsequent column
elution with 3 ml heptane:isopropanol (1:2 v/v), 4 ml 2% acetic acid in diethyl ether,
and 3 ml MeOH, respectively. Radioactivity in each fraction was measured in a well
counter.
5.1.3 PET imaging study sessions (humans) (I-IV)
All subjects underwent a PET examination after an 8-10 hour overnight fast. Study
subjects were positioned supine in one of the following PET scanners: the eight-ring
ECAT 931/08-12 PET scanner (Siemens/CTI Inc., Knoxville, TN, USA) (I,III), the GE
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PET-CT scanner (Discovery VCT, GE Medical systems, Milwaukee, WI, USA), and
the Siemens HR+ PET scanner (Siemens Inc, Knoxville, TN, USA) (I-III).
In studies I-III, two catheters were inserted, one in an antecubital vein for injection
of the radiolabelled tracer, another in the opposite antecubital vein for blood sampling.
A heating pad was used to arterialize venous blood at the sampling site. Dynamic
imaging of the thoracic area was performed after intravenous administration of the
radiopharmaceutical.
5.1.2.1 [11C]Palmitate – Fatty acid metabolism imaging (I-III)
[11C]Palmitate injected dose for patients who participated in the treatment study was
295±48 MBq. The PET examinations lasted 50 min and the dynamic imaging
acquisitions were subdivided into 20 frames (8x15, 2x30, 2x120, 1x180, 6x300, 1x600
seconds).
Blood samples were withdrawn at 10, 20, 30, 40, 50 min after the start of the scan
to assess the fraction of unchanged versus metabolized radiopharmaceutical (Guiducci
et al., 2006).
Assay of 11C labelled metabolites was carried with the same procedure described for
animals. Since the analysis in a subset of eight subjects showed an intra-individual
coefficient of variation (CV) of 10% at 10 min and <5.5% afterwards, average percent
values were applied to the individual plasma curves of the study subjects for whom
metabolite measurements were not available. The fraction of parent compound was
90% at 10 min (CV 10%), 76% at 20 min (CV 5.5%), 48% at 30 min (CV 3.8%), 29%
at 40 min (CV 4.4%), and 19% at 50 min (CV 3.9%).
5.1.2.2 [18F]FDG –Glucose metabolism imaging (II,III)
[18F]FDG injected dose for patients who participated in the treatment study was
156±8 MBq. The PET examinations lasted 50 min and the dynamic imaging
acquisitions were subdivided into 20 frames (8x15, 2x30, 2x120, 1x180, 6x300, 1x600
seconds).
5.1.2.3 [15O]H2O – Cardiac perfusion imaging (IV)
Rest-stress perfusion cardiac PET was performed immediately after CT. 15Olabelled water (900-1100 MBq) was injected (Radiowater Generator, Hidex Oy, Turku,
Finland) at rest as an intravenous bolus over 15 s at an infusion rate of 10 ml/min. A
dynamic acquisition of 4 min 40 s was performed (14x5, 3x10, 3x20 and 4x30
seconds). After allowing 10 min for the decay of 15O radioactivity, a stress scan was
performed during adenosine-induced hyperaemia. Adenosine was started 2 minutes
before the scan start and infused to the end of the scan at 140 µg/kg body weight/min.
5.1.4 Image preprocessing
In order to correct photon attenuation in the body, either a five-minute transmission
scan with a removable ring source of 68Ge or a low radiation dose CT scan of the tissue
in question was performed before emission scans. PET images were obtained from the
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sinograms originated after the injection of the radioemitting tracers through the
correction for tissue attenuation, dead time, and decay, during the image reconstruction
with standard algorithms.
5.1.5 Image analysis (animals)
Large circular regions of interest were placed on three to four consecutive image
planes in the right lobe of the liver for hepatic radioactivity measurements. The model
input function, representing the concentration of tracer available for liver extraction
from arterial and portal venous plasma was directly measured in blood samples in
animals. The intact fraction of 11C-palmitate was used as input function. Plasma
radioactivity levels in the artery and portal vein were combined into one input function,
resulting from the relative contributions of the two vessels to liver perfusion, which
were set at 17% and 83%, respectively, based on previous determinations in similar
studies (Iozzo et al., 2007).
5.1.6 Image analysis (humans)
Tissue and blood time activity curves (TACs) were obtained by drawing regions of
interest (ROIs) on 3-4 consecutive transaxial planes corresponding to the abdominal
SAT, paravertebral skeletal muscle, myocardium (horseshoe ROI) regions. CT images
were used as reference to carefully place ROIs. Figure 5.1.6.1 shows an abdominal
slice of a PET-CT fusion image.
[11C]-palmitate input TACs were obtained from PET images, by drawing a small
ROI (10 mm of diameter) in the left ventricular heart cavity. Correction for partial
volume and spillover from the myocardial wall into blood was considered by applying
published calculations (Henze et al., 1983). The errors due to spillover and partial
volume effect calculated according to Henze et. al. with the average wall thickness and
resolution of the used scanner were negligible. For these reasons such correction was
not considered necessary in this study. [11C]-palmitate input functions were first
converted in plasma activity curves by use of the hematocrit, then discounted for
radioactivity in the metabolite fraction (see below for metabolite measurements) and
used for FA metabolic rate calculations.
In study I, large circular regions of interest were placed on consecutive image
planes in the right lobe of the liver for hepatic radioactivity measurements. An example
of liver PET-CT image is presented in Figure 5.6.1.2. Plasma radioactivity levels in the
artery and portal vein were combined into one (dual) input function (Iozzo et al.,
2007).
5.1.6.1 [15O]H2O – Cardiac perfusion imaging (IV)
Images were quantitatively analysed using CarimasTM software (Nesterov et al.,
2009) by an experienced reader, who was blinded to other results and clinical data.
Standard polar plots of the heart were produced. Blood flow values were averaged
according to the regions perfused by the three main coronary vessels: LAD (left
anterior descending coronary artery), RCA (right coronary artery) and LCX (left
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circumflex) artery. Coronary flow reserve (CFR) was computed as the ratio between
stress and rest perfusion in corresponding regions. CFR* and stress perfusion* are used
to indicate the lowest regional CFR or hyperemic flow values, among the three
coronary regions.

CT

PET

Figure 5.1.6.1. PET, CT and PET-CT fusion image of an abdominal slice. An image of 11Cpalmitate distribution is displayed with an inverted intensity scale, to enhance the visualization
of the tissues of interest, and superimposed onto a computerized tomography image for
anatomical reference.
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Figure 5.1.6.2. Representative 2dimensional and 3-dimensional
PET-CT images of hepatic 11Cpalmitate distribution, permitting
optimal visualization of the portal
vein.

Figure 5.1.7.1. Compartmental models representing the flux of palmitate in the adipose tissue
(top) and in skeletal muscle (bottom), and respective rate constants.
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5.1.7 Kinetic modelling
5.1.7.1 Modelling of adipose tissue 11C-palmitate kinetics (II)
SAT and VAT were analyzed by the same compartmental model configuration
represented in Figure 5.1.7.1. The model is composed of two tissue compartments,
representing free [11C]-palmitate, [11C]-palmitate bound in complex lipids. The transfer
of radioactivity between compartments is described by the four rate constant terms as
given in figure.
The differential equations describing changing tracer concentrations in SAT and
VAT compartments are:

dC1
 Ca(t)  K 1 - C1 (t)  (k 2  k 3 )  C 2 (t)  k 4
dt
dC 2
 C1 (t)  k 3  C 2 (t)  k 4
dt

Eq. l
Eq. 2

where Ca(t) is the plasma input function, C1-n is the concentration of tracer in each
tissue compartment; the total concentration of [11C]-palmitate in the tissue at a given
time can be defined by the sum of the tracer in each compartment:
Tissue(t)  (1 - Vb)  (C1 (t)  C 2 (t))  Vb  Cb(t)
Eq. 3
where Vb is the volume fraction of arterial blood Cb(t) inside the tissue ROI. Vb for
most of the organs does not exceed 5%, giving confidence that the blood component of
the tissue signal does not constitute background noise (except during the peak phase at
approximately 0-2 minutes). The biggest contribution to the K1 parameter comes from
the signal during the peak phase, making K1 related to the flow. Ca(t) was used in place
of Cb(t) to estimate the arterial plasma volume in the ROI. Kinetic parameters were
constrained to positive values and multiple initial parameter estimates were used
during the non-linear least squares fitting procedure using an iterative topographical
global optimization algorithm (Törn & Viitanen, 1994; Sederholm, 2003). Examples of
tissue TACs and model curve fit are shown in Figure 5.1.7.2.
The metabolic rates of FA in subcutaneous and visceral adipose tissue are described
by the following equations:
FA Esterification rate (FAE)  FFA  K 1  k 3 / k 2
Eq. 4
FA Uptake rate (FAU)  FFA  K1  k 3 / (k 2  k 3 )

Eq. 5

Rates were expressed as µmol/min/100g of tissue or as µmol/min in the entire
adipose tissue mass. In the study group, both visceral and retroperitoneal fat masses
were quantified; the metabolic rates for the entire SAT were computed by discounting
the whole body fat mass from the two intra-abdominal fat compartments.
5.1.7.1 Modelling of skeletal muscle 11C-palmitate kinetics (II)
The compartmental model used for fitting skeletal muscle [11C]-palmitate TACs
consisted of 5k parameters and three compartments, namely, the cytosolic pool, the
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A

B

C

Figure 5.1.7.2. 11C-palmitate time activity curves (squares) in subcutaneous (A), visceral
adipose tissue (B) and skeletal muscle (C), and their respective compartmental modelling fits
(lines).
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oxidative pool (mitochondria), and the complex lipid pool (fat stored intracellularly).
K1 and k2 represent the transfer of tracer in and out of the cytosol, k3 is the fraction of
fatty acids entering mitochondria, and k4 is the fraction of oxidative products returning
to the cytosol and into blood, k5 represents the incorporation of labelled FA into
complex lipids. The back transfer of 11C-palmitate from complex lipids to the cytosolic
pool, i.e., lipolysis, is shown as a dashed arrow (k6) in Figure 5.1.7.1. The possibility to
estimate this process was examined, but in resolvable cases the k5/k6 ratio was on
average equal to 114, indicating that k6 was extremely small. In fact, the more complex
model was not resolvable in all cases. This finding was taken as to indicate (in line
with skeletal muscle physiology) that lipolysis is limited in magnitude and, more
importantly, that it is a relatively slow process, therefore not quantitatively relevant in
the 50 min of the current study. Furthermore, the comparison of the two models in
terms of quality fitting criteria was in favour of the simpler 5k model, as both the
Schwarz Criterion (30.2 vs. 28.2) and the Akaike Information Criterion (22.5 vs. 21.6)
were smaller in the 5k model than in the 6k model. Finally, only the parameters
derived from the 5k model (k3 and k4) were correlated with FA oxidation, as measured
independently by indirect calorimetry (R=0.84 and R=0.90, both p<0.005,
respectively). Based on these results, k6 was defined as negligible, and a 5k model was
adopted.
The equations describing changing tracer concentrations in skeletal muscle
compartments are:

dC1
 Ca(t)  K 1 - C1 (t)  (k 2  k 3  k 5 )  C 2 (t)  k 4
dt
dC 2
 C1 (t)  k 3  C 2 (t)  k 4
dt
dC 3
 C1 (t)  k 5
dt

Eq. 6
Eq. 7
Eq. 8

where Ca(t) is the plasma input function, C1-n is the concentration of tracer in each
tissue compartment; the total concentration of [11C]-palmitate in the tissue at a given
time can be defined by the sum of the tracer in each compartment:
Tissue(t)  (1 - Va)  (C1 (t)  C 2 (t)  C 3 (t))  Va  Cb(t)
Eq. 9
Kinetic parameters were fitted with the same methods as used for the SAT and VAT
model. An Example of tissue TAC and model curve fit is shown in Figure 5.1.7.2.
Skeletal muscle FA metabolic rates equations were adapted from Bergmann et al.
(Bergmann et al., 1996):
C1 (FA pool)  FFA K 1 / (k 2  k 3  k 5 )

Eq. 10

FA Oxidation rate (FAO) = C1 (FA pool)  k 3

Eq. 11

FA Esterification rate (FAE) = C1 (FA pool)  k 5

Eq. 12

FA Uptake rate (FAU) = FAO + FAE

Eq. 13
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Rates were expressed as µmol/min/100g of tissue or as µmol/min in the entire
skeletal muscle mass.
A

B

Figure 5.1.7.3. Kinetics of [ C]palmitate in the heart as
analyzed through (A) compartmental modelling, or (B) biexponential fitting. The tissue
curve in “B” shows distinctly
declining rates in the initial
(fitted in black) and later phase
of the myocardial washout phase
(fitted in red). The dashed red
arrow in “A” indicates slow fatty
acid turnover and washout
through oxidation.
11

5.1.7.1 Modelling of myocardial 11C-palmitate kinetics (III)
[11C]-palmitate-TACs were analyzed with two recognized procedures to measure
myocardial FFA uptake (MFU), FFA oxidation, FFA esterification, and oxidation of
stored FAs:
a)
Compartmental model analysis was implemented by using the model
proposed by de Jong et al for the estimation of plasma free FA (FFA)
oxidation, esterification and uptake rates (de Jong et al., 2009). The model,
which is shown in Figure 5.1.7.3 (A), is composed of three tissue
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compartments, representing free [11C]-palmitate, [11C]-palmitate bound in
complex lipids, and [11C]-breakdown products. The transfer of radioactivity
between compartments is described by four rate constant terms, as given in
Figure 5.1.7.3 (A). The differential equations describing changing tracer
concentrations in the model compartments are:
dC1/dt = Ca(t)  K1 – C1(t)  (k2 + k3)
dC2/dt = C1(t)  k2
dC3/dt = C1(t)  k3 – C3(t)  k4

Eq. 14
Eq. 15
Eq. 16

and the total concentration of [11C]-palmitate in the myocardium at a given time can be
defined by the sum of the tracer in each compartment and in the tissue blood fraction
Myocardium(t) = (1 - Vb)  (C1(t) + C2(t) + C3(t)) + Cb(t)  Vb
Eq. 17
where Cb(t) is the blood tracer concentration, as derived from the left ventricle
cavity ROI interpolated through a spline function, Ca(t) is the plasma concentration of
unchanged [11C]-palmitate, i.e., discounted for metabolites, Vb represents the fraction
of arterial activity into the myocardial tissue, and Cn is the concentration of tracer in
each tissue compartment. The rate constant k4 was fixed to be equal to k3, as suggested
(de Jong et al., 2009).
The system of differential equations was solved numerically by using the
commercial software SAAM II (Simulation Analysis and Modeling II, version 1.2.1,
SAAM Institute). The rate constants obtained were used together with plasma (P) FFA
concentration measurements (CFFA) to derive respective substrate flux rates, by
assuming steady-state according to Bergmann and coworkers (Bergmann et al., 1996):
P-FFA esterification rate = CFFA(µmol/mL)  (K1 x k2)/(K1+k2+k3) (1/min) Eq. 18
P-FFA oxidation rate = CFFA(µmol/mL)  (K1 x k3) / (K1+k2+k3) (1/min) Eq. 19
P-FFA uptake rate = esterification + oxidation rates (µmol/mL/min)
Eq. 20
b) Bi-exponential fitting was applied to the myocardial [11C]-Palmitate TACs
(Figure 5.1.7.3, B). The two wash-out rate coefficients have been used to represent FA
oxidation rate constants. The initial and rapidly descending part of the curve is
commonly interpreted as the immediate oxidation of plasma derived FFAs (Schon et
al., 1982), whereas the later and slower tissue activity decline represents the oxidation
of FAs after they have been transferred in and out of the myocardial triglyceride pool
(Kisrieva-Ware et al., 2009). Since the triglyceride pool was measured by 1H-MRS in
the current study, it was possible to estimate the absolute oxidative flux of triglyceridederived FAs (triglyceride:FA, 3:1) by using the following equation:
Oxidation of stored FAs = Cardiac lipid (µmol/g) x 3 x rate constant (1/min) Eq.21
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Figure 5.1.7.4. (Top) Flowchart representation of the sequence of operations and compartmental
model used to estimate parameters that relate the dual to the arterial input function in human
beings (steps 1 and 2). These parameters were subsequently used to create new dual-input
functions form arterial ones and to estimate liver FA metabolism (step 3), the results of which
were compared with those from the originally measured image-derived, dual-input function.
(Bottom) The arterial input function (left) is used to estimate a dual-input function and the
estimated is compared with the measured curve on the right.
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Figure 5.1.7.5. (Top) Configuration of the model used to derive the rate constants (K1–k5)
describing the fractional inward/backward transfer of FA from plasma into the tissue and
between the cytoplasm, and the lipid and oxidative pool compartments. (Bottom) The model fit
to the measured tissue 11C-palmitate time-activity curve shows that the mathematical derivation
predicts the measured tracer kinetics with excellent approximation; the tracer radioactivity in
each model compartment is also shown, as derived from the estimated rate constants in one
study animal.

5.1.7.4 Modelling of liver 11C-palmitate kinetics (I)
In nine studies, in which CT and image quality allowed identification of the portal
vein, small regions of interest were drawn in this vessel and in the left ventricular
cavity of the heart, to obtain radioactivity concentrations in portal and arterial blood,
respectively, to be converted into plasma activity through the hematocrit. For the cases
where dual input function was not resolvable from human images, a mathematical
model was used to derive average kinetics parameters that would permit its estimation
from the arterial input function, as shown in Figure 5.1.7.4. This input function was
applied in six control individuals. Subsequent data analysis was done with either the
dual (measured and estimated) or the single arterial input function for comparisons.
Compartmental modelling describes each process involved in FA handling by the
liver, including inward transport, release of labelled 11C-products due to oxidation of
palmitate, incorporation of 11C-palmitate into triglyceride, and the subsequent partial
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release of labelled triglycerides (11C-TG) into the circulation. The model, which is
shown in Figure 5.1.7.5, consists of three tissue compartments, representing free 11Cpalmitate, 11C-palmitate bound in complex lipids, and 11C-oxidative breakdown
products. The exchange of radioactivity across compartments is described by five rate
constant terms, K1-k5. The differential equations describing changing tracer
concentrations in the model compartments are:
dC1/dt = Ca(t)  K1 – C1  k2 – C1  k3
dC2/dt = C1  k2 – C2  k4
dC3/dt = C1  k3 – C3  k5

Eq. 22
Eq. 23
Eq. 24

and the total concentration of 11C-palmitate in the liver at a given time, C(t), can be
defined by the sum of the tracer in each compartment and in the tissue blood fraction
C(t) = (1 - Vb)  [C1(t) + C2(t) + C3(t)] + Cb(t)  Vb

Eq. 25

where Ca is the metabolite corrected plasma tracer concentration, Cb(t) is the total
blood radioactivity concentration, Vb represents the fraction of blood within the tissue
region of interest, and C1-3 is the concentration of tracer in each tissue compartment.
The rate constant k5 was fixed to be equal to k3, as suggested (de Jong et al., 2009).
The system of differential equations was solved numerically by using the
commercial software SAAM II (Simulation Analysis and Modeling II, version 1.2.1,
SAAM Institute). The rate constants obtained (1/min) were used together with plasma
FA concentrations (CFA, µmol/mL) to derive substrate steady-state flux rates
(µmol/mL/min), according to Bergmann and coworkers (Bergmann et al., 1996), by
using the following formulas:
FA oxidation rate = CFA  (K1  k3) / (k2 + k3)
FA esterification rate = CFA  (K1  k2) / (k2 + k3)
Labelled TG release rate = CFA  (K1  k2  k4)/[3  (k3  k5 + k2  k4)]
FA uptake rate = esterification + oxidation rates

Eq. 26
Eq. 27
Eq. 28
Eq. 29

In which labelled TG release takes into account the 3:1 FA:TG molar ratio.
5.1.7.5 Modelling of 18F-FDG kinetics (II,III)
A three Ks, three-compartment model was used to describe [18F]FDG transport and
phosphorylation rate constants (Sokoloff et al., 1977; Nuutila et al., 1992) in skeletal
muscle, SAT and VAT. The fitting was performed with the same optimization
algorithms as in the palmitate model. The organ-specific fractional extraction rate
constant (1/min) was calculated by the following equation:
Ki = K1  k3 / (k2 + k3)

Eq. 30
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Myocardial fractional extraction rate of [18F]FDG was calculated using graphical
analysis (Patlak & Blasberg, 1985).
The glucose uptake rate (GU) was obtained by:
GU= [plasma glucose]  Ki / LC

Eq. 31

where LC indicates the lumped constant. The lumped constant is a parameter used
to account for the differences in transport and phosphorylation rates between glucose
and [18F]FDG. An LC value of 1.2 for skeletal muscle (Peltoniemi et al., 2000), 1.14
for adipose tissue (Virtanen et al., 2001) and 1.0 for myocardium (Iozzo et al., 2002;
Ng et al., 1991) was used.
5.1.8 Calculation of glucose (II) and FA systemic disposal rates (I,II)
Circulating glucose and FFA plasma levels were determined three times during
each PET scan to document steady concentrations. Plasma concentrations of [11C]palmitate and [18F]FDG over time were used to calculate the whole body FFA and
glucose clearances, as ratios of the injected doses to the areas under the tracer
concentration curves (0 → ∞). The latter was calculated by the trapezoid rule.
Clearance rates were multiplied by plasma FFA and glucose levels to obtain the rates
of FA and glucose appearance (numerically equalling disappearance) in the circulation
(µmol/min) (Iozzo et al., 2006). The clearance of palmitate was assumed to be
representative of the overall FFA clearance, as supported by others (Mittendorfer et al.,
2003).
In study I, plasma curves of 11C-palmitate in arterial and portal venous plasma were
used for the evaluation of the FA clearance rate in respective circulatory beds, and
multiplied by arterial FFA levels to obtain corresponding rates of appearance,
reflecting adipose tissue lipolysis. The difference between FA appearance in the two
vessels was assumed to represent visceral fat lipolysis, draining directly into the liver;
the use of arterial FFA values leads to a minimum estimate of visceral fat lipolysis.

5.2 Magnetic resonance imaging (I-III)
A 1.5-T MR imager (Gyroscan Intera CV Nova Dual; Philips Medical Systems)
with a flexible surface coil and body coil was used for MRI studies. To ensure identical
voxel placement before and after trimetazidine treatment, voxel location was
graphically recorded in each patient. All spectra were analyzed using LCModel
(Provencher, 1993).
5.2.1 Abdominal fat masses assessment (I,II)
A single T1W FFE image was obtained at the level of the intervertebral disc L2–L3
for analysis of abdominal adipose tissue masses, as previously described (Abate et al.,
1997). With this analysis, three compartments can be estimated in the abdomen:
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subcutaneous, visceral and retroperitoneal adipose tissue volumes. Adipose tissue
density of 0.9196 g/ml (Farvid et al., 2005) was used for converting measured volumes
into weight.
5.2.2 Left ventricle (LV) function and dimensions (III)
Cardiac MR studies and relative calculations have already been published
(Kankaanpaa et al., 2006). In brief, LV mass, end diastolic volume (EDV), end systolic
volume (ESV), and ejection fraction (EF) were measured from continuous short axis
slices by using the balanced turbo field echo sequence. Imaging parameters were:
repetition time (TR) of 3.8 msec, echo time (TE) of 1.9 msec, and matrix of 256 x 256.
Slice thickness was 8 mm with no gap between slices. Image analysis was performed
using Philips post-processing software (ViewForum R4.1; Philips Medical Systems).
Cine loops were reviewed to identify end-diastolic and end-systolic frames. Epicardial
and endocardial contours were outlined manually. Cardiac output and stroke volume
(SV) were computed from ESV, EDV, and heart rate (Mohrman & Heller, 2006). LV
work was calculated as the product of mean arterial blood pressure and CO, and then
multiplied by 0.133 and divided by LV mass to obtain units of joules/min/g. The
cardiac index was calculated as the ratio between cardiac output and body surface area.
Peripheral vascular resistance was calculated as the ratio of mean blood pressure
(mmHg) to cardiac output (ml/min).

5.3 1H Magnetic resonance spectroscopy (I – III)
A 1.5-T MR imager (Gyroscan Intera CV Nova Dual; Philips Medical Systems)
with a flexible surface coil and body coil was used for MRS studies. Patients were
instructed to fast for 12 hours prior to the MR examinations. To ensure identical voxel
placement before and after trimetazidine treatment (II, III), voxel location was
graphically recorded in each patient. All spectra were analyzed using the userindependent software package LCModel (Provencher, 1993). The lipid and water
amplitudes were corrected due to different T2 decay (Thomsen et al., 1994) and molar
concentrations of 1H nuclei in fat and water for the different tissues (Schick et al.,
1993; Szczepaniak et al., 1999; Nikolaidis et al., 2006). 1H-MRS findings of IMCL
content have been validated in both animal and human studies (Szczepaniak et al.,
1999; Hannukainen et al., 2011).
5.3.1 Skeletal muscle lipid and creatine content (II)
A single voxel with a volume of 1.8 cm3 was positioned in the tibialis anterior
muscle to quantify the intramyocellular and extramyocellular lipid contents (IMCL,
EMCL) and creatine-to-water ratios. A PRESS 1H-MRS sequence was used with the
following parameters: TR = 3000 ms, TE = 27 ms.
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5.3.2 Heart lipid and creatine content (III)
An extensive description of the methodology has been reported (Kankaanpaa et al.,
2006). In brief, a single volume of interest (VOI) (10 x 15 x 15 mm) was placed on LV
short-axis images, and attention was paid to include only the myocardium. Singlevoxel proton spectroscopy, with PRESS sequence, was used to determine the
molecular contents of lipids and water. TE of 30 msec and TR of 3000 msec were used.
Myocardial triglyceride content was defined as triglyceride in relation to the total
weight of myocardial tissue (Thomsen et al., 1994; Clarke & Mosher, 1952). Using
the same MR spectra, creatine signals around 3.0 ppm were analyzed and myocardial
creatine concentration was calculated as the creatine-to-water ratio (van der Meer et
al., 2007).
5.3.3 Liver lipid content (I)
The methodology described below has been previously published (Rigazio et al.,
2008; Borra, 2009). A single voxel with a volume of 27 cm3 was positioned in the liver
outside the area of the great vessels. A PRESS 1H-MRS sequence was used with the
following parameters: TR = 3000 ms, TE = 25 ms with data acquired during breathhold intervals. Measurements were performed during four consecutive breathhold
series. During each single breathhold, four data frames (each containing the complete
spectrum of water and triglyceride) were obtained. Therefore, the reported triglyceride
values at each visit are the sum of 16 individual measurements of liver fat content,
greatly contributing to the reliability and high signal-to-noise-ratio of the data. A
manual quality check of the analysis of each individual spectrum (sums of 4 frames, 4
spectra per visit) was performed by an experienced MR spectroscopist before final
(summed) analysis with the dedicated software.

5.4 Computed Tomography (I-IV)
A 64-row PET/CT scanner (GE Discovery VCT, General Electric Medical Systems,
WI, USA) was used to obtain low radiation dose scans to ensure the correct attenuation
correction for PET scans and provide anatomical reference for ROI/VOI placement.
5.4.1 Coronary artery calcium score (IV)
A dedicated CT acquisition protocol was used for calcium score assessment and has
been described elsewhere (Schepis et al., 2007). Coronary artery calcium (CAC)
measured using standard GE ADW software was recorded for each patient. CAC score
was entered in multiple regression models predicting perfusion since it has been found
to be an independent predictor (Schenker et al., 2008).
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5.4.2 CT quantification of intra- and extra-pericardial fat volumes
Fat volume quantification was performed as previously published by Mahabadi and
coworkers (Mahabadi et al., 2009). Intra-pericardial (IPF) was defined as the fat inside
the pericardial sac and extra-pericardial (EPF) the fat outside the sac, as shown in
Figure 5.4.2.1. CT images were analyzed with an Advantage Workstation (ADW v.4.4,
GE Healthcare). First, it was necessary to identify the volume of interest of the thoracic
fat defined as any adipose tissue located within the thorax from the level of the right
pulmonary artery to the diaphragm, and from the chest wall to the descending aorta;
second, IPF was segmented by manual tracing of a region of interest delineating the
pericardial sac on each axial slice; third, EPF was the result of the subtraction of IPF
from the portion of thoracic fat defined above. Within the volumes of interest, fat was
defined as voxels within a window of -195 to -45 Hounsfield units (HU) as previously
published (Mahabadi et al., 2009). Intra-observer reproducibility was excellent for both
intra-epicardial (ICC 0.98) and extra-pericardial (ICC 0.99) fat depots, as tested in 25
random cases.

Figure 5.4.2.1. Computed tomography axial image of the heart where pericardial fat (shown by
solid arrows) separates extra- from intra- pericardial fat (dashed arrows).

5.4.3 CT Angiography
If not contraindicated, 0-30 mg intravenous metoprolol was administered before the
scan to reach the target heart rate (HR) of < 60/min, and 800 μg of sublingual nitrate
was given prior to the scan. Iodinated contrast infusion (60-80 ml of 400 mg I/ml
iomeprolol at 4-4.5 ml/s) was followed by a saline flush. The collimation was 64 x
0.625 mm, gantry rotation time 350 ms, tube current 600-750 mAs and voltage 100-
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120 kV, depending on patient size. To reduce radiation dose, prospectively gated
acquisition was applied whenever possible (86/107 patients). The technique has been
described elsewhere in detail (Kajander et al., 2009). When the retrospectively gated
mode was used (21 patients), ECG-based tube current modulation was utilized.
An experienced cardiologist and radiologist analyzed the vessels separately and
then in consensus on an ADW 4.4 Workstation (General Electric, Milwaukee,
WI.,USA) blinded to other results and clinical data, using a standard 17-vessel segment
system adapted from the original AHA model (Austen et al., 1975).

5.5 Invasive coronary angiography and fractional flow reserve (IV)
All coronary angiographies were performed with a Siemens Axiom Artis coronary
angiography system (Siemens, Munich, Germany). In the presence of intermediate
stenoses, a fractional flow reserve (FFR) measurement was performed using
ComboMap® pressure/flow instrument and a 0.014-inch BrightWire® pressure
guidewire (Volcano Corp., Rancho Cordova, CA, USA). The pressure was measured
distally to the lesion during maximal hyperaemia induced by 18 µg intracoronary
boluses of adenosine with simultaneous measurement of aortic pressure through the
coronary catheter. FFR was calculated as the ratio between mean distal pressure and
mean aortic pressure (Wilson et al., 1990; Pijls et al., 1996).
Quantitative analysis of coronary angiograms (QCA) was performed using software
with automated edge detection system (Quantcore, Siemens, Munich, Germany) by an
experienced reader blinded to the results of PET and FFR. Seventeen standard
segments were analyzed.
A luminal diameter narrowing of ≥50% was considered significant. When FFR was
available, stenoses with FFR >0.8 were classified as non-significant (Kern et al.,
2006), regardless of the degree of narrowing.

5.6 Biochemical analyses (I – III)
All laboratory specimens were drawn after a 12-h fasting period. Fasting plasma
glucose was determined using the glucose oxidase method (Analox Glucose analyzer,
GM9). Insulin was measured using electrochemiluminescence immunoassay (Roche
Modular E170 analyzer; Roche Diagnostics GmbH, Mannheim, Germany). Serum
FFAs were measured enzymatically (Wako Nefa C kit; Wako Chemicals GmbH,
Germany). Total cholesterol, HDL-cholesterol, and triglyceride concentrations were
measured in plasma by standard enzymatic methods using Roche Diagnostics reagents
with an automated analyzer (Roche Modular P800). LDL-cholesterol concentrations
were calculated using a modified Friedewald equation (Friedewald et al., 1972).
Glycosylated hemoglobin (HbA1c) (II,III) was measured by the Variant II HbA1c
analyzer based on chromatographic separation on a cation-exchange cartridge (BioRad Laboratories, Hercules, CA).
In the trimetazidine study II, adipokine and cytokine levels [adiponectin, resistin,
PAI-1, IL-6, IL-8, leptin (also in study III), tumour necrosis factor alpha (TNFα),
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macrophage chemoattractant protein-1 (MCP-1), and hepatocyte growth factor (HGF)]
were determined by immunoassay using the LINCOplex kit (Luminex xMAP
Technology).
Plasma concentrations of apelin-12 (II, III) were determined using a commercially
available enzyme immunoassay without extraction (Phoenix Pharmaceuticals,
Burlingame, CA, USA) according to the manufacturer’s instructions. This assay
employs an immunoaffinity purified rabbit antibody specific for apelin 1-12. The
antibody has 100% cross-reactivity to apelin 1-12, 1-13 and 1-36. Each sample was
assayed in duplicate. Plasma concentrations were obtained by the interpolation of the
dose-response curves computed using a four-parameter logistic function (Pilo et al.,
1982).

5.7 Other measurements
Fat, fat-free and skeletal muscle masses were estimated according to published
formulas (Hume, 1966; Abe et al., 2003). Screening for diabetes was performed by a
75-g oral glucose tolerance test (OGTT). Insulin resistance was evaluated through the
homeostasis model assessment (HOMA) index (Muniyappa et al., 2008). The adipose
tissue insulin resistance index (AIRI) was calculated as product of fasting FFA and
plasma insulin concentrations (Chavez et al., 2009). Indirect calorimetry was
performed with standard procedures and previously published equations were used for
calculations (Ferrannini, 1988).
5.7.1 Energy provision and LV work (III)
PET and MR data were used to estimate the amount of energy potentially provided
by the substrates utilized in the heart. The rates of plasma FFA oxidation, triglyceride
FA oxidation, and glucose uptake were multiplied by 129 or 36 (ATP net molecular
yields for FAs and glucose, respectively) and then by 30.5 (joules/mol of ATP) in
order to translate the respective energy production into the same units used for work
estimations (watts/g of tissue) (Bailey & Ollis, 1986; Stipanuk, 2006). These measured
energy production values were compared against the measured left ventricular forward
work. This allowed estimation of the energy wasting due to an inefficient mechanicalmetabolic coupling and the effect of TMZ on it.

5.8 Statistical analysis
Calculations were performed with the SPSS/Win statistical program (version 15.0
for Windows; SPSS, Chicago, IL). All data are presented as mean±SEM. Crosssectional differences were evaluated using ANOVA or the Mann-Whitney nonparametric test according to the distribution of the variables. Differences in paired data
were tested with the non-parametric Wilcoxon signed rank test. Regression analyses
were carried out according to standard techniques, by using Pearson or Spearman
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correlation coefficients, as appropriate. A p-value < 0.05 (I, II, IV) or ≤ 0.05 (III) was
considered statistically significant.
In study I, comparisons between model-derived and measured variables were
performed by Student’s paired t test.
In study III, the a priori power analysis was based on a previous study carried out in
the same institute (Tuunanen et al., 2008), and showed that in a two-tailed paired test
with alpha error of 0.05, a 15% significant change in plasma FAO could be detected
with a power of 0.81 in a group of eight subjects.
In study IV, the nominal variables presented in tables were compared with
Pearson’s Chi-Square (2-sided) test, and Fisher’s exact test for comparisons between
groups. For three or more groups, post-hoc tests were computed when ANOVA was
statistically significant. Dunnett’s post-hoc test was utilized to compare fat depot
differences among subjects with Obs-CAD with a different number of vessels
involved, using the non-CAD as reference group. Bonferroni post-hoc test was used for
comparisons of three groups. Multiple regression analysis examining IPF and EPF in
relation to perfusion after adjusting for age, gender, BMI, and HDL were performed.
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6 RESULTS
6.1 Validation study for liver fatty acid metabolism assessment in animals
by PET and 11C-Palmitate (I)
6.1.1 Image quality and model fit. Hepatic 11C-palmitate images were of excellent
quality, showing progressive retention of radioactivity. Direct blood sampling in
animals demonstrated that 11C-palmitate levels were higher in arterial than portal
plasma only during the peak phase, i.e., in the first min following tracer injection,
converging to similar values after approximately three minutes (Fig. 6.1.1.1).
Therefore, in the human studies, image-derived arterial and portal venous
measurements of 11C-palmitate concentrations were combined over peak values,
whereas arterial determinations were used for later time points. Representative
examples of model-predicted vs. measured liver tissue time-activity curves have been
given in Fig. 5.1.7.5, also showing the simulated time-activity concentrations in each
tissue compartment. The goodness of fit was evaluated as the weighted sum of squares
(Akaike, 1992), which averaged 1.770.70. Model parameters did not show any
significant autocorrelation (Table 6.1.1.1).

Figure 6.1.1.1. A representative example of arterial and portal venous concentrations of 11Cpalmitate over time showing that the curves converge after the first sampling minutes
(expanded time scale on the right).

6.1.2 PET-derived vs. measured fatty acid fluxes. As shown in Figure 6.1.2.1, the
model-predicted outflow of FA oxidative products (kBq/min per mL of organ) and FA
oxidative rate (mol/min/mL) indicated no significant difference as compared with the
respectively measured values. The correlation of estimated and measured labelled
water products was significant (R=0.91, p=0.01), and a strong tendency was shown
between estimated and measured FA oxidative rates (R=0.63, p=0.18), which fell short
of statistical significance, likely due to group size. In addition, the measured rate of
release of 11C-oxidative products was significantly correlated with both the FA
oxidation rate and the FA concentrations in the oxidative (mitochondrial) pool obtained
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from the model (Fig. 6.1.2.2). Similar correspondences were observed in relation to
triglyceride (TG) metabolism and total hepatic FA uptake. The model predicted vs
measured labelled-TG release and liver FA uptake were similar between the methods
(Figure 6.1.2.1), and the estimated vs measured uptake rate showed a strong tendency
towards a correlation (R=0.75, p=0.15) of borderline significance because of a limited
sample size. Circulating triglyceride levels were significantly correlated with both
model-predicted 11C-TG release rates and FA concentrations in the hepatic TG pool
(Figure 6.1.2.2).
Table 6.1.1.1. Autocorrelation of kinetic parameters in the animal study °
Absolute correlation coefficients (p values)
k4

K1

k3

k2

k4

1

0.51 (0.30)

0.46 (0.35)

0.71 (0.11)

K1

0.51 (0.30)

1

0.19 (0.72)

0.64 (0.17)

k3

0.46 (0.35)

0.19 (0.72)

1

0.75 (0.08)

k2

0.71 (0.11)

0.64 (0.17)

0.75 (0.08)

1

° Data are from six animal studies; absolute coefficients are shown without sign due to the
absence of any correlation or tendency (p values are in parentheses).

Figure 6.1.2.1. Comparison showing that
the
model-predicted
hepatic uptake and
oxidative or non-oxidative metabolism of
FA is similar to values
obtained by direct
measurement of arterial-portal vs hepatic
venous substrate and
products differences.
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Figure 6.1.2.2. Regression analyses between the model-predicted hepatic oxidative or nonoxidative metabolism of FA and the related pools and processes.

6.1.2 Effects of insulin on liver fatty acid metabolism. The utilization of FA by the
liver is a summation process, resulting from the combined contribution of FA delivery
to the organ, i.e., plasma FA levels, and the intrinsic tissue extraction and fractional
partition of the substrate between oxidative and non-oxidative pathways. The model
rate constants and the inward clearance rate represent the intrinsic tissue determinants,
as they are independent of circulating FA concentrations. The animal experiments
documented intrinsic effects of insulin (Figure 6.1.2.3) to suppress the efflux of
labelled-TG from the liver, thereby likely promoting TGFA retention in the storage
pool. The corresponding substrate fluxes, lumping together the intrinsic liver response
and the extrinsic availability of circulating FA, documented a suppression of liver FA
uptake, oxidation, esterification, and output.
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Figure 6.1.2.3. The effects of insulin on the hepatic FA model rate constants (top) document a
direct suppression of the fractional release of labelled TG (magnified graph), whereas liver FA
uptake and metabolic fluxes (right) are suppressed by indirect inhibition of circulating FA
levels by insulin.

6.2 Validation study for liver fatty acid metabolism assessment in humans
by PET and 11C-Palmitate (I)
6.2.1 Image quality and model fit. Images obtained in human studies (Figure
5.1.6.2) allowed extraction of portal time activity curves. In the human studies, in
which the dual input function was directly measured from the images, the goodness of
fit, as weighted sum of squares (Akaike, 1992), was 0.780.40 (ns vs animal studies).
The accuracy of estimation of each parameter, i.e., the coefficient of variation, was
61%, 183%, 164%, and 195% for the inward, oxidative, esterification and output
rate constants, respectively.
6.2.2 PET-derived fluxes vs. measured indicators. The nine human studies in
which the dual input function was directly extracted from the PET-CT images were
used as reference in the current validation. Circulating levels of -hydroxybutyrate,
which is an indirect, but organ-specific marker of liver FA oxidation, were positively
associated with the model-predicted oxidative rate (R=0.76, p=0.03), after excluding
one subject in whom -hydroxybutyrate was below the detection level. Similar to
findings in animals, circulating triglyceride levels in these subjects were correlated
with 11C-palmitate esterification and 11C-TG release rates (R=0.80, p=0.018). Wholebody lipid oxidation derived from indirect calorimetry assessments was associated with
the proportions of FA entering hepatic oxidation (positive) and esterification
(negative).
6.2.3 Use of a single arterial input function and prediction of a dual input
function. The use of a single arterial vs a dual arterial-portal input function to estimate
liver FA metabolic fate was associated with a 46% underestimation of K1 (p=0.004),
similar oxidative and 11C-TG-output rate constants (ns), and an approximate 64%
overestimation of the triglyceride synthetic rate constant (p=0.022). Consequently,
rates of FA uptake (-46%, p=0.003), oxidative metabolism (-56%, p=0.008),
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esterification (-27%, p=0.004), and release (-28%, p=0.005) were all underestimated
using the single vs dual input function model (Fig. 4c). In spite of absolute differences,
the weighted sum of squares (0.700.28) (Akaike, 1992), and coefficients of variation
of individual parameters were not different, and proportional partition between
pathways was preserved.
The use of the arterial input function to predict the dual input function by
mathematical modelling provided parameters describing the dual input function with
excellent approximation (Figure 5.1.7.4). The estimated parameters did not correlate
with the amount of intra-abdominal fat (Table 6.3.2.1). These parameters were
averaged and applied again to each arterial input function, demonstrating that the use
of fixed-average parameters did not affect the model fit (Akaike criterion (Akaike,
1992) 0.870.36) or coefficients of variation of individual parameters (ns as compared
with the individually measured dual input function), or the ultimate calculation of liver
FA metabolic rate constants and fluxes, as shown in Figure 6.3.2.1. These parameters
were used in the remaining six subjects, lacking access to portal vein images. The liver
model parameters in the final analysis in humans did not show any significant
autocorrelation (Table 6.3.2.2).
Table 6.3.2.1. Model-derived kinetic parameters for estimation of a dual from an arterial input
function °
Meansem
(range) (kg)

Absolute correlation coefficients (p values)
k(0,2)

-1

Meansem (min )
Visc fat
Retrop fat
Visc+retrop fat

1.70  0.22
(0.65-2.62)
0.95  0.14
(0.50-1.75)
2.65  1.05
(1.17-4.37)

k(2,1)

k(2,3)

k(3,2)

2.26  0.12

1.96  0.12

0.40  0.08

0.86  0.17

0.28 (0.47)

0.39 (0.31)

0.33 (0.39)

0.01 (0.98)

0.21 (0.58)

0.31 (0.43)

0.51 (0.17)

0.11 (0.78)

0.26 (0.50)

0.36 (0.34)

0.41 (0.28)

0.04 (0.93)

° Mean values for fat masses (first column) and parameters (first row) are given. Data are from
nine human subjects in whom fat masses were available, and the measured dual input function
(obtained from arterial left ventricular cavity and portal vein blood, identified via coregistration of CT and PET images) could be compared with the estimated curves for validation
purposes; absolute coefficients are shown without sign due to the absence of any correlation (p
values are in parentheses)
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Figure 6.2.3.1. The comparison between FA flux rates (meansem) obtained with the original
vs. estimated-dual vs. single-arterial input functions, showing good correspondence between the
first two, and an underestimation in the parameters derived from the third approach.
Table 6.2.3.2. Autocorrelation of kinetic parameters in the human study °
Absolute correlation coefficients (p values)
k4

K1

k3

k2

k4

1

0.21 (0.45)

0.11 (0.69)

<0.01 (1.00)

K1

0.21 (0.45)

1

0.30 (0.28)

0.04 (0.90)

k3

0.11 (0.69)

0.30 (0.28)

1

0.19 (0.51)

k2

<0.01 (1.00)

0.04 (0.90)

0.19 (0.51)

1

° Data are from fifteen human subjects; absolute coefficients are shown without sign due to the
absence of any correlation or tendency (p values are in parentheses). The result did not change
if obese and lean individuals were analyzed separately.
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6.3 Effect of obesity on fatty acid organ metabolism (I-III)
6.3.1 Anthropometric and metabolic characteristics of the study groups
Anthropometric and metabolic characteristics of study subjects are reported in
Table 6.3.1.1. By definition, obese subjects had higher BMI and fat mass than the
control group. Fasting FFA levels were not different between the two groups, while
fasting insulin and triglycerides levels, and insulin resistance indexes (HOMA-IR and
AIRI) were significantly greater in the obese group.
Table 6.3.1.1. Anthropometric and metabolic characteristics of the study groups °
Control subjects
N

Obese subjects

8

8

50 ± 1

55 ± 3

BMI (kg m )

26 ± 1

32 ± 1 **

Fat mass (kg)

23 ± 2

34 ± 2 **

4.9 ± 0.1

5.3 ± 0.1

33 ± 4

61 ± 11 *

0.51 ± 0.03

0.63 ± 0.05

Glycosylated hemoglobin (HbA1c %)

5.4 ± 0.1

5.7 ± 0.1

Triglycerides (mmol L-1)

0.8 ± 0.2

1.7 ± 0.4 *

Cholesterol (mmol L-1)

Age (years)
-2

Fasting glucose (mmol L-1)
-1

Fasting insulin (pmol L )
Fasting FFA (mmol L-1)

4.8 ± 0.4

5.5 ± 0.3

-1

1.4 ± 0.1

1.5 ± 0.2

-1

LDL (mmol L )

3.1 ± 0.3

3.2 ± 0.2

HOMA-IR index

1.0 ± 0.1

2.0 ± 0.4 *

Adipose tissue IR index (AIRI)

17 ± 2

41 ± 10 *

HDL (mmol L )

° IR = insulin resistance, HOMA = homeostasis model assessment. * P < 0.05, ** P < 0.01

6.3.2 Effects of obesity on hepatic fatty acid metabolism (I)
In control subjects, FA oxidation and esterification rates accounted for 40% and
60% of liver FA uptake, respectively (Figure 6.3.2.1, on the left of the bottom panel).
Hepatic FA oxidation rates were on average 100% greater in obese than control
individuals (Figure 6.3.2.1, top panel); thus, the intracellular partition between
oxidation and esterification was significantly shifted in favour of the former. No
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differences were noted between men and women. The rate of systemic FA appearance,
i.e., lipolysis, was not different between lean and obese individuals. However, the
difference between FA appearing in the portal vs the systemic circulation was
significant in obese, and less pronounced in control subjects, resulting in a tendency
(just short of statistical significance) towards a higher visceral fat FA contribution in
the former group (Figure 6.3.2.2, top panels). Systemic and portal FA appearance
(lipolytic) rates were the strongest predictors of hepatic esterification (Figure 6.3.2.2,
bottom panels) and release rate of FA in triglycerides.
Hepatic FA oxidation was associated with circulating insulin levels (R=0.61,
p=0.016), HOMA index, and adipose tissue insulin resistance (Figure 6.3.2.3, top
panels). The estimated visceral fat FA contribution to the liver was correlated with the
intra-abdominal, but not total body fat mass (Figure 6.3.2.3, bottom panels), supporting
the current interpretation of this variable. Liver FA uptake, i.e., the sum of oxidative
and non-oxidative components, was correlated with HOMA and fat insulin resistance
indexes (p<0.05), as well as with systemic and portal FA appearance rates (p0.02).

Figure 6.3.2.1. (Top panel) Metabolic flux rates of FA in the liver in obese and control subjects
(mean ± standard error of the mean), showing a 2-fold increase in hepatic FA oxidation in the
former group, leading to the relative shift in favour of the oxidative vs. esterification pathway,
as shown in bottom panel, given as percentages of uptake on the left and rate constants on the
right.
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Figure 6.3.2.2. (Top panels) Lipolytic rates, as determined from 11C-palmitate arterial and portal
venous plasma levels (left); the difference between the 2 measurements (right) represents the
visceral contribution. (Bottom panels) Regression analyses in 15 human subjects show
significant positive relationships between hepatic FA esterification and extrahepatic lipolysis.

Figure 6.3.2.3. (Top panels)
Regression analyses in 15
human
subjects
show
significant positive relationships between hepatic FA
oxidative metabolism and
indexes of insulin resistance.
(Bottom panels) The visceral
FA contribution to the liver
appears dependent on the
mass of the corresponding fat
depot, and not on that of total
body fat.
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6.3.3 Effects of obesity on skeletal muscle and adipose tissue fatty acid
metabolism (II)
Results from PET modelling showed that obese subjects were characterized by a
decreased skeletal muscle FA esterification rate constant (k5) (p=0.002, Table 6.3.3.1)
and an increased FAO (Figure 6.3.3.1 A,C), as compared to the control group. The
esterification rate in SAT was markedly lower at the unit-of-tissue level, i.e., nearly
halved in obese subjects with respect to that of leaner controls (Figure 6.3.3.1 B),
although the difference was compensated by an increased whole body fat mass (Figure
6.3.3.1 D). Systemic lipolysis did not differ significantly between the groups (control
vs obese group, 352±34 vs 291±39 µmol/min), though if expressed per kg of fat mass,
it was lower in obese than control subjects (9±2 vs 16±2 µmol/min/kg of fat mass,
p<0.03). In the whole study population, skeletal muscle esterification rate constant,
FAO and SAT esterification rate were not only different by groups but also
individually correlated with the degree of obesity, as a higher BMI was related to lower
esterification parameters in both tissues (R=-0.79, R=-0.66) and higher skeletal muscle
FAO (R=0.53). The SAT esterification rate was associated with the fractional
contribution of FA esterification and oxidation to the FA uptake in skeletal muscle
(R=0.50, R=-0.50, p<0.05); thus the higher the SAT esterification capacity, the lower
was the FAO contribution to skeletal muscle FA uptake. Insulin and HOMA-IR were
both negatively associated with the skeletal muscle FA esterification rate constant (R=0.50, p<0.05) and positively with FAO (R=0.50, p<0.03). AIRI was positively
associated with skeletal muscle FA uptake and FAO (R=0.60, p<0.02).
Table 6.3.3.1. [11C]-palmitate kinetics rate constants in the study groups °
Control subjects
Obese subjects
Skeletal Muscle
K1 (mL min-1 mL-1)
0.051 ± 0.010
0.085 ± 0.014 *
k2 (min-1)
1.198 ± 0.305
1.556 ± 0.192
k3 (min-1)
0.204 ± 0.045
0.230 ± 0.033
k4 (min-1)
0.246 ± 0.041
0.199 ± 0.026
k5 (min-1)
0.292 ± 0.019
0.164 ± 0.016 **
Abdominal SAT
K1 (mL min-1 mL-1)
0.014 ± 0.003
0.016 ± 0.002
-1
k2 (min )
0.418 ± 0.162
0.749 ± 0.256
k3 (min-1)
0.221 ± 0.050
0.167 ± 0.034
k4 (min-1)
0.026 ± 0.004
0.026 ± 0.002
Abdominal VAT
K1 (mL min-1 mL-1)
0.055 ± 0.020
-1
k2 (min )
1.000 ± 0.363
k3 (min-1)
0.221 ± 0.070
-1
k4 (min )
0.039 ± 0.008
° SAT, Subcutaneous Adipose Tissue; VAT, Visceral Adipose Tissue. * P < 0.05, ** P < 0.01.
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Figure 6.3.3.1. Comparison of skeletal muscle (A and C) and adipose tissue fatty acid (FA) flux
rates (B and D) expressed as µmol·min-1·100 g tissue-1 or accounting for the whole organ mass
between obese and control groups. Figure shows elevated skeletal muscle FA oxidation at both
tissue level (A) and whole body level (C), and defective adipose tissue esterification rates at
tissue level in obese individuals (B).
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6.3.4 Effects of obesity on myocardial metabolism and function (III &
unpublished data)
In the nine subjects included in study III, the BMI correlated positively with the
cardiac oxidation rate of plasma FFA (R=0.80, p=0.01, Figure 6.3.4.1, A) and with LV
work (R=0.95, p=0.001, Figure 6.3.4.1, B). LV work was also positively associated
with the plasma FFA oxidation rate (R=0.87, p=0.002, Figure 6.3.4.2, A) but not with
the oxidation rate from intracellular triglyceride stores (Figure 6.3.4.2, B).

Figure 6.3.4.1. Positive relationships between BMI and (A) plasma fatty acid oxidation or (B)
LV work.

Figure 6.3.4.2. Relationships between LV work and (A) plasma fatty acid oxidation (positive)
or (B) intracellular triglycerides oxidation (absent).
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Plasma FFA oxidation rate constant was different between obese and lean subjects
(the same group of study I, P < 0.01) as shown in Figure 6.3.4.3.

Figure 6.3.4.3. Plasma fatty acid oxidation rate constant is increased in obesity.

6.4 Effects of trimetazidine (II-III)
6.4.1 Effects of trimetazidine on metabolic and whole body variables (II)
All patients completed the study and their general characteristics before and after
treatment are reported in Table 6.4.1.1. The fat mass distribution, insulin resistance
indexes, blood metabolic profile, and adipokines were not affected by the treatment.
There was a tendency to a decrease in HbA1c and LDL cholesterol. Whole body
substrate oxidation assessed by indirect calorimetry or by PET kinetics did not change
after treatment as reported in Table 6.4.1.2.
6.4.2 Effects of trimetazidine on skeletal muscle and adipose tissue substrate
metabolism (II)
Whole body and regional utilization rates of glucose and FA in skeletal muscle,
subcutaneous and visceral adipose tissue, assessed by PET, are reported in Table
6.4.1.2 and in Figure 6.4.2.1 (A,B), and they did not change. The baseline comparison
between visceral and subcutaneous adipose tissue FA uptake showed significantly
greater values in the former (Figure 6.4.2.1 B). FA oxidation from indirect calorimetry
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Table 6.4.1.1. Effects of trimetazidine on anthropometric and metabolic variables °
Baseline

After one month

89 ± 4
87 ± 3 ^
Weight (kg)
–2
31 ± 1
31 ± 1 ^
BMI (kg m )
34 ± 2
33 ± 1 ^
Fat mass (kg)
55
±
3
54
± 3^
Fat-free mass (kg)
1.7 ± 0.2
1.7 ± 0.2
Visceral fat mass (kg)
1.0 ± 0.1
0.9 ± 0.1
Retroperitoneal fat mass (kg)
0.5 ± 0.2
0.5 ± 0.2
IMCL (% of water resonance)
1.5
±
0.7
2.2
± 0.9 *
EMCL (% of water resonance)
2.0 ± 0.8
2.8 ± 1.0 *
IMCL+EMCL (% of water resonance)
0.9 ± 0.7
0.4 ± 0.2
IMCL/EMCL (Ratio)
39 ± 9
40 ± 8
Adipose tissue IR index (AIRI)
1.9
±
0.4
2.0
± 0.4
HOMA-IR index
–1
5.2 ± 0.1
5.4 ± 0.2
Fasting glucose (mmol L )
–1
58 ± 10
57 ± 10
Fasting insulin (pmol L )
–1
0.62 ± 0.05
0.68 ± 0.04
Fasting FFA (mmol L )
5.6
±
0.1
5.5 ± 0.1 ^
Glycosylated hemoglobin (HbA1c %)
–1
1.8 ± 0.3
2.0 ± 0.6
Triglycerides (mmol L )
–1
5.6 ± 0.3
5.3 ± 0.3
Cholesterol (mmol L )
–1
1.5 ± 0.2
1.5 ± 0.2
HDL (mmol L )
–1
3.3
±
0.2
2.9
± 0.2
LDL (mmol L )
–1
340 ± 42
271 ± 26
Apelin-12 (pg mL )
–1
22 ± 3
21 ± 4
Adiponectin (µg mL )
–1
13 ± 1
13 ± 1
Resistin (ng mL )
–1
55
±
4
47
± 3
PAI-1 total (ng mL )
–1
5.8 ± 3.1
6.4 ± 3.1
IL-6 (pg mL )
–1
5.9 ± 1.0
6.1 ± 1.0
IL-8 (pg mL )
–1
27 ± 9
32 ± 11
Leptin (ng mL )
–1
5.8
±
0.6
5.7
± 0.7
TNFa (pg mL )
–1
329 ± 31
365 ± 42
MCP-1 (pg mL )
–1
543 ± 98
535 ± 96
HGF (pg mL )
° IR = insulin resistance, HOMA = homeostasis model assessment. * P<0.05, ^ P<0.08
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Table 6.4.1.2. Effects of trimetazidine on substrate utilization at the whole body level
Indirect calorimetry

Baseline

VCO2 (ml min–1)

After one month

187 ± 9

176

±

9

VO2 (ml min )

223 ± 9

217

±

10

RQ mean

0.84 ± 0.01

0.81

±

0.02

0.109 ± 0.016

0.082

±

0.017

0.043 ± 0.006

0.050

±

0.007

Glucose non-oxidative disposal rate (g min )

0.063 ± 0.013

0.095

±

0.026

Energy production rate (kcal min–1)

1.078 ± 0.046

1.042

±

0.048

–1

Glucose oxidative disposal rate (g min–1)
–1

Lipid oxidative disposal rate (g min )
–1

PET tracer kinetics
Whole body
Glucose disposal rate (µmol min–1)
–1

FA disposal rate (µmol min )

958 ± 75

983 ± 85

293 ± 34

335 ± 44

236 ± 36

266 ± 48

144 ± 30

151 ± 28

88 ± 7

97 ± 12

232 ± 34

248 ± 36

224 ± 22

260 ± 66

64 ± 10

66 ± 14

18 ± 4

24 ± 4

15 ± 4

16 ± 4

Whole body skeletal muscle
Glucose uptake rate (µmol min–1)
–1

FA oxidation rate (µmol min )
FA esterification rate (µmol min–1)
–1

FA uptake rate (µmol min )
Whole body SAT
Glucose uptake rate (µmol min–1)
–1

FA uptake rate (µmol min )
Whole body VAT
Glucose uptake rate (µmol min–1)
–1

FA uptake rate (µmol min )

measurements was positively correlated with skeletal muscle FAO as derived by PET,
supporting the validity of the current methodology (R=0.8, p<0.05).
The only changes observed after treatment included an elevation in the
esterification rate constant of FA (p=0.008) and a tendency toward an increment in the
glucose phosphorylation rate constant (p=0.066) in skeletal muscle (Table 6.4.2.1). No
significant changes were observed in the rate constants of SAT. Skeletal muscle
EMCL-to-water and IMCL+EMCL-to-water ratios were significantly increased (Table
6.4.1.1), in the six patients with available measurements before and after treatment.
Trimetazidine did not change significantly IMCL-to-water and IMCL-to-EMCL ratios,
but positive correlations were found between changes in these variables and those in
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plasma triglycerides (R=0.8, p=0.035; R=0.9, p=0.011, respectively). The Cr/water
ratio was associated with the PET-derived skeletal muscle oxidative pool (positively,
R=0.8, p<0.05) and with the esterification rate constant (negatively, R=-0.8, p<0.05).

Figure 6.4.2.1. (A) Glucose uptake (GU) rates expressed as µmol·min-1·100 g-1 in the skeletal
muscle, subcutaneous adipose tissue (SAT), and visceral adipose tissue (VAT) at baseline (light
bars) and after treatment (dark bars). (B) FA metabolic rates expressed as µmol·min-1·100 g-1 in
skeletal muscle, SAT, and VAT at baseline (light bars) and after treatment (dark bars). Notably,
VAT FA uptake (FU) is significantly higher than SAT FU.
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Table 6.4.2.1. [11C]-palmitate and [18F]-FDG kinetics rate constants before and after treatment °
Baseline

After one month

11

Skeletal Muscle - [ C]-palmitate
K1 (mL min-1 mL-1)

0.083 ± 0.012

0.094 ± 0.017

-1

1.547 ± 0.170

2.460 ± 0.365

-1

0.261 ± 0.042

0.371 ± 0.083

-1

0.218 ± 0.030

0.280 ± 0.066

-1

0.172 ± 0.017

0.230 ± 0.024 **

0.074 ± 0.011

0.074 ± 0.014

k2 (min )

0.446 ± 0.064

0.484 ± 0.058

k3 (min-1)

0.017 ± 0.002

k2 (min )
k3 (min )
k4 (min )
k5 (min )
Skeletal Muscle - [18F]-FDG
K1 (mL min-1 mL-1)
-1

0.02 ± 0.002 ^

Abdominal SAT - [11C]-palmitate
K1 (mL min-1 mL-1)

0.015 ± 0.002

0.017 ± 0.004

k2 (min-1)

0.683 ± 0.235

1.126 ± 0.393

-1

0.112 ± 0.040

0.191 ± 0.029

-1

0.024 ± 0.004

0.034 ± 0.007

0.026 ± 0.005

0.062 ± 0.041

0.287 ± 0.041

0.403 ± 0.114

0.017 ± 0.002

0.018 ± 0.002

k3 (min )
k4 (min )
Abdominal SAT - [18F]-FDG
K1 (mL min-1 mL-1)
-1

k2 (min )
-1

k3 (min )
11

Abdominal VAT - [ C]-palmitate
K1 (mL min-1 mL-1)

0.055 ± 0.020

0.075 ± 0.023

-1

1.003 ± 0.363

1.304 ± 0.423

-1

0.221 ± 0.070

0.152 ± 0.017

0.039 ± 0.008

0.029 ± 0.004

k2 (min )
k3 (min )
-1

k4 (min )
18

Abdominal VAT - [ F]-FDG
K1 (mL min-1 mL-1)

0.071 ± 0.009

0.076 ± 0.016

-1

0.485 ± 0.040

0.546 ± 0.059

-1

0.009 ± 0.001

0.013 ± 0.002 ^

k2 (min )
k3 (min )

° SAT, Subcutaneous Adipose Tissue; VAT, Visceral Adipose Tissue; ** P < 0.01, ^ 0.06.
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6.4.2 Effects of trimetazidine on myocardial metabolism and function efficiency
(III)
Ejection fraction and stroke volume increased slightly, though significantly, after
the treatment (p=0.01) (Table 6.4.2.1), and the end systolic, but not end diastolic
volume was decreased (p=0.028, p=0.123, respectively). The other MR parameters did
not change. Proton MRS data showed that the cardiac creatine-to-water ratio was
significantly decreased after the treatment period (p<0.03), whereas myocardial
triglyceride content was unchanged (Table 6.4.2.1).
The measured parameters of myocardial substrate metabolism are summarized in
Table 6.4.2.1. MGU and MFU did not differ from baseline to end of treatment. The
rate of oxidation of plasma-derived FAs and the esterification of FAs into triglycerides
were not affected by TMZ. However, the oxidation of FAs derived from intracellular
stores and, subsequently, the total myocardial FA oxidation were decreased by 40%
and 57%, respectively. The relative contribution of plasma and intracellular FAs to
myocardial oxidation was shifted in favour of the former, from 41% to 54% and from
59% to 46%, respectively (p<0.04) (Figure 6.4.2.1). Total FFA oxidation was
measured by two different methods (bi-exponential fitting and compartmental
modelling); the values were significantly correlated (R=0.71, p=0.03).
The comparison between LV forward work and the energy production from
substrate oxidation at baseline and after treatment is shown in Figure 6.4.2.2. After one
month of treatment, the two variables levelled off, i.e., the LV work did not change
significantly, but the overall work potentially deriving from substrate use was
decreased, mostly due to the reduced oxidation of lipid stores.
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Table 6.4.2.1. Left Ventricle Structure, Function and Metabolism before and after treatment °
Baseline

After Treatment

p

MRI Measurements and Indexes
Ejection Fraction, %

66.0 ± 2.0

69.7 ± 1.7

0.012

Stroke Volume, ml

98.1 ± 4.2

106.5 ± 3.7

0.012

Cardiac Output, L/min

6.46 ± 0.30

6.60 ± 0.31

0.310

End Diastolic Volume, mL

150 ± 9

154 ± 8

0.123

End Systolic Volume, mL

52 ± 6

47 ± 5

0.028

Left Ventricle Mass, g

95 ± 9

95 ± 9

0.575

18.26 ± 1.10

17.30 ± 1.22

0.401

655 ± 48

685 ± 47

0.401

Heart Lipid Content, %

0.80 ± 0.24

0.70 ± 0.18

0.889

Creatine/water ratio *103

1.27 ± 0.26

0.82 ± 0.24

0.025

MGU, µmol/(min*g)

0.035 ± 0.015

0.046 ± 0.037

0.401

MFU, µmol/(min*g)

0.11 ± 0.01

0.11 ± 0.01

0.327

Plasma FAO Rate, µmol/(min*g)

0.095 ± 0.009

0.096 ± 0.009

0.575

Plasma FFA Esterification Rate, µmol/(min*g)

0.011 ± 0.002

0.012 ± 0.002

0.779

0.24 ± 0.08

0.10 ± 0.02

0.036

0.008 ± 0.001

0.005 ± 0.001

0.025

32.7 ± 8.1

19.7 ± 4.0

0.05

Peripheral Vascular Resistance, mmHg*min/L
Left Ventricle Work, bpm*mmHg*L
1

H-MRS Measurements

PET Metabolism

Intracellular FAO Rate, µmol/(min*g)
Intracellular FAO Rate Coefficient (1/min)
LV Total FAO Rate, µmol/min

° MGU, indicates Myocardial Glucose Uptake Rate; MFU, Myocardial FFA Uptake Rate; FFA,
Free Fatty Acids; FAO, Fatty Acid Oxidation; n=8, Values are mean ± SEM. p value (Wilcoxon
Paired T test)
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Figure 6.4.2.1. Myocardial plasma FFA oxidation (light bars) and intra-cardiac lipid oxidation
(dark bars), at baseline and after treatment, showing significant changes in total and
triglyceride-derived fatty acid oxidation.

Figure 6.4.2.2. Left ventricular work as assessed by MRI, and maximum work attainable from
the measured substrate utilization rates, namely, glucose uptake, plasma FFA oxidation and
triglyceride FA oxidation rates. The graph demonstrates that baseline substrate uptake tended to
exceed the work performed by the organ, whereas the two processes achieved tighter coupling
after treatment.
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6.5 Association of pericardial fat and hyperaemic myocardial blood flow in
subjects with and without CAD (IV)
Subject characteristics of the whole cohort and of the subgroups are reported in
Table 6.5.1.
Table 6.5.1. Subject characteristics (IV) °
Characteristics†

All subjects
(30%-70% Pretest
Likelihood of CAD)
64:43
63±1
26.8±0.4

Those Without
CAD (n=22)

Those With
Nonobstructive
CAD (n=45)
24:21
62±1
26.5±0.6

Those With
Obstructive
CAD (n=40) ‡
34:6§¶
65±1
27.9±0.6

Male:female ratio
6:16
Age, mean ±SEM, y
62±2
BMI, mean ±SEM, Kg/m2
25.6±0.8
Risk factors for CAD
Family history
45.6
57.1
41.9
43.6
(n=103, 21 vs. 43 vs. 39)
Diabetes mellitus
14.2
0
11.4
25.0¶
(n=106, 22 vs. 44 vs. 40)
IGT
8.7
9.1
4.8
12.8
(n=103, 22 vs. 42 vs. 39)
Hypertension
41,1
31.8
35.6
52.5
Hypercholesterolemia
52.5
40.0
53.5
57.9
(n=101, 20 vs. 43 vs. 38)
Smoker/ex-smoker
25.5/1.9
18.2/0
22.2/4.4
33.3/0
(n=106, 22 vs. 45 vs. 39)
Medications
ß-blokers
59.8
63.6
44.4
75.0§
Aspirin
72.9
63.6
64.4
87.5§¶
ACE inhibitors
25.5
18.2
20.5
35.0
(n=106, 22 vs. 44 vs. 40)
Statins
51.4
27.3
40.0
77.5§¶
° ACE indicates angiotensin-converting enzyme; IGT, impaired glucose tolerance.
*Data are given as percentage of positive of each group unless otherwise indicated.
†Missing values and number of subjects are specified between parentheses.
‡The statistical tests for group comparison of nominal variables were the x2 and the Fisher exact tests; and for
continuous variables, ANOVA.
§P<0.05 for nonobstructive CAD vs obstructive CAD.
¶P<0.05 for no CAD vs obstructive CAD

6.5.1 IPF and EPF volumes
Measurements of IPF and EPF volumes were performed in all patients (n=107),
resulting in 110±4 cm3 (95%CI 101-119) and 175±9 cm3 (95%CI 158-192),
respectively. IPF and EPF were correlated with each other (R=0.71, P<0.0001) and
they were smaller in women than men (P=0.005 and P<0.0001, respectively).
6.5.2 IPF and EPF in relation to CAD and CAC score
IPF and EPF were higher in patients with CAD (n=85) than in subjects without
CAD (n = 22), as assessed by CT (p<0.001). When CAD subjects were subdivided into
a non-obstructive CAD (n=45) and an obstructive CAD group (n=40), EPF was
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increased regardless of the degree of stenoses, while IPF was specifically increased in
subjects with obstructive stenoses as compared with subjects without or with nonobstructive stenoses, as shown in Figure 6.5.2.1 (A,B). Figure 6.5.2.2 shows IPF and
EPF volumes separately for CAD disease and sex. When obstructive CAD patients
were subgrouped for the number of vessels presenting critical stenoses, both EPF and
IPF showed no significant differences among groups as shown in Figure 6.5.2.1 (C,D).
Both IPF and EPF positively correlated with the Agatston CAC scores (R=0.25,
R=0.26, P<0.02); however, when accounting for age and sex, these associations lost
then significance (R=0.17, P=0.8, and R=0.11, P=0.27, respectively).

Figure 6.5.2.1. (A and B) EPF and IPF levels are both increased with CAD; IPF is specifically
increased in obstructive CAD, whereas EPF is increased regardless of the functional
impairment of stenoses. (C and D) There is no significant trend between fat depots and the
increasing number of diseased vessels.
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Figure 6.5.2.2. EPF and IPF levels divided according to sex. In men, IPF is specifically
increased in obstructive CAD compared to subjects with non obstructive CAD, whereas in
women, EPF is increased compared to subjects without CAD.

97

RESULTS

6.5.3 IPF and EPF in relation with MBF
Both IPF and EPF were negatively associated with CFR* (R=-0.40, R=-0.39
P<0.0005), stress MBF* (Figure 6.5.3.1, vs IPF) (R=-0.44, P<0.0005, vs EPF), and
with regional CFR and stress MBF (LAD, LCX, RCA, all P<0.0005).

Figure 6.5.3.1. Negative linear association between the lowest (*) myocardial blood flow and
intra-pericardial fat volume.

The relationship between CAD and myocardial perfusion and the role of the fat
depots were further explored by stratifying obstructive CAD patients according to a
hyperemic MBF* > or ≤ 1.75 mL/min/g, according to the median of the group. Four
patients with microvascular disease (no CAD but abnormally reduced perfusion) were
excluded from the comparison. IPF was significantly increased in patients with
obstructive CAD and stress MBF ≤ 1.75 mL/min/g as compared to patients with
obstructive CAD but less severe perfusion deficit, or without significant CAD. In
addition, no significant difference was found between the latter two groups with
similarly normal MBF (Figure 6.5.3.2 A). Instead, EPF was not significantly different
between the above-mentioned obstructive CAD sub-groups (Figure 6.5.3.2 B).
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Figure 6.5.3.2. A, intra-pericardial fat is significantly increased in patients with obstructive
CAD and reduced perfusion, but there is no significant difference in patients with or without
CAD and preserved perfusion. B, extra-pericardial fat was significantly increased in obstructive
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CAD regardless of the impaired perfusion. Four patients with microvascular disease (no CAD
but abnormally reduced perfusion) were excluded from this comparison.

Multiple regression analyses are summarized in Table 6.5.3.1, showing that
hyperemic perfusion was predicted independently by IPF volume, but less or not
significantly by EPF volume, and that male gender was a strong negative predictor of
stress MBF and CFR.
Regression models accounting for age, BMI and HDL were evaluated. HDL levels
were included in the model because of their correlation with stress MBF* (R=0.34,
P=0.001), stress LAD MBF (R=0.32, P=0.001) and CFR* (R=0.20, P=0.05). However,
none of these three factors (age, BMI and HDL) was significant in the prediction of the
dependent variables, when evaluated together with sex and fat depots. Notably, only
gender and IPF remained significant in predicting hyperemic perfusion. Multiple
regression models of regional hyperemic blood perfusion values showed a tendency of
IPF to explain better the LAD variability, maybe reflecting the larger proportion of the
population with the lowest hyperemic MBF in this region (51%) as compared to LCX
(29%) and RCA (20%).
Table 6.5.3.1. Stress perfusion and coronary reserve flow (CFR) predicted by sex and fat
depots °
Dependent Variables
Stress Perfusion*
Indipendent Variables
(Multiple Regression Models)

Stress Perfusion
(LAD)

CFR*

Stress Perfusion
(LCX)

Stress Perfusion
(RCA)

ß

P

ß

P

ß

P

ß

P

ß

P

Sex (Male =1, Female = 2)

0.48

<0.001

0.21

<0.001

0.51

<0.001

0.4

<0.001

0.49

<0.001

Intra-pericardial fat
volume, cm3

-0.23

0.008

-0.33

0.019

-0.21

0.019

-0.22

0.015

-0.18

0.037

R2 value

0.34

0.19

0.37

0.26

0.32

Sex (Male =1, Female = 2)

0.43

<0.001

0.11

<0.001

0.48

<0.001

0.33

0.002

0.45

<0.001

Extra-pericardial fat
volume, cm3

-0.20

0.052

-0.34

0.1

-0.16

0.1

-0.24

0.022

-0.16

0.1

R2 value

0.32

0.17

0.35

0.26

0.30

Sex (Male =1, Female = 2)

0.47

<0.001

0.15

<0.001

0.52

<0.001

0.354

0.001

0.48

<0.001

Extra-pericardial fat
volume, cm3

-0.02

0.9

-0.14

0.8

0.03

0.8

-0.12

0.4

-0.02

0.9

Intra-pericardial fat
volume, cm3

-0.21

0.076

-0.25

0.049

-0.23

0.049

-0.15

0.2

-0.17

0.2

R2 value

0.34

0.19

0.37

0.27

° LCX indicates left circumflex artery; RCA indicates right coronary artery.
*Lowest regional value
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6.5.4 Comparison of MBF predictors
Progressive linear regression models were used to compare the contribution of CAC
score, IPF and EPF in explaining the variability in the hyperemic MBF values. Gender
was always taken into account, given its consistent relationship with MBF and fat
volumes. The strongest predictors were (in order of importance) gender, CAC score
and IPF (Table 6.5.4.1). The models including all three variables explained more
variability (R2) than each independent variable alone (Table 6.5.4.1). Since diabetes,
dyslipidemia, and cardiovascular or metabolic medications may affect coronary
vasodilation and endothelial function, the predictive effect of the main co-morbidities
(hypercholesterolemia, diabetes) and medications was evaluated, together with age,
BMI, sex, IPF (or EPF) on MBF (Table 6.5.4.2), showing that IPF, but not EPF was
still significantly associated with LAD hyperemic flow and CRF regardless of all
confounders.
Table 6.5.4.1. Multiple linear regression predicting LAD stress myocardial blood flow and
lowest regional stress myocardial blood flow °
95% Cl for ß
No.

Model

Unstandardized Standardized
ß Coefficient ß Coefficient

P Value

Lower Bound

Upper Bound

LAD stress MBF value
1
2

Sex (male=1 and female=2)

1.196

0.497

<0.001

0.808

1.584

CAC score (Agatston)

-0.001

-0.272

0.001

-0.001

0.000

Sex (male=1 and female=2)

1.097

0.456

<0.001

0.705

1.489

CAC score (Agatston)

0.000

-0.244

0.003

-0.001

0.000

IPF, cm3

-0.005

-0.174

0.034

-0.009

0.000

Lowest regional stress MBF value
1
2

Sex (male=1 and female=2)

1.065

0.455

<0.001

0.687

1.443

CAC score (Agatston)

-0.001

-0.326

<0.001

-0.001

0.000

Sex (male=1 and female=2)

0.967

0.413

<0.001

0.585

1.348

CAC score (Agatston)

-0.001

-0.297

<0.001

-0.001

0.000

IPF, cm3

-0.005

-0.177

0.031

-0.009

0.000

° MBF, Myocardial Blood Flow. Model summary for LAD stress MBF and lowest regional
stress MBF value: 1, R2 =0.40; and 2, R2=0.43, for both.
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Table 6.5.4.2. Multiple regression models accounting for co-morbidities and medications. Intrapericardial fat is an independent predictor of stress MBF (top). Extra-pericardial fat is not an
independent predictor of stress MBF (bottom) °
Model predicting Stress
Perfusion (LAD)
Age
Sex
BMI
Diabetes
Hypercolesterolemia
ACE inhibitors
Beta-blockers
Ca-antagonists
Anticoagulants
Aspirin
NSAID
Lipid lowering drugs
Intra-pericardial fat

Model predicting Stress
Perfusion (LAD)
Age
Sex
BMI
Diabetes
Hypercolesterolemia
ACE inhibitors
Beta-blockers
Ca-antagonists
Anticoagulants
Aspirin
NSAID
Lipid lowering drugs
Extra-pericardial fat

Unstandardized
Coefficients
(B)
0.001
1.215
0.030
-0.058
-0.447
-0.463
-0.390
-0.361
-0.129
-0.118
-0.624
0.019
-0.006
R2=0.51

Standardized
Coefficients
(ß)
0.006
0.530
0.110
-0.018
-0.198
-0.180
-0.168
-0.102
-0.012
-0.045
-0.112
0.008
-0.225

Unstandardized
Coefficients
(B)
-0.002
1.170
0.015
-0.073
-0.472
-0.494
-0.366
-0.357
-0.098
-0.133
-0.655
0.019
-0.002
R2=0.48

Standardized
Coefficients
(ß)
-0.013
0.510
-0.053
-0.022
-0.209
-0.192
-0.158
-0.101
-0.009
-0.051
-0.118
0.008
-0.122

° n = 104 (both).
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Sig.
0.946
<0.0001
0.287
0.841
0.021
<0.05
0.065
0.215
0.887
0.619
0.181
0.928
0.026

Sig.
0.866
<0.001
0.636
0.809
0.017
0.041
0.090
0.232
0.917
0.585
0.180
0.928
0.354
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7 DISCUSSION
7.1 Validation study for liver fatty acid metabolism assessment in animals
and humans (I)
To the best of this author’s knowledge, there are no previous studies addressing in a
systematic manner the fatty acids metabolic pathways of the liver, by using a noninvasive method; 11C-palmitate PET imaging in combination with compartmental
kinetic modelling has been used to quantify the fate of fatty acids in the liver,
distinguishing processes such as FAO, FA esterification and TG release. In humans,
liver metabolism is generally extrapolated from splanchnic balance studies, which are
invasive, and cannot distinguish between the relative contributions of gut, visceral
adipose tissue, and liver. This limitation is especially important in the metabolism of
FA relative to other substrates, since simultaneous FA uptake and release occur
continuously and to variable extents in these organs. The present methodology offers
the important advantages of estimating the intracellular fate of fatty acids between the
oxidative and non-oxidative pathways, and the contribution of visceral fat to FA
flowing to the liver.
In the validation study, it has been chosen to use a limited number of animals,
which were studied in depth by parallel PET-imaging and gold standard methodology,
and parameter estimation by compartmental modeling of liver 11C-palmitate kinetics
was compared with conventional flux assessments obtained during fasting and insulin
stimulation. The swine model was chosen for its organ size, permitting a) the use of a
human scanner, thus allowing test image quality and analysis tools for immediate
exportation into humans, and b) easier access to the significant blood sampling
required in this study. FA esterification was significant in the pigs, despite the notion
that these animals are not prone to develop steatosis. An extensive protocol was used to
attain simultaneous measurements from the two perfusing and one draining liver
vessels, together with organ blood flow and volume, in order to compute steady-state
influx-efflux differences. The total uptake of free and bound fatty acids and the release
of labelled 11C-TG or 11C-oxidative products were compared with the corresponding
estimates by PET. Because liver oxidative metabolism includes generation of ketones
by partial FA oxidation, and recycling of CO2 via production and release of urea and
glucose, it was assumed that the organ arterial-portal vs venous difference of 11Cwater-soluble compounds and of 11CO2 encompasses all the above products and
represents total hepatic fatty acid oxidation, as previously done by others (Sanyal et al.,
2001). Furthermore, the exchange of oxygen and CO2 across the liver was measured to
calculate lipid oxidation rates by use of indirect calorimetry equations. The quality of
PET images indicated that the liver is fatty-acid avid, as confirmed by the numerical
results, showing that approximately 40% of FA flowing to the liver is extracted by the
organ. Modelling parameters were robustly identifiable, as reflected by their
coefficients of variation and lack of autocorrelation. The directly measured and the
PET-derived variables showed similar and correlated results, and the imaging
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methodology showed an elevated sensitivity in discriminating group differences with
sufficient statistical power despite the limited sample size.
The liver receives a dual blood supply from the hepatic artery and portal vein, and
the latter is not directly accessible in humans. It was possible to extract the portal time
activity curve from the images in the subjects who were studied with PET/CT.
However, this approach may be impractical if anatomical CT images are lacking in
human PET scanners, or if the lower portion of the liver is not within the imaging field
of view, and it remains far from the resolution capabilities of small animal tomographs,
which are increasingly used in metabolic studies. The bias associated with the
alternative use of the single arterial input function in the modelling of liver 11Cpalmitate data was first explored, and showed that this method leads to an
underestimation of hepatic substrate rates, affecting more severely the earlier (uptake,
oxidation) than the later (esterification, release) intracellular processes. The metabolic
pathways maintained some degree of reciprocal proportionality, suggesting that the
method may still be acceptable for group comparisons. To obtain more accurate
absolute estimates, the possibility to derive kinetic parameters describing the dual from
the arterial input function was evaluated, by using a compartment model that accounts
for the delay and dispersion of arterial tracer concentrations in the passage of blood
through the visceral compartments upstream to the portal vein. The results obtained in
this study demonstrate an optimal correspondence of the measured and the estimated
(either with individual or group-averaged rate constants) dual input functions. Within
the range of intra-abdominal fat mass values available in this study, covering four-fold
differences, the estimated parameters did not correlate with the amount of fat.
However, it cannot be ruled out that the accuracy of the model for estimating the dual
input may be affected by the amount of visceral fat in more severely obese individuals,
who may have higher uptake and release of 11C-palmitate by visceral adipose tissue.
7.1.1 Effect of insulin on healthy liver fatty acid metabolism (I)
The current dataset documents that insulin exerts a direct (intrinsic) effect on TGFA
output from the liver, thus promoting lipid storage. This finding identifies the pathway
of insulin action hypothesized in previous human studies, in which the acute inhibition
of triglyceride-rich lipoprotein production by insulin implicated an FA-independent
hepatic mechanism (Malmstrom et al., 1998; Lewis et al., 1995). An in vitro study
showed that the addition of insulin to rat-cultured hepatocytes reduced the rate of
triglyceride secretion; this was the only process in triglyceride metabolism that was
affected by the hormone in a direct fashion (Durrington et al., 1982). An in vivo
catheterization study, contextual to invasive surgery (cholecystectomy), evaluated the
acute effect of insulin injection into the portal vein on hepatic production of VLDLTG. The authors found that the investigated process, as well as the hepatic FFA uptake
rate, was inhibited in their stimulation conditions in healty humans (Vogelberg et al.,
1980). The present study extends the previous findings in several aspects. The
modulation of insulin has been evaluated in vivo, in a more controlled physiological
insulin-stimulated steady-state condition, by euglycemic hyperinsulinemic clamp. The
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present study allowed the evaluation of insulin effects at both intrinsic (liver metabolic
rate constants, independent of FFA levels) and extrinsic (liver metabolic FA flux rates,
dependent on FFA levels) response. In addition to the previous in vivo study, both
arterial and vein liver inputs were considered and FFA oxidation and esterification
processes were evaluated together with the previously investigated uptake and TG
release rates. At the extrinsic level (modelling rate constants), this study extends in
vivo the notion that insulin exerts a direct inhibitory effect on hepatic TGFA release
and excludes the other pathways. Since in this study it was possible to evaluate the
insulin systemic effects on FFA levels, the observed pronounced reduction in hepatic
FA uptake, oxidation and esterification rates, in response to insulin stimulation, can be
entirely attributed to the hormonal suppression of adipose tissue lipolysis. This dual
action of insulin appears to rule out a role for this hormone in the direct enzymatic
control of liver FA esterification and oxidation. These findings need to be confirmed in
humans, and imply that liver metabolism may not be studied in isolation from the
concomitant control of the hepatic-adipose axis.

7.2 Effects of obesity on fatty acid metabolism in humans (I-III)
7.2.1 Effects of obesity on liver fatty acid metabolism (I)
The obese group included in this study presented prodromal features of the
metabolic syndrome, including overweight, hyperinsulinemia and mild insulin
resistance, slight increases in plasma glucose and triglyceride levels, and a mild
elevation in blood pressure. Circulating FFAs were not significantly elevated compared
to the control group, presumably because of the hyperinsulinemia, thus minimizing any
interference of substrate mass action on measured hepatic FA metabolism.
The main finding was a 100% elevation in hepatic FA oxidation in obese
individuals, in the face of a preserved FA uptake and esterification rate. It has been
previously shown that impaired glucose tolerance is associated with a defect in hepatic
FA uptake, and it has been hypothesized that the occurrence of substrate competition,
i.e., elevated glucose oxidation is due to hyperglycemia (Iozzo et al., 2004). The
current study groups had normal glucose tolerance, and fasting plasma glucose levels,
though marginally higher in the obese subjects, were below the threshold of impaired
fasting glucose. The effect of obesity could not be investigated in the previous study
(Iozzo et al., 2004) as those patients had been purposely matched for BMI. The current
dataset showed that, in the absence of hyperglycemia, obesity is characterized by
preserved hepatic FA uptake and increased FA oxidation. Circulating insulin levels and
adipose tissue insulin resistance were the main correlates of hepatic FA oxidation, and
the hepatic exposure to FA due to the contribution of visceral fat was more pronounced
in obese than control individuals, by ~40 mol/min corresponding to ~20% of systemic
lipolysis, in line with the estimates reported by others (Nielsen et al., 2004). The
findings of the present study are the first to demonstrate by direct measurement that the
primary hepatic response to obesity is the activation of FA oxidation as a consequence
of systemic and adipose tissue insulin resistance and visceral adiposity (Fromenty et
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al., 2004). This observation corroborates previous evidence in animals, showing
elevated capacity for mitochondrial oxidation and greater activities of citrate synthase
and total carnitine palmitoyltransferase in genetically obese vs lean rodents (Brady et
al., 1985), and supports the concept that a deficient insulin action may reduce the
affinity of carnitine palmitoyltransferase for malonyl-CoA, thus limiting the inhibitory
effect of the latter on the former (Cook & Gamble, 1987). This study corroborates the
recent evidence that obesity upregulates genes involved in oxidative phosphorylation in
the liver of diabetic patients (Takamura et al., 2008).
Beyond its protective action to remove FFA from the intracellular space (Hodson et
al., 2010), FA oxidation is also a prerequisite of oxidative stress in obesity-related
inflammatory liver disease (Day & James, 1998; Fromenty et al., 2004). In fact, recent
in vitro experiments demonstrate that the accelerated oxidation of palmitate causes
excess electron flux in the mitochondrial respiratory chain, resulting in increased free
radical generation and hepatic insulin resistance, and that the production of reactive
oxygen species (ROS) can be reduced by pharmacological inhibition of FA oxidation
(Nakamura et al., 2009). In high-fat-fed animals, the upregulation of FA oxidation and
ROS formation precedes the development of insulin resistance(Matsuzawa-Nagata et
al., 2008). In humans, -hydroxybutyrate is more elevated in progressive than in
benign obesity-related liver disease, and is accompanied by mitochondrial structural
defects (Sanyal et al., 2001). Unfortunately, specific measurements of oxidative stress
were not addressed.
The hepatic flux of FA into the esterification pathway appeared to be related to the
rate of FA appearance in the circulation, consistent with previous findings in patients
with type 2 diabetes and high liver fat content (Kotronen et al., 2008a). Because
lipolysis was effectively restrained by hyperinsulinemia in the obese subjects
participating in this study, as previously shown in subjects with similar BMI and
normal plasma FA levels (Bickerton et al., 2008), the hepatic FA esterification and
labelled TG release rates were preserved. Notably, the possibility of the liver to
compensate for adipose tissue insulin resistance via the upregulation of FA oxidation is
limited, since this process is already very active in the healthy organ (Havel et al.,
1970; Muller, 1998). Thus, the increase in hepatic FA oxidation in the obese
individuals studied here suggests a progressive exhaustion of its buffering capability, to
be eventually followed by the diversion of FA into the esterification pathway. Fostered
by a worsening of FA release from fat, this mechanism may contribute to the
accumulation of lipids in the organ and to the pathogenesis of liver steatosis in more
severe obesity. Measurements of liver fat content in nine subjects showed a nonsignificant tendency for higher hepatic uptake and esterification rates in a subgroup of
four with liver fat content >6.5% (data not shown). Esterification may have been best
evaluated during a meal challenge, but fasting studies were done to obtain the best
picture of the oxidative pathway and because of the steady-state requirements of the
current and traditional PET kinetic modelling approach.
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7.2.2 Effects of obesity on skeletal muscle and adipose tissue fatty acid
metabolism (II)
To the best of the author’s knowledge, this is the first study to address the
relationship between FA metabolism in adipose tissue and skeletal muscle non–
invasively in obese and non-obese humans. It is acknowledged that the study includes a
limited number of subjects, and that the novel methodologies used require further
validation. Nonetheless, the PET methodology allows to calculate both rate constants
(intrinsic system response) and substrate flux rates. The rate constants are the fraction
(or percentage) of tracer that enters a pathway, representing the intrinsic system
response discounted from the mass action or systemic contribution of the tracee.
Conversely, the flux rate incorporates the combined effect of intrinsic tissue response
and extra-tissue substrate delivery. In synthesis, the rate constant identifies tissuerelated defects, whereas the flux includes the changes in tissue metabolism due to
extrinsic, in addition to intrinsic causes. The main finding of the study is the evidence
of an impairment in FA esterification capability in obese subjects in both adipose tissue
(esterification rate per unit mass) and skeletal muscle (rate constant), and a possibly
compensatory increase of FAO in skeletal muscle during the fasting state. The fasting
state was chosen as the target condition, in which FAs are the main fuel for skeletal
muscle, and adipose tissue lipolysis is not inhibited by post-prandial insulin levels. The
results of this study support the findings of another study, in which adipose tissue
dietary fatty acid trafficking and relative gene expression resulted depressed in
abdominally obese subjects as compared to lean controls (McQuaid et al., 2011).
Similarly to McQuaid and coworkers’ work, the obese subjects included in the study
had systemic lipolytic rates and FFA levels similar to those of controls. This is likely
explained by fasting hyperinsulinemia, compensating for adipose tissue insulin
resistance, as found in these subjects. This is in agreement with previous evidence of
an inverse relation between lipolysis and insulin levels in uncomplicated obesity
(Groop et al., 1992; Bickerton et al., 2008), and with larger population studies,
showing that obesity is accompanied by a reduction in lipolysis relative to the increase
in adiposity (Mittendorfer et al., 2009), though the release of FA with respect to the fat
free mass remains greater, indicating an overload of FAs to lean tissues. The findings
of the present study corroborate and extend these observations, although in a small
cohort of subjects, by suggesting that the FA overload translates in a hyper-activation
of skeletal muscle FAO in obese individuals, an effect that was evident at both tissue
(per unit mass) and whole body levels (per whole organ). This observation is in line
with some, but not all previous evidence. By use of indirect calorimetry, Perseghin et
al. reported an elevation in fasting lipid oxidation in individuals with a greater, as
compared with those with a smaller fat mass. In line with this author’s interpretation,
they suggested a compensatory role of muscle FAO against the increasing flux of FA
to lean tissues (Perseghin et al., 2002). Others have used in vitro gas exchange
measurements to show that only extremely obese subjects have a defective FAO in
skeletal muscle, again confirming that overweight/obese individuals show a trend
towards higher FAO rates as compared to lean subjects (Hulver et al., 2003). The
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findings of the current study are also compatible with the lack of suppression in leg
FAO during insulin infusion shown by Kelley and coworkers (Kelley et al., 1999), but
these authors observed a defect in oxidation during fasting conditions, which is at
variance with the data presented in this work. Different methodologies may explain the
discrepancy, since these authors used the organ balance technique, which cannot
discount the contribution of adipose tissue to the resulting FAO; since the amount of
fat in the leg differs between subjects, it variably affects the results in terms of both
blood flow and gas exchange, i.e., the variables used in FAO calculations. The use of
PET is more specifically targeted to the individual contribution of skeletal muscle and
adipose tissue to the process of interest. In support of the current interpretation of the
compartmental configuration of skeletal muscle FA metabolism, a significant
association between the Cr/water ratio and the intracellular oxidative pool can be
observed in the data presented in this study, in accordance with the notion that the
creatine content relates to the oxidative potential of skeletal muscle (Chanseaume et
al., 2008), and FA oxidation, as measured independently with indirect calorimetry, was
positively related to the PET-derived FA oxidative rate and with the rate constants
regulating the transfer of activity in and out of the oxidative compartment.
There is a growing belief that the progression of lipotoxicity relies on the balance
between adipose tissue function and FAO; that this relationship changes dynamically
across different severities of obesity and its complications, and that changes in FAO
represent an adaptive or maladaptive response rather than a primary event (Muoio &
Newgard, 2006; Lelliott & Vidal-Puig, 2004; de Ferranti & Mozaffarian, 2008). In this
study, a severe impairment was observed in the capability of adipose tissue to
incorporate FA in triglyceride depots at the level of the unit mass (i.e., per 100 g of
tissue). This defect was compensated by an increased adipose tissue mass in obese
individuals. This may lead to speculation that the defect in storage fosters the
development of “compensatory” obesity. In turn, the growth of adipose tissue in obese
individuals may limit (or delay) the propagation of the intrinsic tissue defect (and the
consequent release of substrates) to the rest of the body. It is of note that the ability for
re-esterification was also impaired in skeletal muscle, in spite of the FA overload. The
correlations found in this study show that, as insulin resistance grows, the esterification
rate declines and FAO increases, and that these two metabolic processes occur in a
reciprocally related fashion. Though associations do not establish cause-effect
relationships, these observations rule in favour of the primacy of an FA storing defect
leading to the activation of FAO.
7.2.3 Effects of obesity on myocardial fatty acid metabolism (III)
This study aimed to distinguish the contributions of plasma and intracellularly
stored FA to myocardial FAO in obese individuals. Subjects with obesity release more
FA from peripheral adipose tissue into the circulation (Groop et al., 1992), associated
with an expanded myocardial intracellular triglyceride pool (Kankaanpaa et al., 2006).
Enhanced FA oxidation is associated with mitochondrial respiratory chain uncoupling,
free radical formation, oxygen wasting, and impaired LV efficiency, i.e., inability to
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match the amount of substrate consumed to the work output (Boudina & Abel, 2006).
In this study, obesity was not severe and circulating FA and intracellular lipid levels
were quite normal. However, the observed correlation between BMI and FA oxidation
or cardiac work is compatible with previous findings (Peterson et al., 2004).
One important finding of the current study was that, in the obese individuals studied
here, myocardial triglycerides represented a major source of FAs that underwent
oxidation. To the best of this author’s knowledge, this is the first human study with
quantification of cardiac metabolism to include the turnover of intracellular
triglycerides obtained by exploiting information derived from two complementary
imaging techniques. Two methods have been commonly adopted in the literature to
quantify FA metabolism from [11C]-palmitate PET data. The compartmental model
suggested by de Jong et al. has been implemented to calculate fluxes of plasma derived
FFA oxidation, esterification and uptake (de Jong et al., 2009). In this study, the FFA
oxidation rate was strongly correlated with that obtained with the alternative biexponential fitting method (Schon et al., 1982). Thus, from the latter, the second
exponential of the myocardial [11C]-palmitate washout curve has been used to represent
the rate constant for the mobilization and oxidation of cardiac lipids. This rate constant
was multiplied by the cardiac triglyceride concentration, as obtained with proton MRS,
to give the absolute flux of triglyceride oxidation in the heart. The washout values
obtained in this study are consistent with those of Kisrieva-Ware and colleagues
(Kisrieva-Ware et al., 2009), and they are in the order of 10-3, i.e., approximately thirty
times smaller than the corresponding rate constant of plasma FA oxidation (de Jong et
al., 2009). These figures may suggest that triglyceride metabolism is negligible under
normal fasting and resting conditions (Kisrieva-Ware et al., 2009). However, it should
be kept in mind that rate constants represent only the fraction of substance moving
between compartments, whereas the absolute flux depends on the size of the source
pool. Concentrations of plasma FFA and cardiac triglyceride FAs are typically around
0.4-0.7 mol/g in blood versus >20 mol/g of tissue, a ratio of approximately thirty or
more in favour of the latter, thus balancing out the above difference in rate constants.
Therefore, the most salient finding of the current study was that the oxidation of
endogenous lipids was quantitatively relevant as compared to the plasma FAs in the
overweight individuals included in the study, representing almost 60% of the total
myocardial oxidation of FAs. This finding is consistent with the recent evidence that
the myocardial triglyceride pool is dynamic (Taegtmeyer & Harmancey, 2008;
Hammer et al., 2008). In support of this figure, in this study, the amounts of substrates
that would be required to fulfill the left ventricular work measured with MRI were
estimated. The current data indicate that the full oxidation of substrates extracted from
plasma would not provide sufficient energy, unless the contribution of intracellular
stores is taken into account.
Unpublished data presented in this thesis provide a direct comparison between
obese and control subjects, showing that myocardial plasma-derived FAO is increased
in obesity, and supporting the already discussed correlation with BMI. In the future, it
will be interesting to evaluate whether there are any differences in the myocardial
intracellular lipid-derived FAO between obese and lean subjects.
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7.3 Effects of trimetazidine on fatty acid and glucose metabolism in obese
subjects (II-III)
7.3.1 Effects of trimetazidine on whole body, skeletal muscle and adipose tissue
substrate metabolism (II)
The treatment of obese subjects (with the metabolic abnormalities evidenced in
paragraph 7.2) with a partial inhibitor of mitochondrial beta-oxidation resulted in a
diversion of FA from the oxidative towards the non-oxidative pathway in skeletal
muscle, reverting these processes towards the values observed in the control group.
The hypothesized shift towards glucose metabolism produced by the drug was
observed as a tendency of the glucose phosphorylation pathway to increase after
treatment.
The long-term metabolic effects of the partial inhibitor of beta-oxidation
trimetazidine were studied in a drug-naïve human model of moderately obese subjects
in whom the still flexible stage of the disease is characterized by an increased FAO,
and all measurements were performed during fasting to avoid the confounding
suppressive effects of insulin on FA metabolism. One previous study in which the
modulation of FA and glucose metabolism by trimetazidine was simultaneously
investigated in humans in an organ different from the myocardium (Monti et al., 2006)
in diabetic patients with cardiomyopathy, showed that forearm lipid and glucose
oxidation were reciprocally modulated during the insulin-stimulated state, but no
changes occurred during the fasting state, in spite of the higher FA turnover typical of
fasting vs insulin-stimulated conditions. The current study extends the previous
findings in several regards, since a) the chosen human model discounts for the
confounding actions of disease and multiple medications, b) the treatment period was
prolonged to one month (vs 15 days), c) imaging techniques for the assessment of
regional metabolism were adopted, thus targeting skeletal muscle and adipose tissue
separately, and d) by combining plasma tracer kinetics and indirect calorimetry,
endogenous glucose production, hepatic insulin sensitivity and whole body FA release
and oxidation were estimated.
In agreement with previous findings in idiopathic-dilated cardiomyopathic patients,
in whom an improvement in glycemic and cholesterol profiles was reported following
three months of treatment (Tuunanen et al., 2008), the data presented here indicate an
immediate tendency towards a decline in HbA1c and LDL cholesterol, in spite of a
shorter study duration. Neither endogenous glucose production, nor systemic FA
release were changed, thus the modifications in glucose control and insulin sensitivity
observed here and/or in previous investigations seem to be mediated by substrate
consuming, rather than producing organs.
Trimetazidine did not affect skeletal muscle FAO, in line with results from indirect
calorimetry at the whole body level. In a recent study, Fragasso et al. did not find a
change in whole body lipid oxidation and RQ after three months of trimetazidine
treatment of patients with heart failure, confirming the results of this study (Fragasso et
al., 2011). However, they found a decrease in whole body resting energy expenditure,
which, as they discuss, is related to sympathetic activity, and appears to be higher in
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patients with heart failure than in healty controls (Fragasso et al., 2011). Thus, their
subjects might have been more prone to a decrease in a generally higher baseline value.
However, in this study, the whole body resting energy expenditure decreased in most
but not all subjects, and due to the limited number and probably to the smaller
treatment dose, and the shorter study duration, no significant decrease was observed.
Nonetheless, in the skeletal muscle, trimetazidine significantly accelerated the
movement rate of FA towards the non-oxidative, i.e., esterification pathway. This
change was accompanied by a borderline increase in the glucose phosphorylation rate
constant in this target tissue. Early changes in the rate constants confirm the reciprocal
substrate regulation by trimetazidine, and are likely to precede a net diversion of FA
from oxidation towards esterification in complex lipids, in line with the reported
observation that trimetazidine stimulates phospholipid synthesis (Sentex et al., 1997),
with potential protective effects on cellular membranes (Sentex et al., 1997; Sentex et
al., 2001).
It was interesting to observe a higher baseline visceral as compared to subcutaneous
FA uptake. Previous studies have used tissue biopsies to compare dietary FA uptake in
subcutaneous and visceral adipose tissue in normal weight humans, showing that VAT
accumulates more dietary fat (milligram meal fat per gram of adipose tissue lipid) than
either upper body subcutaneous or lower body subcutaneous fat (Jensen, 2008). Similar
results have been previously described with PET and a different long-chain FA tracer
in lean subjects (Hannukainen et al., 2010); this investigation extends the finding to
obese humans. The current results show that fasting FA uptake was approximately
tripled in visceral compared to subcutaneous fat. Notably, glucose uptake was 12 times
greater in the whole body SAT-organ than in the entire VAT mass, as opposed to FA
uptake which was only four times greater in SAT than in VAT. Thus, VAT is
proportionally more FA avid and much less glucose-avid than SAT. Ad hoc studies are
required to explain the mechanisms underlying this finding, and to clarify whether
SAT is relatively more effective in preventing fasting hyperglycemia, by serving as a
glucose sink.
Adipokines did not seem to play a role as mediators of trimetazidine action within
the time frame of the present study. Similarly, adipose tissue topography and absolute
masses of either visceral, or subcutaneous fat, or IMCL content were not changed. The
only exception was the expansion in the extramyocellular lipid content, suggesting that
a preferential diversion of fat stores in adipose tissue adjacent to skeletal muscle may
prevent IMCL accumulation.

7.2.2 Effects of trimetazidine on myocardial metabolism and function efficiency
(III)
This study is the first to evaluate whether TMZ provokes inverse changes in FA and
glucose metabolism in a drug-naive human model, and whether there is any difference
in inhibition of myocardial FA oxidation derived from plasma or intracellular stores’
FA sources. Concordant with previous studies, TMZ led to an improvement in cardiac
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efficiency. The proposed action of TMZ is that it lessens FA metabolism in skeletal
(Tuunanen et al., 2008) and cardiac muscle (Fragasso et al., 2003) by partial inhibition
of mitochondrial ß-oxidation, resulting in decreased insulin resistance with a shift in
substrate utilization from FA to glucose. The data presented in this study show a
remarkable suppression of total and endogenous myocardial FA oxidation by the drug
in obese individuals. The reduction in triglyceride oxidation without a change in the
cardiac lipid content suggests the diversion of FAs into a different cellular pool, in line
with increased phospholipid synthesis in the myocardium (Sentex et al., 1997). Via this
route, and other mechanisms mediated by the decline in FA oxidative metabolism,
TMZ may consolidate mitochondrial stability and function (Tabbi-Anneni et al., 2003;
Sentex et al., 2001). The inhibition of FA oxidation induced by TMZ was accompanied
by a compensatory enhancement in myocardial glucose uptake, though this increment
did not achieve statistical significance. Stronger inhibitors of FA metabolism have
been previously used, as reported in section 2.4. Overall, the recent literature suggests
that in vitro studies do not prove the in vivo actions, supporting the rationale of the
current study. The data presented are in line with the other reports, in showing that
TMZ is similar to other FA oxidation inhibitors in causing limited or no changes in the
oxidation of plasma FA and uptake of glucose. However, the novelty of this study is
the disclosure of an important effect of TMZ in reducing FA oxidation from
endogenous sources. This process was not determined in previous studies and this may
justify the controversial or negative findings.
Notably, the pre-treatment rate of substrate utilization exceeded, though not
significantly, the strict mechanical work requirements, suggesting oxygen wasting. The
metabolism of FAs was reduced for the same amount of work, suggesting a tighter
metabolic-mechanical coupling and greater left ventricular efficiency. Taken together,
the findings of a reduction in FAO and a small compensatory change in glucose
utilization by the heart indicate a decrease in the global amount of substrate-derivable
energy, in accordance with the evidence of creatine depletion. This energy-sparing
effect may result from the multiple TMZ effects on mitochondria (Tabbi-Anneni et al.,
2003; Sentex et al., 2001).
7.2.3 Effects of trimetazidine: reconciliation of other findings
Taking into consideration the tendency that TMZ showed in shifting fatty acid
oxidative processes towards esterification, one might think that this drug would
promote lipid storage with deleterious effects. But as discussed above, whole body fat
masses, cardiac or skeletal muscle lipid storage were not increased. It must be noted
that other results from this study published elsewhere support the notion that TMZ
does not promote ectopic fat accumulation, but rather the opposite, as shown by a
decrease of 44% of the liver lipid content of these subjects measured with 1H-MRS
(Borra, 2009).
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7.4 Association of pericardial fat and hyperemic myocardial blood flow in
subjects with and without CAD (IV)
In the past few years, several groups have documented the association between fat
inside the pericardial sac and CAD, or vascular calcification (Alexopoulos et al., 2009;
Eroglu et al., 2009; Gorter et al., 2008; Greif et al., 2009; Rosito et al., 2008; Sarin et
al., 2008). Myocardial perfusion characterizes the functional consequences of
atherosclerosis and may be affected by the vasocrine action of adipose tissue. In spite
of this dual importance, its relationship with pericardial fat in CAD patients has not
been investigated.
The main novelty of the study was to address the relationship of absolute MBF and
cardiac adiposity in subjects of both genders, with and without CAD. There is growing
recognition that the measurement of hyperemic MBF plays an important role in the
management of patients with coronary stenoses. Revascularization trials have
demonstrated that, once the invasive treatment is guided by FFR rather than percent
stenosis, the number of coronary events during follow-up is significantly reduced
(Gould, 2009). As expected, the distribution of male sex was skewed in favour of
CAD, and especially in favour of the obstructive CAD groups, compared with that of
women; also, male sex was a strong positive predictor of fat volumes and a negative
predictor of hyperemic MBF.
The present measurements confirm previous studies that associate increased fat
surrounding the heart with the presence of CAD (Djaberi et al., 2008; Alexopoulos et
al., 2009; Eroglu et al., 2009; Greif et al., 2009; Gorter et al., 2008; Sarin et al., 2008;
Rosito et al., 2008). Nonetheless, uncertainties about the relation remain, since current
results and previous studies have found no relationship between IPF and severity of
CAD, expressed as the number of vessels with critical stenoses, or atherosclerosis
scores based on the number of significant obstruction (Chaowalit et al., 2006; Djaberi
et al., 2008; Ueno et al., 2009; Gorter et al., 2008) and the composition of plaques
(Gorter et al., 2008). Helping to explain this controversy, one of the key findings of the
current study was that, among patients with CAD, only those with Obs-CAD had a
greater IPF volume, while EPF was increased regardless of whether the stenosis was
obstructive or not. This observation supports the potential vasocrine influence
previously described. More important, it may be taken as an explanation for the
discrepancy between CAD severity and adipose tissue mass, by suggesting that in
patients with CAD and fat enlargement, the latter promotes coronary endothelial
dysfunction, whereas in patients with CAD and normal IPF, no impairment in MBF
occurs. In addition, IPF is nourished by coronary vessels, and it cannot be excluded
that hypoperfusion and ischemia might accentuate the inflammation of neighbouring
adipose tissue (Iacobellis & Willens, 2009; Trayhurn & Wood, 2004), especially once
adipose tissue is expanded, and therefore requires an increment in perfusion. In this
scenario, a defective MBF would exacerbate adipose tissue hypoxia, and adipose tissue
damage would in turn worsen the coronary dysfunction. The assessment of pericardial
adipose tissue perfusion in concomitance with MBF by PET is theoretically possible
but requires specific protocols accounting for the contamination of the nearby
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myocardium, which is a high-flow and moving organ. Overall, the present data suggest
that cardiac adiposity may have a role in aggravating ischemia in CAD patients.
The CAC score in concomitance of CAD has also been extensively investigated in
its relationship to fat depots surrounding the heart (Alexopoulos et al., 2009; de Vos et
al., 2008; Djaberi et al., 2008; Gorter et al., 2008; Greif et al., 2009; Rosito et al.,
2008; Sarin et al., 2008). The current results regarding the relation between EPF and
IPF with CAC scores are also in line with previous investigations. The present data
show that augmented fat surrounding the heart is associated with higher CAC scores,
similar to the evidence by other groups measuring peri-coronary fat thickness (de Vos
et al., 2008) or epicardial adipose tissue volume (de Vos et al., 2008; Djaberi et al.,
2008; Rosito et al., 2008). However, the amount of IPF did not increase linearly with
the degree of calcification in an independent manner, when accounting for sex and age
in the current dataset, and in previous studies (Djaberi et al., 2008; Gorter et al., 2008).
To support the notion that the CAC score is not so closely related to fat accumulation,
Greif et al. found no differences in pericardial fat depots between patients with
different plaque composition (calcified, mixed, or non-calcified only), and reported
that fat accumulation was already present without plaque calcification (Greif et al.,
2009). Alexopoulos et al. found no difference between epicardial fat volumes in
subjects without plaques as compared with those with calcified plaques, whereas they
found greater fat accumulation in subjects with mixed and non-calcified plaques
(Alexopoulos et al., 2009).
In women with normal coronary arteries, Sade et al. reported a negative association
between CFR and epicardial fat thickness assessed by 2D and colour Doppler
echocardiography (Sade et al., 2009), reflecting potential microvascular disease. The
current study extends this observation in several regards, and it covers different clinical
questions. This study included a larger cohort of patients of both genders and with
CAD, and measured MBF in an absolutely quantitative and regional fashion
(Kaufmann & Camici, 2005; Knuuti & Bengel, 2008; Kaufmann & Di Carli, 2009;
Gould, 2009). By using MDCT, the opportunity has been taken to evaluate the
independent effects of IPF and EPF. The present study showed an inverse association
between both IPF and EPF and (hyperemic) MBF, but multiple regression analysis,
discounting for factors known to cross-correlate with either MBF or cardiac fat masses
established that IPF, but not EPF, is negatively related to the MBF parameters
considered here. There are two potential explanations for this association. The MBF
parameters and IPF, but not EPF, are linked to a common risk factor. The other
possibility is the direct influence of an enlarged perivascular fat mass on vessel wall
dysfunction, as has been suggested in obesity and type 2 diabetes (Zhang & Zhang,
2009), in heart disease animal models (Galvez et al., 2006), and more specifically in
the modulation of coronary endothelial function (Payne et al., 2008; Payne et al.,
2009). Inflammation, vasoactive adipokines and mediators secreted locally by IPF
could explain the present findings. In fact, enlarged adipocytes increase the proportion
of macrophages, T lymphocytes (Henrichot et al., 2005), and detrimental
adipocytokines, such as leptin, resistin, interleukin 6, and tumour necrosis factor alpha.
Inflammation may alter the balance between vascular NO, endothelin-1, and
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superoxide production, promoting vasoconstriction (Zhang & Zhang, 2009). Samples
of pericardial fat from patients with CAD showed increased mRNA, protein levels of
inflammatory cytokines relative to subcutaneous fat (Mazurek et al., 2003), and lower
expression of adiponectin relative to that in patients without CAD. Perivascular fat can
also stimulate smooth muscle cell proliferation, contributing to the progression of
atherosclerosis (Barandier et al., 2005). In fact, adiponectin levels in the coronary
lumen are associated with corresponding mRNA expression in epicardial fat (Iacobellis
et al., 2005).
Since the CAC score has been reported to be a risk factor for low myocardial blood
flow (Schenker et al., 2008), the relative powers of IPF and CAC score in predicting
stress myocardial blood perfusion have been compared. Even after taking into account
common confounders, including hypertension, as suggested by others (Sade et al.,
2009), IPF remained an independent predictor of MBF, and more significantly so than
EPF, BMI, and hypertension. It is worth noting that, IPF and CAC score together
explained around one fifth of myocardial perfusion variability, though among single
risk factors, male sex was the strongest negative predictor of myocardial perfusion.

7.5 Limitations of the study and future directions
The limitation of the evaluation of the effect of obesity on the measured processes
was in the small sample size that did not allow the evaluation of gender differences,
which are known to play a role in fatty acid metabolism (Mittendorfer et al., 2009;
Jensen, 1995). Thus, this study, considered to be a pilot, can be used as a background
for a larger study where gender will be taken into consideration as well as the different
body fat distribution, another aspect not fully addressed in this study. Another future
perspective is to associate the PET metabolic measurements with stress oxidative
markers and compare different stages of the metabolic disease (hence early vs late
stages) to further support the supposed cascade of events.
11
C-Palmitate PET methodology (I-III) had some limitations. The studies used
acquisition protocols of only 50 minutes and some concern may arise regarding
whether all processes can be detected in such a short time. It is acknowledged that a
different technique and longer study protocols might have reached a better steady state.
However, during the present studies, TG fractions and other metabolites were
measured along with the input function (FFA). A remarkable increase of the TG
fraction could be seen from the 10th minute onwards. The study of Guiducci et al also
concluded that TG splanchnic release is detectable in most PET studies, starting after
10 minutes (Guiducci et al., 2006). In the present results, the lack of difference in
hepatic TG release between overweight/insulin resistant subject group and controls
could be explained by the observation that insulin levels of the former are increased
compared to the latter and this suppresses TG release. Further evidence for this
explanation comes from the same observation made for the insulin stimulated state, in
the animal study presented here and in other studies (Malmstrom et al., 1998; Lewis et
al., 1995).
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A significant technical limitation in this study is the use of a free fatty acid to study
fat deposition of fat in adipose tissue. The direct uptake of free fatty acids by adipose
tissue in the fasting state constitutes a very minor pathway – almost all fatty acids
stored in adipose tissue arise from plasma triglycerides (Bickerton et al., 2007), and the
uptake is primarily taking place in the postprandial state. However, the investigation
was designed to evaluate the intervention of trimetazidine on fatty acid oxidation,
which is known to be maximal in the fasting state. It must be also noted that the
postprandial state condition would have imposed more inconvenience to the patients in
what was already a demanding study protocol involving PET/CT, MRI and MRS
imaging sessions (twice). Furthermore the increased radiation dose would need to be
justified ethically.
The limitation of the treatment substudies (II, III) was in the lack of a placebo
control group, a decision that was guided by the demanding nature of the studies and
the radiation exposure, which (though limited, i.e., within the clinical diagnostic
routine range) could not be justified in a pilot phase. Though the few changes observed
may have benefited from the comparison with a placebo group, they seem sufficient to
clarify that trimetazidine actions in moderate obesity are relatively mild and may
require a long time before translating into systemic effects. The most conclusive value
of this investigation was in the large number of measured variables that did not change,
thus allowing the confident conclusion of a series of potential mechanisms from being
mediators of trimetazidine action. In the future, a longer treatment study with the
association of oxidative stress markers will add valuable knowledge to the mechanisms
of action of the drug.
Especially in study III, though the same author’s group has previously shown that
placebo treatment for three months did not alter cardiac function and metabolism in
heart failure patients (Tuunanen et al., 2008), this finding may not be directly
extrapolated to the subjects of the current study. Thus, this study only assessed the
association between treatment with TMZ and subsequent effects, especially with
reference to the previously surmised metabolic shift in myocardial metabolism. The
current data support this action, primarily on the reduction of FA oxidation. Obese
individuals were selected to guarantee sufficient magnitude of FA oxidation and lipid
content to maximize the likelihood of detecting a reduction in cardiac FA metabolism.
The current findings show that changes in myocardial metabolism have effects on
cardiac efficiency. The limited number of subjects, the inter-subject variability, and the
low rates of fasting glucose uptake may have weakened the significance of changes in
glucose metabolism. In addition, the TMZ dose used was half of the therapeutic dose
utilized in the previous study in heart failure patients. This was because some caution
was preferred in healthy subjects; however, the dose of TMZ may have been
suboptimal to delineate all the relevant metabolic effects of the drug, especially with
reference to the change in glucose uptake. Despite the instructions not to change their
lifestyle and diet, patients experienced a slight decline (borderline of significance) in
average body weight. It cannot be established whether this was a drug or placebo
effect. However, changes in body weight did not correlate with, and are unlikely to
account for the changes in metabolic variables. Finally, though a slight change in
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cardiac function was observed, these subjects had normal baseline function and the
study design was not targeted towards this process.
In study IV, the cross-sectional design of the study allows only speculation on the
causal relationship of the associations found. The study included subjects of both
genders with a moderate to intermediate risk of CAD and stable angina; only 40 of 107
patients had CAD. The limited study sample was balanced by the use of reliable and
reproducible quantification techniques, as reflected by high ICC coefficients (≥0.98),
furthermore the use of a blind design, and the power achieved with the sample
appeared sufficient to verify the hypothesized relationships. Follow-up data in these
patients are not yet available; thus, the study cannot verify prognostic implications,
which can be a future aim. A recent report on outcome suggested that pericardial fat is
a better predictor of incident CAD than are more general measures of adiposity, but
cardiac adiposity was determined at follow-up and not at baseline (Ding et al., 2009).
Estimation of the 10-year likelihood of myocardial infarction and coronary death based
on a published score (Wilson et al., 1998) developed in patients without overt CAD,
showed an independent association with stress MBF or CRF (known predictors of
cardiac mortality) and IPF or EPF (p<0.02) in the population of this study (data not
shown).
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8 SUMMARY AND CONCLUSIONS
The results of the present study can be summarized as follows:
(I) the methodology developed and validated is able to non-invasively describe the fate
of FA in the liver with satisfactory accuracy and in adequate detail. The current study
strongly implies that a higher FA oxidation is the first metabolic change in the liver of
obese individuals, occurring in the context of adipose tissue insulin resistance and
increased FA flux from visceral adipose depots. This hepatic response is maladaptive
to the extent that a greater FA oxidation presumably results in the overproduction of
reactive oxygen species already at this prodromal stage of obesity-related metabolic
syndrome.
(II) Overall, the current data suggest that uncomplicated obesity is characterized by
adipose tissue and whole body insulin resistance, which are accompanied (or may be
preceded) by a proportional inability to store FA in adipose tissue and skeletal muscle
fat depots. Accordingly, hyperinsulinemia and FAO may act against the overflow of
FA into the circulation, the former by inhibiting the breakdown of existing tissue fat
depots, and the latter by augmenting the washout of FA from the circulation via
oxidation.
Trimetazidine increased the FA esterification and glucose phosphorylation rate
constants in skeletal muscle, and the EMCL in one month, supporting the hypothesis of
an indirect, though very gradual diversion of FA from the oxidative to the nonoxidative pathway. A longer time may be required before the known systemic benefits
of this compound become appreciable in moderately obese, otherwise healthy
individuals.
(III) The current work introduces for the first time the complementary use of
molecular imaging modalities, namely, MRS and PET, thereby making the absolute
flux of triglyceride-derived FAs accessible for direct measurement. In the heart of
obese subjects, the myocardial triglyceride pool provided a major contribution to the
total substrate oxidation. The inhibition of this process by TMZ was accompanied by
an increase in left ventricular work efficiency in obese individuals.
(IV) CAD is accompanied by augmented fat depots surrounding the heart. The findings
reported in this work demonstrate a negative relationship between IPF or EPF and
hyperemic blood perfusion or CFR. Intra-pericardial fat was an independent predictor
of myocardial perfusion, together with CAC score, and both risk factors explained 20%
of hyperemic coronary blood perfusion variability. These results support the hypothesis
of a direct paracrine/vasocrine effect of perivascular fat on coronary vessels, and
suggest that an enlarged IPF is a more specific index of CAD complicated by
myocardial ischemia, than of CAD alone.
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Conclusions. The results of the different substudies point in the same direction.
Obesity is associated with an impairment in the esterification of FA in adipose tissue
and skeletal muscle, which is accompanied by the upregulation in skeletal muscle, liver
and heart FAO. The inability to store fat may initiate a cascade of events leading to FA
oversupply to lean tissue, overload of the oxidative pathway, and accumulation of toxic
lipid species and triglycerides, and it was paralleled by a proportional growth in insulin
resistance. Even in subjects with CAD, the accumulation of ectopic fat inside the
pericardium is associated with impaired myocardial perfusion, presumably via a
paracrine/vasocrine effect. Taken altogether these findings suggest that adipose tissue
storage capability should be preserved, if it is not possible to prevent excessive fat
intake in the first place. At the beginning of the disease, when FAO is increased to
compensate the FA overload, partial inhibition of beta-oxidation is not detrimental to
health; on the contrary at the single organ level (heart, skeletal muscle and liver) it
seems beneficial.
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