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Introduction

The safest place to store lipids is the white adipose tissue,
but its storage capacity may become saturated resulting in
excess of fat “overspilled” to non-adipose tissues. This
overspill of fat occurs in apparently opposite pathological
states such as lipodistrophy or obesity. When the excess of
energy is redirected towards peripheral organs, their initial
response is to facilitate the storage of the surplus in the
form of triacylglycerol, but the limited triacylglycerol
buffer capacity becomes saturated soon. Under these con-
ditions excess of lipids enter alternative non-oxidative
pathways that result in production of toxic reactive lipid
species that induce organ specific toxic responses leading
to apoptosis. Reactive lipids can accumulate in non-adipose
tissues of metabolically relevant organs such as pancreatic
beta cells, liver, heart and skeletal muscle leading to
lipotoxicity, a process that contributes substantially to the
pathophysiology of insulin resistance, type 2 diabetes,
steatotic liver disease and heart failure. Thus, the metabolic
syndrome can pathophysiologically be considered a result
of the lipid accumulation in non-adipose tissue.

The effects of this lipotoxic insult can be minimised by
several strategies:

(a) decreased incorporation of energy,
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(b) a less orthodox approach such as increased adipose
tissue expandability and/or
(c) increased oxidation of fat in peripheral organs.

The prevalence of obesity has increased dramatically in the
last decades and is now considered a major health problem
in industrialized and developing countries. In fact, the
current epidemic of obesity has been suggested as the
leading cause for the decreased life expectancy forecasted
for the next generation [22]. When confronting the rather
complex clinical problem of obesity, there are several
aspects to be taken into account:

(a) the mechanical problems associated with excess body
weight (e.g. osteoarthritis, sleep apnea);

(b) the metabolic syndrome typically associated with
obesity, which is probably the most important from
the point of view of overall survival; and

(c) the aesthetic and psychological elements which can
cause extreme distress. Thus, when considering thera-
peutic strategies for managing obesity, the ideal
scenario would involve the use of treatments aimed at
all components associated with this condition. How-
ever, depending on the predominant clinical phenotype,
one may be forced to prioritise specific aspects of the
treatment. This approach may in some instances create
paradoxical situations, such as, treating obese individ-
uals with agonists of PPARg, agents that will decrease
their metabolic complications while potentially increas-
ing their degree of obesity through adipogenesis.

Thermodynamics and obesity

From a thermodynamic perspective, the regulation of body
weight can be described as a linear equation (Fig. 1),
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Fig. 1 Utilization of energy in the regulation of body weight

balancing both food intake and energy expenditure to
derive the amount of fat stored. While outwardly this
energy balance equation may appear simple, it can be
modulated by many other factors, particularly the prefer-
ential partitioning of energy towards specific tissues and
organs. In fact, it could be argued that some individuals
may have an enhanced capacity to extract energy from
blood into the white adipose tissue (WAT), thus facilitating
fat deposition.

Adipose tissue expand ability and lipotoxicity

Adipose tissue expandability in response to positive energy
balance has been considered traditionally an adaptive
passive process. However, recent evidences suggest that
the expandability of the adipose tissue is not an unlimited
process. In fact adipose tissue expandability may be an
important factor determining the appearance of obesity-
associated co-morbilities [16]. The importance of the adi-
pose tissue in maintaining energy homeostasis is illustrated
by the severity of metabolic defects associated with two
apparently opposite syndromes: lipodistrophy and obesity.
Lipodystrophy is a syndrome characterized by substantial
reduction in fat storage capacity secondary to poor differ-
entiation and expandability of adipose tissue in response to
nutritional demands for storage. Such patients lack three
crucial adipocyte functions, normal lipid storage capacity,
leptin-mediated anorectic effects and leptin-mediated an-
tilipotoxic protection of nonadipose tissues. Despite normal
energy intake, lack of adipose tissue results in insulin
resistance, elevated serum free fatty acids (FFA) and
accumulation of FAs in tissues such as the liver, skeletal
muscle and the pancreas (Fig. 2a). Intriguingly, it has been
shown recently that patients with lipodystrophy show an
increased energy expenditure and FA oxidation after hyp-
ercaloric fat load, reflecting a compensatory mechanism to
prevent toxic effects [24]. Insufficient attempts by oxida-
tive tissues to dispose the excess of FAs leads to chronic
FA deposition and lipotoxicity, followed by insulin resis-
tance, fatty liver and fS-cell failure [6]. The other extreme
of the spectrum is the obese state, a syndrome resulting
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from positive energy balance leading to hypertrophic
expansion of the WAT (Fig. 2b). Evidence suggests, that
hypertrophic obesity is associated with insulin resistance
[19], leptin resistance and a spectrum of clinical symptoms
that recapitulates the symptomatology observed in lipo-
dystrophy patients. The common link between both of them
probably is the defective storage capacity in adipose tissue
depots, in the case of lipodistrophy due to lack of proper
adipose tissue, in the case of obesity due to saturation of
storage capacity due to excessive fat load. Obesity at the
expense of hypertrophic adipocytes is associated with
insulin resistance (Fig. 2b). Conversely individuals
expanding adipose tissue at the expense of increasing the
number of adipocytes through a hyperplastic response
remain insulin sensitive and healthier (Fig. 2c). Hyper-
plastic changes have the advantage of retaining insulin
sensitivity and a favourable pattern of signalling molecules
secreted [8]. In this regard hypertrophy could be a marker
of failure in the mechanisms of preadipocyte recruitment
[16]. Furthermore, pharmacological remodelation of the
adipose tissue facilitating preadipocyte recruitment by
thiazolidinediones has been shown at least in rodent
models to promote hyperplastic remodulation of the adi-
pose tissue. This is fully supported by the evidence that
onset of obesity in young age (<20 years), when the adi-
pocytes are probably able to proliferate and/or
differentiate, results in a reduced likelihood of metabolic
syndrome [21]. The association between defects in adipose
tissue expandability and metabolic complications may
depend on other factors, such as the oxidative capacity of
skeletal muscle. Apart from increasing storage capacity of
fat in “healthy” adipocytes, increasing FA oxidation in
muscle can also prevent lipotoxicity. This is illustrated by a
transgenic mouse model overexpressing UCP-3 in skeletal
muscle [31] or mice overexpressing PGC-1o [20] (Fig. 2d).
In this case, the driving force of the phenotype is increased
FA oxidation that could act as an energy sink, diverting FA
away from storage tissues such as WAT (resulting in a lean
phenotype), and also away from other tissues less capable
of handling FAs adequately (e.g. liver and beta cells).
Evidence from epidemiological studies indicates, that
people with an increased FA oxidation, proved by lower
RQ (respiratory quotient) show a reduced probability of
obesity [3]. Combining both the strategies, prevention of
excess fat deposition in WAT and increasing FA oxidation
may facilitate safe weight loss and is a target for drug
development.

Beside form, overall increasing oxidative capacity by
e.g. increasing uncoupling mitochondria in muscle, parti-
tioning of fuel can substantially influence energy
expenditure. Beneficial metabolic effects might be expec-
ted from an agent, which promoted accretion of lean and/or
fatty acid oxidation in preference to fat mass. This could be
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achieved through a reduction in fat deposition and/or an
increase in lean tissue (Fig. 2e). While it is still unclear
whether defects in the mechanism of fuel partitioning are
important causes of human obesity, recently reported
genetically modified animal models have provided support
for this concept as a potential strategy for the treatment of
obesity and its protean complications [15, 30]. In fact mice
lacking the enzyme acylCoA: diacylglycerol acyltransfer-
ase (DGAT), which catalyses an essential step in
triglyceride synthesis, also have an unexplained increase in
energy expenditure [15] (Fig. 2e).

SREBPs, gatekeepers of lipotoxicity

Another level of control of the lipotoxic insult in peripheral
organs may be the control of lipid transport and functional
compartmentalisation into a specific organ. In theory it
should be possible in individuals with organ specific sus-
ceptibilities to develop beta cell failure, fatty liver or heart

failure to devise strategies to spare lipids and protect these
organs from lipotoxic insults. This may be accomplished
through direct modulation of specific targets involved in
lipid related metabolic pathways controlling lipid transport,
deposition and specific metabolism in these organs.

Our studies defining the metabolic pathways involved in
fatty acid metabolism have identified SREBPlc as a
potential gatekeeper for lipotoxicity [1]. SREBP-1c is one
of three SREBPs that controls transcription of genes
encoding enzymes of lipid biosynthesis in animal cells. We
and other groups have established that insulin upregulates
SREBPIc mRNA and maturation of SREBP1 protein in
parallel with increased expression of FA biosynthesis gene
expression [1, 26, 28]. Activation of SREBP increases
ACC-catalysed reactions, leading to increased levels of
malonyl-CoA, and inhibition of mitochondrial FA oxida-
tion. We have shown that SREBP1c mRNA expression is
regulated heterogeneously in adipose tissue and skeletal
muscle. In fact, whereas SREBP1 mRNA is reduced in
adipose tissue of morbidly obese and diabetic patients [1],
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levels of expression of SREBP1 mRNA in skeletal muscle
are maintained.

PGC and PPARYy

Recent evidence has identified coactiavtors PGC-1o and
PGC-1p [25] with its human orthologue PERC [13] as key
regulators of the genetic program controlling mitochondrial
number and function. These coactivators are involved in
processes such as adaptive thermogenesis, glucose and fatty
acid oxidation. The results accumulated so far indicate a
common function promoting mitochondrial biogenesis to
cover basal energy requirements of specific tissues [9, 18].

Peroxisome proliferator-activated receptor-y (PPARY)
plays a central role in adipogenesis and insulin sensitivity.
PPARYy is expressed as two isoforms, PPARy1 and PPARY,
which differ only in that PPARY)2 has 30 extra amino acids
at its NH2 terminus. PPAR?y2 is the more potent adipogenic
isoform in vitro and is normally restricted to adipose tis-
sues [11], where it is regulated more by nutritional state
than PPARy1 [17]. We have shown that expression of
PPARy isoforms is differentially regulated by nutritional
factors [17]. Murine studies showed that PPARyY2 mRNA is
markedly downregulated in white adipose tissue (WAT) by
fasting and normalized by re-feeding [11]. Similarly,
PPARY2 gene expression is increased in WAT by a high-fat
diet (HFD) as well as in mouse models of diet-induced
obesity [11]. Studies using genetically modified mouse
models have addressed the role of PPARY in vivo [14]. A
proadipogenic role for PPARY in vivo was supported by the
global PPARy-deficient and the hypomorphic PPARy
mouse models [4, 5, 29]. In addition to a role in promoting
adipogenesis, activation of PPARy also improves insulin
sensitivity [2]. However, the characterization of the het-
erozygous PPARy knockout mouse provided the
paradoxical finding that mice with a 50% reduction in
PPARy gene dosage were resistant to HFD-induced obesity
and were more insulin sensitive [10, 23, 27]. Thus, a 50%
decrease in PPARy gene dose at the expense of both iso-
forms, yl and y2, promoted a similar insulin-sensitizing
effect as activating the receptor with a PPARy-specific
agonist.

To elucidate the relevance of the PPARY)2 in vivo, we
generated a mouse model in which the PPAR)2 isoform
was specifically disrupted. Despite similar weight, body
composition, food intake, energy expenditure, and adipose
tissue morphology, male mice lacking the y2 isoform were
more insulin resistant than wild-type animals when fed a
regular diet [16]. These results indicate that insulin resis-
tance associated with ablation of PPARY2 is not the result
of lipodystrophy and suggests a specific role for PPAR72 in
maintaining insulin sensitivity independently of its effects
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on adipogenesis. Furthermore, PPARy2 knockout mice fed
with a high-fat diet did not become more insulin resistant
than those on a normal diet, despite a marked increase in
their mean adipocyte cell size [16]. These findings suggest
that PPARY2 is required for the maintenance of normal
insulin sensitivity in mice but also raises the intriguing
notion that PPAR)y2 may be necessary for the adverse
effects of a high-fat diet on carbohydrate metabolism.

Increasing the capacity of storage/fatty acid buffer
of the adipose tissue, transforming the structure
of adipose tissue

There is evidence that adipocyte cell size [8, 12] may be an
important predictor of insulin resistance. Large adipocytes
seem to be more insulin resistant, being more susceptible to
leak fatty acids inducing lipotoxicity in other organs.
Increased secretion of TNFa [7] and resistin and decreased
levels of adiponectin are characteristic of large adipocytes
from obese individuals. Interestingly, activation of PPARy
induces a remodelling of the adipose tissue structure as a
result of changes in the rate of preadipocyte recruitment
[23]. The differentiation of new small adipocytes is asso-
ciated with marked improvement of insulin sensitivity
through increased fatty acid buffering capacity, modifica-
tion of adipokine repertoire and possibly through increases
in the amount of cellular membranes that act as a buffering
system for cholesterol esters and other lipid signalling
molecules. Thus, it is likely that recruitment of new pre-
adipocytes may prevent or reverse some of the metabolic
complications associated with obesity [2]. Obviously this
strategy should be limited to individuals with strong met-
abolic risks in whom other strategies aiming to reduce
weight have failing.
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