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Abstract
The peroxisomal proliferating-activated receptors (PPARs) are lipid-sensing transcription factors
that have a role in embryonic development, but are primarily known for modulating energy
metabolism, lipid storage, and transport, as well as inflammation and wound healing. Currently,
there is no consensus as to the overall combined function of PPARs and why they evolved. We
hypothesize that the PPARs had to evolve to integrate lipid storage and burning with the ability to
reduce oxidative stress, as energy storage is essential for survival and resistance to injury/infection,
but the latter increases oxidative stress and may reduce median survival (functional longevity). In a
sense, PPARs may be an evolutionary solution to something we call the 'hypoxia-lipid' conundrum,
where the ability to store and burn fat is essential for survival, but is a 'double-edged sword', as fats
are potentially highly toxic. Ways in which PPARs may reduce oxidative stress involve modulation
of mitochondrial uncoupling protein (UCP) expression (thus reducing reactive oxygen species,
ROS), optimising forkhead box class O factor (FOXO) activity (by improving whole body insulin
sensitivity) and suppressing NFkB (at the transcriptional level). In light of this, we therefore
postulate that inflammation-induced PPAR downregulation engenders many of the signs and
symptoms of the metabolic syndrome, which shares many features with the acute phase response
(APR) and is the opposite of the phenotype associated with calorie restriction and high FOXO
activity. In genetically susceptible individuals (displaying the naturally mildly insulin resistant 'thrifty
genotype'), suboptimal PPAR activity may follow an exaggerated but natural adipose tissue-related
inflammatory signal induced by excessive calories and reduced physical activity, which normally
couples energy storage with the ability to mount an immune response. This is further worsened
when pancreatic decompensation occurs, resulting in gluco-oxidative stress and lipotoxicity,
increased inflammatory insulin resistance and oxidative stress. Reactivating PPARs may restore a
metabolic balance and help to adapt the phenotype to a modern lifestyle.

Background
Peroxisomal proliferating-activated receptors (PPARs)
were discovered in 1990 with the cloning of a murine
orphan receptor that was activated by peroxisomal proliferating compounds (such as the fibrates), hence their

name [1]. They probably arose during metazoan evolution and at least three isoforms have been identified, α, γ
and δ (also referred to as PPAR β), each encoded by a different gene [2]. They are ligand-activated transcription factors that act as lipid sensors and work as dimers with the
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retinoid X receptor (RXR), detecting a broad range of molecules (including inflammatory lipid mediators) and
modulate the activity of genes involved in energy regulation and inflammatory processes, including wound healing, as well as reproduction [3-6]. They are also important
in embryonic development, but only PPAR γ knockout is
lethal – although placental rescue results in a phenotype
with no body fat, which confirms its pivotal role in adipogenesis [2]. They therefore appear to be involved in many
(apparently disparate) metabolic processes, which therefore raises a question, why did they evolve and what is
their overall function?
We believe that PPARs may be an evolutionary solution to
something we call the 'hypoxia-lipid' conundrum, where
the ability to store and burn fat is essential for survival,
but is a 'double-edged sword', as fats are potentially highly
toxic. For instance, hypoxia results in the increased production of mitochondrial ROS, which can result in lipid
peroxidation that is not only potentially damaging, but
also a strong inflammatory signal, activating nuclear factor kappa-beta (NFkB) [7]. Thus, a group of transcription
factors that integrate resistance to oxidative stress (inflammation, thus modulation of NFkB), with the ability to
detect and orchestrate the storage and metabolism of lipids, while sparing glucose (which can be burnt anaerobically), was inevitable. Over time, this function
engendered increasing functional longevity, and ultimately, as they evolved (they have been one of the fastest
evolving group of nuclear receptors) [8], this may have
enabled the evolution of longer lifespans for some species.
Key in this, we believe, may be their ability to modulate
uncoupling proteins activity (UCPs), so reducing mitochondrial reactive oxygen species production (ROS), as
well as their ability to induce insulin sensitisation – so
optimising forkhead box class O factor (FOXO) activity by
reducing insulin basal levels and therefore insulin 'drive':
FOXO are a small subfamily of transcription factors key in
stress resistance and calorie restriction-induced longevity,
whose function is suppressed by high insulin/IGF-1 activity (reviewed by Morris BJ, 2005) [9]. Increased expression/activity of FOXO results in increased activity of
peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α), which also plays a key role in longevity and the calorie restriction phenotype, in particular, it
increases the expression of PPAR α [10]: 19% of the genes
that are regulated during calorie restriction are modulated
by PPAR α-including suppression of acute phase response
(APR) genes [11]. These nuclear factors are also upregulated by exercise [12], which is known to improve median
survival.

http://www.nuclear-receptor.com/content/5/1/1

Overall, the ability of all the PPARs to reduce lipotoxicity
and suppress inflammation would strongly suggest that
they would all tend to reduce the need for basal insulin by
encouraging insulin sensitivity. This indicates that as an
ancient group of nuclear factors, which are essential for fat
storage and metabolism, they are also key in suppressing
oxidative stress: the ability to store fat and resist oxidative
stress are both generally associated with improved survival and increased species lifespan [13,14]. We suggest
that the phenotype associated with calorie restriction is
thus the opposite of that seen with the metabolic syndrome and the balance between the two may be determined, to a large degree, by PPAR activity.

The transcriptional triad of survival: PPARFOXO-NFkB
Although each PPAR isoform is expressed in almost every
tissue, they are expressed in a tissue- and time-specific
manner in response to food, as well as to exercise and
cold. PPAR α is very active during fasting and is predominantly found in the liver, while PPAR γ is active during
feeding and is predominantly found in adipose tissue,
where its main role appears to enable the deposition of
fat: PPAR δ is ubiquitous, with its highest expression in
the gut, but is now thought to be extremely important in
exercise-induced switch to oxidative (type 1) myofibres, as
well as in thermogenesis [13,15,16]. Overall, PPAR γ is
thought to be essential for adipogenesis (and thus storage), whereas PPARs α/δ are more involved in fatty acid
catabolism. Importantly, their expression and activity is
intimately related to other transcription factors/co-factors,
in particular, FOXO, PGC-1 and NFkB: figure 1 is simplified explanation of how these transcription factors might
interact – the 'transcriptional triad'.
The calorie-restriction and longevity connection
FOXO is an important group of transcription factors that
integrate energy metabolism with resistance to oxidative
stress, as well as regulating cell cycle and DNA repair; for
example they increase SOD (superoxide dismutase) and
also modulate hunger [17]. PGC-1 was first discovered as
a cold-inducible co-activator that regulates adaptive thermogenesis, and along with PPARs, induces mitochondrial
uncoupling via the UCP-1, so generating warmth [18].
PGC-1 is also essential in controlling hepatic gluconeogenesis, which occurs in response to famine; it is thought
to be a "master switch" that controls the change from carbohydrate- to fat-based metabolism, which includes a
change from type II to type I muscle fibre use and
increased mitochondrial biogenesis [19]. To be activated,
PGC-1 requires interaction with FOXO1 [20]. Once activated, PGC-1 cooperates with PPAR α to activate genes
encoding mitochondrial enzymes involved in fatty acid
oxidation [21]: PPAR α is also of major importance in calorie restriction [11]. FOXO1 can inhibit PPAR γ activity in
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sive activity, as IkB (inhibitor of NFkB) kinase (IKK), can
result in the activation of NFkB by inhibiting IkB, but the
direct inhibition of FOXO, which maybe be important in
cancer [31]. In addition, NFkB and PPARs can also transrepress each others activity [32-35]. Hence, there is both
anecdotal and transcriptional evidence that PPAR activity
is associated with a longer-lived phenotype.

Figure 1
Transcriptional
triad of survival
Transcriptional triad of survival. PPARs promote mitochondrial proton gradient uncoupling, reduce ROS and
increase heat generation, while ensuring safe lipid storage
and burning (reducing lipotoxicity), safe carbohydrate storage and reducing need for insulin. They also suppress inflammation. NFkB promotes resistance to infections and aids
healing, but suppresses incentive salience and increases thermogenesis – it can be said to have general anorexic actions.
Also promotes ROS production, both as a signal and as a
defence. Response amplified by increasing fat stores. Promotes inflammation. FOXO promotes resistance to oxidative stress, enhances DNA repair, suppresses proliferation,
and encourages incentive salience and survival in low food
situations – it is thought to be generally orexigenic. Can
oppose inflammation.

adipose cells and vice versa [22], but it can enhance PPAR
α activation of lipoprotein lipase in muscle [23]. This
would support the flow of fatty acids from adipose tissue
during fasting to energy requiring tissues (and thus
shrinkage of the adipose store), but the flow of fats into
adipose tissue during feeding.
PPAR activity decreases with age, a process that can be
slowed by calorie restriction [24], while aging is associated with increased constitutive activity of NFkB [25].
Indeed, it has been suggested that PPARs may play a role
in modulating the 'molecular inflammatory process of
ageing' [26], and may be important in suppressing the
ageing-associated increase in NFκB activity [27]. Certainly, calorie restriction has been shown to result in a
generalised increase in PPAR activity, which is associated
with increased adiponectin [28]; adiponectin can also
suppress NFkB activity [29]. This would be supported by
the well described observation that pharmaceutical activation of PPARs α & γ is broadly beneficial, reversing many
aspects of the metabolic syndrome; the same is now
thought to be true for PPAR δ [30]. At the transcriptional
level, NFκB and FOXO do appear to have mutually exclu-

Why adipose tissue is inflammatory, and why PPARs are
anti-inflammatory
One of the more interesting aspects of the PPARs is that
they seem to integrate inflammation and energy metabolism. It is now becoming apparent that adipose tissue is
metabolically very active and increasing adipose mass is
associated with increasing inflammatory tone. It is now
thought that this may be an evolutionarily technique to
enhance survival in relation to famine and immunity/
inflammation, which are both highly energy dependent:
one key signal for this may be leptin [36]. This would
explain why excessive obesity is generally associated with
sub-clinical inflammation, and why there is generally an
evolutionarily-driven imbalance between orexigenic
(stronger) and anorexic (weaker) signals, leading to high
feed-efficiency and a propensity to store fat [37-39]. However, it would also be an evolutionary trade-off, as a foodrich environment, with little need for physical activity,
might continually increase fat mass and lead to increasing
oxidative stress (and thus, production of ROS) and a
shortened lifespan (figure 2) – this could be an example
of antagonistic pleiotropy. Certainly, obese adipose tissue
can attract macrophages, resulting in a heightened inflammatory response – which can be reversed by weight loss
[40]. Thus the finding that PPAR γ activation can induce
apoptosis of macrophages found in adipose tissue [41],
might suggest that not only does PPAR γ ensure fat storage, but that it might also suppress the adipose-related
inflammation signal.

This therefore supports the 'transcriptional triad of survival' paradigm (figure 1). FOXO, which is mainly active
during fasting/famine, maintains resistance to oxidative
stress and improves long-term survival: NFkB, which is
highly important in resistance to injury/infection, engenders oxidative stress as a survival strategy. However,
PPARs, are essential to ensure that energy-related oxidative stress is kept to a minimum, either during storage, or
during metabolism (such as exercise, fasting or infection).

The hypoxia-lipid conundrum
The main problem with lipids is that they require oxygen
to be burnt as fuel. However, the only way to do this is via
mitochondria, which are also one of the prime cellular
sources of ROS; ROS production is increased when levels
of the ultimate electron acceptor, oxygen, is decreased.
Thus, there is the potential for lipid peroxidation and
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active in muscle and ensure entry of fats into the β-oxidation pathway, as illustrated by their upregulation during
endurance exercise [43,44] or thermogenesis [18]. However, although an increased lifespan is dependent on the
ability of an organism to store and utilize energy-dense
fat, there is an inherent problem in using fats as an energy
substrate; they are highly susceptible to ROS damage,
which is especially true for unsaturated fatty acids
(because of readily oxidisable double-bonds) [45].

Figure 2hunger
Relationship
genesis,
between
and survival
energy storage, inflammation, thermoRelationship between energy storage, inflammation,
thermogenesis, hunger and survival. As fat mass
increases, it sends out a proportionally bigger inflammatory
signal that also induces insulin resistance: this might compensate for the normal inflammatory suppression of orexia.
Thus, it is a normal survival response selected for by evolution, as both storage of energy, and the ability to mount a
strong immune response, were strong survival traits. It is
likely that during ancient times there was never such a thing
as a 'free lunch'; before the advent of civilisation it was
unlikely that there were extended periods (e.g. beyond a
year) when food was plentiful and there was little need to
move to get it.

lipotoxicity. We suggest that the ability to utilize lipids as
fuel has to have co-evolved with the ability to suppress
oxidative stress: PPARs may well be a very important part
of the solution. In contrast, carbohydrate metabolism has
become associated with inflammation.
Fat versus glucose: PPARs and energy source switching
Carbohydrate is an essential fuel source for the CNS and
immune system, but excess carbohydrate is stored as
energy-dense fat, a process that requires mitochondria
and the participation of PPARs. The ability to store and
metabolize fat is an important survival mechanism as it
provides energy when food is scarce; it is far more energy
dense than glycogen. During fasting, glycerol can be
released from adipose stores, which can then be used by
the liver for gluconeogenesis – thus providing carbohydrate to for the CNS. Studies indicate that the evolution of
a longer lifespan has been associated with the development of a higher body mass and an increased percentage
of body fat [13,42]. Thus, fat storage is a positive survival
trait and the adipogenic function of PPAR γ makes it
tightly linked into long-term survival.

Fats, in addition to being stored, must also be readily
made available for oxidation. PPAR α and PPAR δ are

Under normal conditions, oxygen utilization is closely
coupled to energy production and expenditure. However,
in hypoxic circumstances, for example during localised
biological stress induced by injury/infection (where blood
flow is compromised), the production of mitochondrial
ROS is significantly increased due to a reduction of oxygen
as an electron acceptor. This may have become part of an
ancient mitochondrial-based oxygen sensing/signalling
mechanism, which involves the hypoxia-induced factor-1
(HIF-1) transcription factor [46]. It is also likely that ROS
signalling plays a key role in the activation of NFkB [47]
and thus, in inflammation [48]. During hypoxia, carbohydrate becomes the more important fuel source as it is
more oxygen-efficient and if necessary, can undergo
anaerobic respiration (fats cannot be burnt without oxygen and mitochondria). HIF-1 can inhibit both PPAR α
and PPAR γ expression [49,50], but may require NFκB for
full activity [51,52]. Certainly, activation of NFkB in cardiac muscle can suppress the transcriptional activity of
both PPAR α & δ, suggesting a switch to carbohydrate
metabolism [33].
As indicated above, HIF-1 downregulates PPAR activity in
a hypoxic environment causing a switch to carbohydrate
burning. However, the increased ROS production may
well be negatively regulated PPARs, as oxidised lipids are
potent ligands for the PPARs. Thus, although hypoxia can
trigger ROS production and the ability to switch off betaoxidation, the process is self-regulated by the anti-inflammation actions of the PPARs – thus ensuring minimal
duration of oxidative stress. Certainly, PPAR α is known to
suppress the dehydrogenase pyruvate complex (PDC), by
upregulation of pyruvate dehyrogenase kinase 4 (PDK4)
during starvation [53], which would reinforce its role in
energy switching and carbohydrate sparing.
PPARs and uncoupling proteins: managing ROS and lipids
PPAR activation can increase the expression of mitochondrial UCPs [54-57] – a family of homologues that can
'uncouple' the proton gradient in the mitochondria and
so reduce ROS [58]. The activity of UCPs is increased during starvation and by a ketogenic diet [59,60]. They can be
directly activated by fatty acids [61], with unsaturated
fatty acids being particularly effective [62-64].
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Mammals have at least five UCP homologues: UCPs are
also found in plants and fungi, and belong to an ancient
superfamily of mitochondrial metabolite carriers [65]. It
was originally thought that one of their prime functions
was to uncouple the mitochondrial deltapsi gradient (so
reducing ROS production), and certainly for UCP-1
(which was the first to be discovered) this is true – as it
plays a critical role in thermogenesis [18]. However, a precise role for the other UCPs is still being defined, as it is
now thought that their primary function maybe as anionic transporters – although a secondary protonophore
function may still be very important. For instance, UCP-3
is thought to transport fatty acids out of the mitochondrial matrix (in exchange for a proton equivalent) and is
predominantly found in muscle and adipose tissue and is
induced by fasting (when lipid levels rise), and thus may
play a role in preventing lipotoxicity; this would certainly
be supported by the observation that it is decreased in the
muscles of T2D patients, and its levels can be restored by
PPAR γ activation [66].
Hence, fatty acids may potentially reduce ROS production
by directly stimulating UCPs, and the potency of unsaturated fats may reflect their susceptibility to oxidation.
Importantly, these same fatty acids would also activate
PPARs and increase the expression of UCP (s). Thus, we
hypothesize that PPARs may have a vital role to play in
reducing hypoxia-related lipid damage through their
induction of UCPs and, in so doing, improve functional
longevity by suppressing ROS production (and reducing
the potential for lipotoxicity); this would be enhanced by
their well-described ability to increase the activity of other
antioxidant enzymes, such as superoxide dismutaste
(SOD) or catalase [67-69].

Shifting the phenotype; reducing the need for
insulin

The ability of PPAR γ to improve glucose dispersal is well
described, and is now being described for PPAR δ [70] and
PPAR α (although there have been some conflicting
results) [71,72]. One of the main ways they do this is to
channel fatty acids to where they are needed; this prevents
the build up of excessive intramyocellular lipid, which is
thought to be one of the major causes of insulin resistance
in obesity [73]. In addition, it is also becoming clear that
an increase in ROS can also cause insulin resistance [74].
This would support the observation that increasing free
fatty acid (FFA) concentrations can induce NFkB activity
(and ROS) [75], and in the liver, this may partly explain
hepatic insulin resistance [76]. However, it has been long
known that ROS is involved in insulin (and that of other
growth factors) signalling, possibly through NADPH oxidase (Nox) production of H2O2 (reviewed by Goldstein,
Mahadev 2005) [77]. This would imply that not only is
control of intracellular redox vital, but that excessive insu-
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lin signalling, (apart from suppressing FOXO), may also
contribute to increased cellular oxidative stress.
It has been proposed for some time that 'thrifty' genes
would have given our ancestors a survival edge in harder
times by enabling rapid storage of fat, but in times of
plenty, may have resulted in increased levels of diabetes
[78]; key to this insulin resistance may be the role of lipids. In contrast, in times of plenty selective pressure may
have resulted in 'unthrifty' genes, which would be associated with insulin sensitivity. For instance, the PPAR γ ala
allele, which is diabetes protective and probably arose
between 32,000 to 58,000 years ago [79]. Thus, both insulin resistance and sensitivity can be potential survival
traits – so what is the role of the PPARs in determining this
balance?
Keeping FOXO active: PPARs modulate insulin 'drive'
The facility of a rapid food-induced insulin response and
the ability to store food efficiently after starvation, while
retaining a degree of insulin resistance post-prandially,
may be example of a "thrifty adaptation" to spare glucose
for the CNS and provide energy for muscle during times
of hardship – both for movement and thermogenesis
[80]. Certainly, muscle insulin resistance combined with
adipose insulin sensitivity may comprise a 'fat catch-up'
paradigm by ensuring fatty acid channelling to adipose
tissue and decreased muscle thermogenesis [81]. In addition, the recent discovery of a hormone associated with
longevity called 'klotho' that can induce insulin resistance
and upregulate FOXO [82] is therefore significant, as is
supports the observation that the right degree of insulin
resistance may aid long-term survival. For instance, if normal human subjects are starved for 48 hours, they become
insulin resistance, which is thought to be a natural
response to maintain glucose levels and is related to
decreased glucose dispersal by down-regulation of muscle
PDC [83]. This insulin resistance is probably related to
increased intramyocellular fat, as during starvation, FFA
levels rise [84]. Similarly, 60 hour starvation of patients
with T2D or obesity can result in increased insulin resistance, but only in those who were relatively insulin sensitive to begin with; in some highly insulin resistant
patients, starvation improved sensitivity [85]. Indeed, it
has been observed for many years that crash dieting can
actually induce severe insulin resistance and T2D is some
obese patients [86].

FOXO, which is one of the most important transcription
factors in improving functional longevity during fasting,
is negatively regulated by insulin [9]. We suggest that a
critical function of the PPARs is to reduce insulin "drive"
(via appropriate tissue insulin sensitisation) and thereby
increase functional longevity by preventing the insulinmediated downregulation of FOXO. This process is also
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extended directly to insulin production, as PPARs are
involved in controlling glucose-stimulated insulin release,
a process that is modulated by fatty acids and may involve
UCPs: increased PPAR α activity is associated with down
regulation of insulin production during fasting, while
PPAR γ islet over-expression can also suppress insulin
release [87,88]. Interestingly, saturated fat is far more
insulinotropic than unsaturated fat [89], which might
suggest that PPARs are more effective at reducing insulin
production in response to unsaturated fats. This is in
keeping with the susceptibility of unsaturated fats to oxidative damage. In contrast, saturated fat is less effective
than unsaturated fat at stimulating the incretin, glucagonlike peptide-1 (GLP-1), from the gut [90]. The biological
activities of GLP-1 include stimulation of glucose-dependent insulin secretion and insulin biosynthesis, inhibition
of glucagon secretion and gastric emptying, and inhibition of food intake. This may suggest an evolved bias
towards unsaturated dietary fat intake from the gut, but an
internal system to react to nascent saturated fat produced
from glucose (or fructose): i.e. we are far more able to tolerate ingestion of unsaturated fat, compared to saturated
fat – but the system is designed to recognise and deal with
de novo saturated fat generated from carbohydrate.
Human data suggest that rosiglitazone can activate desaturases, so reducing levels of saturated fat in the system
[91], which would further indicate that reduction of
excess saturated fat is a biological imperative.
We propose that at it simplest, muscle insulin sensitivity
may result in increased thermogenesis through futile
cycling and thus, would be associated with an 'unthrifty'
genotype. Key in either the thrifty, or unthrifty genotypes
(as indicated by the PPAR ala/pro mutation), would be
the role of the PPARs: increased adipose PPAR γ activity
would result in better fat storage (adipose insulin sensitivity), whereas an improved ability to burn fat in muscle
(PPAR α/δ) might be associated with better muscle insulin sensitivity and less efficient feed efficiency (but a better
tolerance to cold). Hence, by modulating tissue-specific
fatty acid metabolism and storage, PPARs are able to maximise FOXO activity and thus optimise resistance to oxidative stress by reducing the need for insulin. One
obvious exception to this is the mutually suppressive
effects of PPAR γ and FOXO in adipose tissue [22];
increased PPAR γ activity would act to store fatty acids,
while still maintaining an anti-inflammatory effect
(reduce oxidative stress) by suppression of NFkB. Certainly, basal NFκB activity increases during adipocyte differentiation [92]. This would suggest a possible adiposeinflammatory paradigm, whereby increased NFkB activity
could conceivably suppress both FOXO and PPAR γ,
resulting in 'inflammatory' lipolysis. During starvation,
FOXO would be expected to suppress both NFkB and
PPAR γ and result in 'starvation' lipolysis. However, in
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obesity, this natural suppression of inflammation is lost
due to the high adipose-related inflammatory signal,
which suppresses both PPAR γ and FOXO: this could lead
to the metabolic syndrome.
The metabolic syndrome; PPARs keep the acute phase
response in check
It has been suggested that in addition to the 'thrifty' genotype, another adaptation may also be needed to develop
the metabolic syndrome, and that is a 'high cytokine
responder' genotype, with an improved ability to resist
injury (i.e. a stronger inflammatory response) [93]. It has
been known for many years that injury can result in profound insulin resistance and is associated with the APR,
which is a systemic inflammatory injury response to protect the host (being both haemostatic and anti-microbial)
characterised by the hepatic production of acute phase
proteins (e.g. c-reactive peptide, CRP) and glucose,
increased cytokine production and turnover of protein,
glycerol free and fatty acids, and has been called the
'hypermetabolic response' [94,95]. This 'hypermetabolic'
(catabolic) state can be mimicked by injection of the stress
hormones cortisol, glucagon and ephedrine in human
volunteers [96]. However, this 'hypermetabolic' state is
usually associated with increased thermogenesis (pyrexia)
and is anorexic, and probably involves inflammatorymediated modulation of appetite systems, such as the
melanocortin pathway [97]; this is clearly not the case in
the metabolic syndrome. Interestingly, leptin is known to
mediate the effects of lipopolysaccharide (LPS) induced
anorexia and fever [98], but central leptin (and insulin)
resistance is a common finding in obesity and could be
related to leptin itself via effects on phosphatidylinositol
3-kinase (PI3K) and phosphodiesterase 3B (PDE3B) activities and reduction in cyclic AMP (cAMP) [99] and/or the
pro-inflammatory effects of a high fat diet [100]. This
might also represent a another thrifty adaptation to
ensure a high state of 'inflammatory readiness', but conservation of energy stores.

It was suggested by Pickup and colleagues in 1997 that
'syndrome X' (now called the metabolic syndrome) was in
fact a disease caused by the chronic activation of the
innate immune system and contributed to the hypertriglyceridaemia, low HDL cholesterol, hypertension, glucose
intolerance, insulin resistance and accelerated atherosclerosis of NIDDM [101]. This hypothesis for the development of T2D (and the metabolic syndrome) was further
supported by data from the Athersclerosis Risk in Communities study (ARIC) [102]. Importantly, the APR and
inflammation can result in increased insulin output,
which can in turn suppress the APR – so providing a possible negative feedback mechanism [103]. Interestingly,
IL-6, a potent inflammatory cytokine-inducer of the APR
produced by adipose tissue, is significantly associated
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with insulin resistance and insulin levels in men: this relationship may further indicate a 'thrifty' adaptation, which
both enhances resistance to infection and ability to store
energy [104]. Mutations in the IL-6 gene are associated
with increased risk of diabetes [105].
The APR response has now been shown to down-regulate
PPAR activity in most tissues, including adipocytes [106]
– which is to be expected, as PPARs are generally antiinflammatory and improve insulin sensitivity. Indeed,
they have been described as negative acute phase proteins
[107]. At the site of injury (due to hypoxia), HIF-1 (and
NFkB) may suppress PPAR activity directly. Away from the
site of injury, pro-inflammatory mediators such as angiotensin II can mediate many of the effects of the APR via
activation of NFkB and thereby also inhibit PPAR activity
[108,109].

http://www.nuclear-receptor.com/content/5/1/1

We suggest that at some point in the clinical evolution of
the metabolic syndrome and T2D a 'tipping point' is
reached, resulting in an inflammatory-driven downregulation of PPARs (figure 3). All of this would strongly indicate that the metabolic syndrome is an exaggerated thrifty
response, characterised by insulin resistance, which not
only induces a propensity to store fat, but results in a fatmass related activation of the APR (and resistance to its
normal suppression by insulin). However, unlike the well
described hypermetabolic injury response, appetite is
maintained and thermogenesis suppressed (see below for
possible explanation).

Evolutionary function of the PPARs: putting the
brake on oxidative stress
In summary, we postulate that as transcriptional factors,
PPARs have evolved to improve functional longevity by
integrating lipid storage and burning with both reduction
of insulin levels and suppression/resolution of inflamma-

Figure
A
modern
3 imbalance: an out of control 'thrifty' response
A modern imbalance: an out of control 'thrifty' response. Proposal as to what happens when an ancient hunter-gatherer genotype meets a modern lifestyle. Thrifty response and expanding adipose tissue eventually leads to an over-whelming
inflammatory signal.
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tion and thus reduction of ROS and oxidative stress (figure 4). This critical role is summarised by the
'transcriptional triad' (figure 1). Key in this is the ability of
PPARs to overcome the 'hypoxia-lipid conundrum', so
preventing hypoxia-driven lipid damage and excessive
activation of the APR: insulin resistance is induced by
increased ROS, inflammatory mediators and deposition
of intramyocellular lipids – all things normally suppressed by the PPARs. By reducing the need for insulin,
they can optimise FOXO, which upregulates many genes
involved in resistance to oxidative stress. Although PPARs
have been mostly shown to decrease oxidative stress, there
are reports of PPAR γ ligands increasing ROS – especially
in cancer cells, which leads to apoptosis and is associated
with mitochondrial dysfunction [110-112]. Given the
reliance of many cancer cells on glycolysis (the 'Warburg'
effect) and the fact that cancer invokes many inflammatory pathways [113], this could be viewed as another
mechanism to ensure functional longevity.

http://www.nuclear-receptor.com/content/5/1/1

The key to understanding the PPARs is their role as lipid
sensors in transcriptional control during starvation, feeding and inflammation: fat is essential for long-term survival. During fasting/starvation, muscle insulin resistance
is clearly a thrifty response and is associated with fat deposition, and enables glucose sparing, while in the liver, it
encourages gluconeogenesis: at its simplest fatty acids and
glycerol flow out of adipose tissue to supply energy. During fasting, many tissues start to burn fats – a process that
requires PPAR α and δ. In contrast, during feeding, it is
necessary to store and/or replenish energy – either as glycogen, or as lipid in adipose tissue: a degree of muscle
insulin resistance, and adipose tissue insulin sensitivity,
will channel lipid to the correct store. Key in this is PPAR
γ. However, this balance is determined by muscle mass:
more muscle means higher glucose dispersal, but muscle
is also metabolically active and an important site of thermogenesis, and therefore, energy loss – which, we suggest,
may be partly determined by mass action and futile
cycling (the muscle 'metabolite door' is more open due to

Figure
A
possible
4 function for the PPARs
A possible function for the PPARs. A summary proposing the overall function of the PPARs (peroxisomal-proliferating
activated receptors).

Page 8 of 13
(page number not for citation purposes)

Nuclear Receptor 2007, 5:1

http://www.nuclear-receptor.com/content/5/1/1

Figure 5 metabolic balance
Restoring
Restoring metabolic balance. Lifestyle changes and therapeutic interventions in redressing the imbalance leading to restoration of metabolic and inflammatory balance. Sustained weight loss critical for optimum results.
insulin sensitivity). Certainly, PPAR δ (and probably α)
are important the utilisation of lipid energy muscle. During injury/inflammation, energy is required for the
immune system, so insulin resistance is increased and lipids flow out of adipose tissue – which is not to dissimilar
to the fasting response. However, unlike the fasting
response, the insulin resistance is likely to be largely
cytokine induced, plus, it is usually associated with
pyrexia (increased futile cycling & thermogenesis) and
anorexia – it is a hypermetabolic response. Furthermore,
unlike fasting, inflammation is associated with increased
oxidative stress. It is also associated with suppression of
PPAR activity – however, PPARs would act as negative regulators to modulate the response and improve insulin
action.
The transcriptional adaptive response to fasting involves
upregulation of FOXO, PGC-1α and PPAR α – all of which
enhance resistance to oxidative stress and the ability to
burn fat, while ensuring glucose sparing. Thus, insulin

resistance is essential for survival, but too much can result
in a feed-forward "feed-inflammatory" response: the
'thrifty' response out of control – as it also suppresses the
hypothalamic satiety effects of insulin and leptin. At the
transcriptional level, FOXO activity appears to be orexigenic in the hypothalamus [114] – insulin (and inflammatory mediators) would suppress its activity. Hence,
PPARs, by suppressing oxidative stress and improving
insulin action, can prevent this from happening.
The out of control 'thrifty' response: new lifestyle, old
genes – a modern PPAR imbalance
It is now well accepted that "modern epidemics" such as
obesity, the metabolic syndrome, and type 2 diabetes
reflect that the modern human is simply "drowning in a
sea of saturated fats". It is generally thought that this is
due to a ancient genotype being exposed to a modern
environment. Thus, if we accept that we are simply "Stone
Agers in the fast lane" [115], we need to rebalance our systems, either artificially or naturally, to protect us against
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the ravages of modern living and to slow the aging process. For instance, evidence suggests that dietary manipulation to increase the polyunsaturated/saturated fat ratio
can be advantageous [116-118], and the benefits of physical activity are well known, including the ability to delay
and prevent type 2 diabetes [119]. One might argue, however, that sections of the population exhibiting the "thrifty
genotype" may be especially at risk and need to dramatically change their diet and lifestyle in order to optimize
their functional longevity. In many respects, the longlived calorie-restriction phenotype is the complete opposite of the shorter-lived metabolic syndrome phenotype.
Evidence suggests that our ancestors did not often live
much beyond the age of 40, so an ability to store fat
quickly, which accentuated the potency of the innate
immune – was never really a problem in the long term: it
is probably an example of 'antagonistic pleiotropy', which
gave a survival advantage while young, ensuring reproductive success.

Jimmy Bell has no financial relationships to disclose.

Modulation of PPARs appears to occur in the APR, which
occurs as part of an injury-related response. During this
reaction to injury, it may be necessary to downregulate
PPARs, as they have many effects that are counterproductive to tissue healing (e.g., they reduce insulin, resistance,
suppress expression of inflammatory cytokines and are
anti-proliferative). Many of the pathways that are thought
to achieve this downregulation are involved in allowing
the metabolism of fats. Significantly, many of the signs
and symptoms of the APR are shared by the metabolic
syndrome. Therefore, it is not untoward to speculate that
the downregulation of PPARs may well be at the root of
the metabolic syndrome. The cause of this downregulation may well be the modern lifestyle, leading to an out of
control 'thrifty response'. Modulating PPARs may be one
way to help prevent this. In this respect, it may be possible
to "rebalance" our systems through changes in diet, lifestyle, and, possibly, therapeutic intervention (figure 5) –
the PPARs may therefore play a very important role in
'metabolic balance'. The benefits of PPAR activation/
modulation are clear from trials where PPARs have been
activated by pharmacological and natural ligands
[120,121]. However, the increased mortality of some
patients with compromised cardiac function in trials with
the newer dual PPAR agonists does suggest that modulation of PPAR function needs to be handled carefully in
some populations [122], as enhancing their activity may
counter-act an ancient injury survival system.

2.

Competing interests
We received financial support from AstraZeneca for writing and editorial assistance from Chris Langford, PhD,
and Lyndsey Wood of PAREXEL MMS Europe Ltd.

Philip Barter has financial relationships with the manufacturers of healthcare products that include the following: employment, no conflict of interest; consultancy,
AstraZeneca, Pfizer, and Sanofi-Aventis; honoraria
received, AstraZeneca, Fournier, Merck, Pfizer, and SanofiAventis; research support or collaboration, Pfizer; participation in sponsored clinical trial, AstraZeneca, Fournier,
and Pfizer; lecture/speaker's bureau/other fees, AstraZeneca, Fournier, Merck, Pfizer, and Sanofi-Aventis;
shareholder, nil; patent holder in the field, nil.

Acknowledgements
We would like to thank Chris Langford and Lyndsey Wood for their excellent editorial assistance.

References
1.

3.

4.
5.
6.
7.
8.
9.
10.

11.

12.
13.
14.
15.

16.

Alistair Nunn is a consultant for GW pharmaceuticals.

Issemann I, Green S: Activation of a member of the steroid hormone receptor superfamily by peroxisome proliferators.
Nature 1990, 347:645-650.
Michalik L, Desvergne B, Dreyer C, Gavillet M, Laurini RN, Wahli W:
PPAR expression and function during vertebrate development. Int J Dev Biol 2002, 46:105-114.
Froment P, Gizard F, Defever D, Staels B, Dupont J, Monget P: Peroxisome proliferator-activated receptors in reproductive
tissues: from gametogenesis to parturition. J Endocrinol 2006,
189:199-209.
Kliewer SA, Xu HE, Lambert MH, Willson TM: Peroxisome proliferator-activated receptors: from genes to physiology. Recent
Prog Horm Res 2001, 56:239-263.
Michalik L, Wahli W: Involvement of PPAR nuclear receptors
in tissue injury and wound repair.
J Clin Invest 2006,
116:598-606.
Youssef J, Badr M: Role of Peroxisome Proliferator-Activated
Receptors in Inflammation Control. J Biomed Biotechnol 2004,
2004:156-166.
Lavrovsky Y, Chatterjee B, Clark RA, Roy AK: Role of redox-regulated transcription factors in inflammation, aging and agerelated diseases. Exp Gerontol 2000, 35:521-532.
Laudet V: Evolution of the nuclear receptor superfamily: early
diversification from an ancestral orphan receptor. J Mol Endocrinol 1997, 19:207-226.
Morris BJ: A forkhead in the road to longevity: the molecular
basis of lifespan becomes clearer.
J Hypertens 2005,
23:1285-1309.
Corton JC, Brown-Borg HM: Peroxisome proliferator-activated
receptor gamma coactivator 1 in caloric restriction and
other models of longevity. J Gerontol A Biol Sci Med Sci 2005,
60:1494-1509.
Corton JC, Apte U, Anderson SP, Limaye P, Yoon L, Latendresse J,
Dunn C, Everitt JI, Voss KA, Swanson C, Kimbrough C, Wong JS, Gill
SS, Chandraratna RA, Kwak MK, Kensler TW, Stulnig TM, Steffensen
KR, Gustafsson JA, Mehendale HM: Mimetics of caloric restriction include agonists of lipid-activated nuclear receptors. J
Biol Chem 2004, 279:46204-46212.
Russell AP, Hesselink MK, Lo SK, Schrauwen P: Regulation of metabolic transcriptional co-activators and transcription factors
with acute exercise. FASEB J 2005, 19:986-988.
Metel'skii ST: [The relationship of the lifespan of eukaryotes
(animals and plants) to their physical characteristics]. Zh
Obshch Biol 1995, 56:723-735.
Troen BR: The biology of aging. Mt Sinai J Med 2003, 70:3-22.
Escher P, Braissant O, Basu-Modak S, Michalik L, Wahli W, Desvergne
B: Rat PPARs: quantitative analysis in adult rat tissues and
regulation in fasting and refeeding.
Endocrinology 2001,
142:4195-4202.
Fredenrich A, Grimaldi PA: PPAR delta: an uncompletely known
nuclear receptor. Diabetes Metab 2005, 31:23-27.

Page 10 of 13
(page number not for citation purposes)

Nuclear Receptor 2007, 5:1

17.

18.
19.

20.

21.

22.
23.

24.
25.
26.
27.

28.

29.

30.
31.
32.

33.

34.

35.

36.

Kim MS, Pak YK, Jang PG, Namkoong C, Choi YS, Won JC, Kim KS,
Kim SW, Kim HS, Park JY, Kim YB, Lee KU: Role of hypothalamic
Foxo1 in the regulation of food intake and energy homeostasis. Nat Neurosci 2006.
Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM:
A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell 1998, 92:829-839.
Puigserver P, Spiegelman BM: Peroxisome proliferator-activated
receptor-gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic regulator. Endocr Rev
2003, 24:78-90.
Puigserver P, Rhee J, Donovan J, Walkey CJ, Yoon JC, Oriente F, Kitamura Y, Altomonte J, Dong H, Accili D, Spiegelman BM: Insulin-regulated hepatic gluconeogenesis through FOXO1-PGC1alpha interaction. Nature 2003, 423:550-555.
Vega RB, Huss JM, Kelly DP: The coactivator PGC-1 cooperates
with peroxisome proliferator-activated receptor alpha in
transcriptional control of nuclear genes encoding mitochondrial fatty acid oxidation enzymes. Mol Cell Biol 2000,
20:1868-1876.
Dowell P, Otto TC, Adi S, Lane MD: Convergence of peroxisome
proliferator-activated receptor gamma and Foxo1 signaling
pathways. J Biol Chem 2003, 278:45485-45491.
Kamei Y, Mizukami J, Miura S, Suzuki M, Takahashi N, Kawada T, Taniguchi T, Ezaki O: A forkhead transcription factor FKHR upregulates lipoprotein lipase expression in skeletal muscle.
FEBS Lett 2003, 536:232-236.
Sung B, Park S, Yu BP, Chung HY: Modulation of PPAR in aging,
inflammation, and calorie restriction. J Gerontol A Biol Sci Med
Sci 2004, 59:997-1006.
Spencer NF, Poynter ME, Im SY, Daynes RA: Constitutive activation of NF-kappa B in an animal model of aging. Int Immunol
1997, 9:1581-1588.
Chung HY, Sung B, Jung KJ, Zou Y, Yu BP: The molecular inflammatory process in aging. Antioxid Redox Signal 2006, 8:572-581.
Poynter ME, Daynes RA: Peroxisome proliferator-activated
receptor alpha activation modulates cellular redox status,
represses nuclear factor-kappaB signaling, and reduces
inflammatory cytokine production in aging. J Biol Chem 1998,
273:32833-32841.
Zhu M, Miura J, Lu LX, Bernier M, DeCabo R, Lane MA, Roth GS,
Ingram DK: Circulating adiponectin levels increase in rats on
caloric restriction: the potential for insulin sensitization. Exp
Gerontol 2004, 39:1049-1059.
Ajuwon KM, Spurlock ME: Adiponectin inhibits LPS-induced
NF-kappaB activation and IL-6 production and increases
PPARgamma2 expression in adipocytes. Am J Physiol Regul
Integr Comp Physiol 2005, 288:R1220-R1225.
Barish GD, Narkar VA, Evans RM: PPAR delta: a dagger in the
heart of the metabolic syndrome.
J Clin Invest 2006,
116:590-597.
Finnberg N, El-Deiry WS: Activating FOXO3a, NF-kappaB and
p53 by targeting IKKs: an effective multi-faceted targeting of
the tumor-cell phenotype? Cancer Biol Ther 2004, 3:614-616.
Delerive P, De BK, Besnard S, Vanden BW, Peters JM, Gonzalez FJ,
Fruchart JC, Tedgui A, Haegeman G, Staels B: Peroxisome proliferator-activated receptor alpha negatively regulates the vascular inflammatory gene response by negative cross-talk
with transcription factors NF-kappaB and AP-1. J Biol Chem
1999, 274:32048-32054.
Planavila A, Laguna JC, Vazquez-Carrera M: Nuclear factor-kappaB activation leads to down-regulation of fatty acid oxidation during cardiac hypertrophy.
J Biol Chem 2005,
280:17464-17471.
Rival Y, Beneteau N, Taillandier T, Pezet M, Dupont-Passelaigue E,
Patoiseau JF, Junquero D, Colpaert FC, Delhon A: PPARalpha and
PPARdelta activators inhibit cytokine-induced nuclear
translocation of NF-kappaB and expression of VCAM-1 in
EAhy926 endothelial cells. Eur J Pharmacol 2002, 435:143-151.
Tham DM, Martin-McNulty B, Wang YX, Wilson DW, Vergona R,
Sullivan ME, Dole W, Rutledge JC: Angiotensin II is associated
with activation of NF-kappaB-mediated genes and downregulation of PPARs. Physiol Genomics 2002, 11:21-30.
Demas GE, Sakaria S: Leptin regulates energetic tradeoffs
between body fat and humoural immunity. Proc Biol Sci 2005,
272:1845-1850.

http://www.nuclear-receptor.com/content/5/1/1

37.
38.

39.
40.

41.

42.
43.

44.

45.
46.
47.

48.
49.

50.

51.

52.

53.

54.

55.

Blundell JE, Finlayson G: Is susceptibility to weight gain characterized by homeostatic or hedonic risk factors for overconsumption? Physiol Behav 2004, 82:21-25.
Jebb SA, Siervo M, Fruhbeck G, Goldberg GR, Murgatroyd PR, Prentice AM: Variability of appetite control mechanisms in
response to 9 weeks of progressive overfeeding in humans.
Int J Obes (Lond) 2006, 30:1160-1162.
Schwartz MW, Woods SC, Seeley RJ, Barsh GS, Baskin DG, Leibel RL:
Is the energy homeostasis system inherently biased toward
weight gain? Diabetes 2003, 52:232-238.
Cancello R, Henegar C, Viguerie N, Taleb S, Poitou C, Rouault C,
Coupaye M, Pelloux V, Hugol D, Bouillot JL, Bouloumie A, Barbatelli
G, Cinti S, Svensson PA, Barsh GS, Zucker JD, Basdevant A, Langin D,
Clement K: Reduction of macrophage infiltration and chemoattractant gene expression changes in white adipose tissue
of morbidly obese subjects after surgery-induced weight
loss. Diabetes 2005, 54:2277-2286.
Bodles AM, Varma V, Yao-Borengasser A, Phanavanh B, Peterson CA,
McGehee RE Jr., Rasouli N, Wabitsch M, Kern PA: Pioglitazone
induces apoptosis of macrophages in human adipose tissue.
J Lipid Res 2006.
Pitts GCB T.R.: . In Body Composition in Animals and Man. Washington
DC, National Academy of Sciences; 1968:45-70.
Luquet S, Lopez-Soriano J, Holst D, Fredenrich A, Melki J, Rassoulzadegan M, Grimaldi PA: Peroxisome proliferator-activated
receptor delta controls muscle development and oxidative
capability. FASEB J 2003, 17:2299-2301.
Russell AP, Feilchenfeldt J, Schreiber S, Praz M, Crettenand A, Gobelet C, Meier CA, Bell DR, Kralli A, Giacobino JP, Deriaz O: Endurance training in humans leads to fiber type-specific increases
in levels of peroxisome proliferator-activated receptorgamma coactivator-1 and peroxisome proliferator-activated
receptor-alpha in skeletal muscle. Diabetes 2003, 52:2874-2881.
Cosgrove JP, Church DF, Pryor WA: The kinetics of the autoxidation of polyunsaturated fatty acids. Lipids 1987, 22:299-304.
Chandel NS, Schumacker PT: Cellular oxygen sensing by mitochondria: old questions, new insight. J Appl Physiol 2000,
88:1880-1889.
Pearlstein DP, Ali MH, Mungai PT, Hynes KL, Gewertz BL, Schumacker PT: Role of mitochondrial oxidant generation in
endothelial cell responses to hypoxia. Arterioscler Thromb Vasc
Biol 2002, 22:566-573.
Cramer T, Johnson RS: A novel role for the hypoxia inducible
transcription factor HIF-1alpha: critical regulation of inflammatory cell function. Cell Cycle 2003, 2:192-193.
Narravula S, Colgan SP: Hypoxia-inducible factor 1-mediated
inhibition of peroxisome proliferator-activated receptor
alpha expression during hypoxia.
J Immunol 2001,
166:7543-7548.
Yun Z, Maecker HL, Johnson RS, Giaccia AJ: Inhibition of PPAR
gamma 2 gene expression by the HIF-1-regulated gene
DEC1/Stra13: a mechanism for regulation of adipogenesis by
hypoxia. Dev Cell 2002, 2:331-341.
Figueroa YG, Chan AK, Ibrahim R, Tang Y, Burow ME, Alam J, Scandurro AB, Beckman BS: NF-kappaB plays a key role in hypoxiainducible factor-1-regulated erythropoietin gene expression.
Exp Hematol 2002, 30:1419-1427.
Jung YJ, Isaacs JS, Lee S, Trepel J, Neckers L: IL-1beta-mediated upregulation of HIF-1alpha via an NFkappaB/COX-2 pathway
identifies HIF-1 as a critical link between inflammation and
oncogenesis. FASEB J 2003, 17:2115-2117.
Sugden MC, Bulmer K, Gibbons GF, Holness MJ: Role of peroxisome proliferator-activated receptor-alpha in the mechanism underlying changes in renal pyruvate dehydrogenase
kinase isoform 4 protein expression in starvation and after
refeeding. Arch Biochem Biophys 2001, 395:246-252.
Aubert J, Champigny O, Saint-Marc P, Negrel R, Collins S, Ricquier D,
Ailhaud G: Up-regulation of UCP-2 gene expression by PPAR
agonists in preadipose and adipose cells. Biochem Biophys Res
Commun 1997, 238:606-611.
Kelly LJ, Vicario PP, Thompson GM, Candelore MR, Doebber TW,
Ventre J, Wu MS, Meurer R, Forrest MJ, Conner MW, Cascieri MA,
Moller DE: Peroxisome proliferator-activated receptors
gamma and alpha mediate in vivo regulation of uncoupling
protein (UCP-1, UCP-2, UCP-3) gene expression. Endocrinology 1998, 139:4920-4927.

Page 11 of 13
(page number not for citation purposes)

Nuclear Receptor 2007, 5:1

56.

57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.

68.

69.
70.

71.

72.

73.

74.
75.

Sears IB, MacGinnitie MA, Kovacs LG, Graves RA: Differentiationdependent expression of the brown adipocyte uncoupling
protein gene: regulation by peroxisome proliferator-activated receptor gamma. Mol Cell Biol 1996, 16:3410-3419.
Thompson MP, Kim D: Links between fatty acids and expression of UCP2 and UCP3 mRNAs. FEBS Lett 2004, 568:4-9.
Jezek P, Zackova M, Ruzicka M, Skobisova E, Jaburek M: Mitochondrial uncoupling proteins--facts and fantasies. Physiol Res 2004,
53 Suppl 1:S199-S211.
Sullivan PG, Rippy NA, Dorenbos K, Concepcion RC, Agarwal AK,
Rho JM: The ketogenic diet increases mitochondrial uncoupling protein levels and activity. Ann Neurol 2004, 55:576-580.
Xiao H, Massaro D, Massaro GD, Clerch LB: Expression of lung
uncoupling protein-2 mRNA is modulated developmentally
and by caloric intake. Exp Biol Med (Maywood ) 2004, 229:479-485.
Carroll AM, Porter RK: Starvation-sensitive UCP 3 protein
expression in thymus and spleen mitochondria. Biochim Biophys Acta 2004, 1700:145-150.
Armstrong MB, Towle HC: Polyunsaturated fatty acids stimulate hepatic UCP-2 expression via a PPARalpha-mediated
pathway. Am J Physiol Endocrinol Metab 2001, 281:E1197-E1204.
Reilly JM, Thompson MP: Dietary fatty acids Up-regulate the
expression of UCP2 in 3T3-L1 preadipocytes. Biochem Biophys
Res Commun 2000, 277:541-545.
Zackova M, Skobisova E, Urbankova E, Jezek P: Activating omega6 polyunsaturated fatty acids and inhibitory purine nucleotides are high affinity ligands for novel mitochondrial
uncoupling proteins UCP2 and UCP3. J Biol Chem 2003,
278:20761-20769.
Ledesma A, de Lacoba MG, Rial E: The mitochondrial uncoupling
proteins. Genome Biol 2002, 3:REVIEWS3015.
Schrauwen P, Mensink M, Schaart G, Moonen-Kornips E, Sels JP, Blaak
EE, Russell AP, Hesselink MK: Reduced skeletal muscle uncoupling protein-3 content in prediabetic subjects and type 2
diabetic patients: restoration by rosiglitazone treatment. J
Clin Endocrinol Metab 2006, 91:1520-1525.
Becuwe P, Bianchi A, Keller JM, Dauca M: Effects of the peroxisome proliferator clofibric acid on superoxide dismutase
expression in the human HepG2 hepatoma cell line. Biochem
Pharmacol 1999, 58:1025-1033.
Inoue I, Goto S, Matsunaga T, Nakajima T, Awata T, Hokari S,
Komoda T, Katayama S: The ligands/activators for peroxisome
proliferator-activated receptor alpha (PPARalpha) and
PPARgamma increase Cu2+,Zn2+-superoxide dismutase
and decrease p22phox message expressions in primary
endothelial cells. Metabolism 2001, 50:3-11.
Yoo HY, Chang MS, Rho HM: Induction of the rat Cu/Zn superoxide dismutase gene through the peroxisome proliferatorresponsive element by arachidonic acid. Gene 1999, 234:87-91.
Lee CH, Olson P, Hevener A, Mehl I, Chong LW, Olefsky JM,
Gonzalez FJ, Ham J, Kang H, Peters JM, Evans RM: PPARdelta regulates glucose metabolism and insulin sensitivity. Proc Natl
Acad Sci U S A 2006, 103:3444-3449.
Haluzik MM, Lacinova Z, Dolinkova M, Haluzikova D, Housa D,
Horinek A, Vernerova Z, Kumstyrova T, Haluzik M: Improvement
of Insulin Sensitivity after Peroxisome Proliferator-Activated Receptor-{alpha} Agonist Treatment Is Accompanied
by Paradoxical Increase of Circulating Resistin Levels. Endocrinology 2006, 147:4517-4524.
Ye JM, Doyle PJ, Iglesias MA, Watson DG, Cooney GJ, Kraegen EW:
Peroxisome proliferator-activated receptor (PPAR)-alpha
activation lowers muscle lipids and improves insulin sensitivity in high fat-fed rats: comparison with PPAR-gamma activation. Diabetes 2001, 50:411-417.
Boden G, Lebed B, Schatz M, Homko C, Lemieux S: Effects of acute
changes of plasma free fatty acids on intramyocellular fat
content and insulin resistance in healthy subjects. Diabetes
2001, 50:1612-1617.
Houstis N, Rosen ED, Lander ES: Reactive oxygen species have a
causal role in multiple forms of insulin resistance. Nature
2006, 440:944-948.
Tripathy D, Mohanty P, Dhindsa S, Syed T, Ghanim H, Aljada A, Dandona P: Elevation of free fatty acids induces inflammation and
impairs vascular reactivity in healthy subjects. Diabetes 2003,
52:2882-2887.

http://www.nuclear-receptor.com/content/5/1/1

76.

77.
78.
79.
80.
81.

82.

83.

84.

85.
86.
87.

88.

89.

90.

91.

92.
93.

94.
95.

Boden G, She P, Mozzoli M, Cheung P, Gumireddy K, Reddy P, Xiang
X, Luo Z, Ruderman N: Free fatty acids produce insulin resistance and activate the proinflammatory nuclear factor-kappaB pathway in rat liver. Diabetes 2005, 54:3458-3465.
Goldstein BJ, Mahadev K, Wu X, Zhu L, Motoshima H: Role of insulin-induced reactive oxygen species in the insulin signaling
pathway. Antioxid Redox Signal 2005, 7:1021-1031.
NEEL JV: Diabetes mellitus: a "thrifty" genotype rendered
detrimental by "progress"? Am J Hum Genet 1962, 14:353-362.
Ruiz-Narvaez E: Is the Ala12 variant of the PPARG gene an
"unthrifty allele"? J Med Genet 2005, 42:547-550.
Stannard SR, Johnson NA: Insulin resistance and elevated triglyceride in muscle: more important for survival than
"thrifty" genes? J Physiol 2004, 554:595-607.
Cettour-Rose P, Samec S, Russell AP, Summermatter S, Mainieri D,
Carrillo-Theander C, Montani JP, Seydoux J, Rohner-Jeanrenaud F,
Dulloo AG: Redistribution of glucose from skeletal muscle to
adipose tissue during catch-up fat: a link between catch-up
growth and later metabolic syndrome.
Diabetes 2005,
54:751-756.
Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu H,
Miyoshi M, Ogawa Y, Castrillon DH, Rosenblatt KP, M K: Regulation
of oxidative stress by the anti-aging hormone klotho. J Biol
Chem 2005, 280:38029-38034.
Tsintzas K, Jewell K, Kamran M, Laithwaite D, Boonsong T, Littlewood J, Macdonald I, Bennett A: Differential regulation of metabolic genes in skeletal muscle during starvation and
refeeding in humans. J Physiol 2006, 575:291-303.
Johnson NA, Stannard SR, Rowlands DS, Chapman PG, Thompson
CH, O'Connor H, Sachinwalla T, Thompson MW: Effect of shortterm starvation versus high-fat diet on intramyocellular triglyceride accumulation and insulin resistance in physically fit
men. Exp Physiol 2006, 91:693-703.
Duska F, Andel M, Kubena A, Macdonald IA: Effects of acute starvation on insulin resistance in obese patients with and without type 2 diabetes mellitus. Clin Nutr 2005, 24:1056-1064.
Koffler M, Kisch ES: Starvation diet and very-low-calorie diets
may induce insulin resistance and overt diabetes mellitus. J
Diabetes Complications 1996, 10:109-112.
Gremlich S, Nolan C, Roduit R, Burcelin R, Peyot ML, ghingaroAugusto V, Desvergne B, Michalik L, Prentki M, Wahli W: Pancreatic islet adaptation to fasting is dependent on peroxisome
proliferator-activated receptor alpha transcriptional up-regulation of fatty acid oxidation. Endocrinology 2005, 146:375-382.
Ito E, Ozawa S, Takahashi K, Tanaka T, Katsuta H, Yamaguchi S, Maruyama M, Takizawa M, Katahira H, Yoshimoto K, Nagamatsu S, Ishida
H: PPAR-gamma overexpression selectively suppresses insulin secretory capacity in isolated pancreatic islets through
induction of UCP-2 protein. Biochem Biophys Res Commun 2004,
324:810-814.
Stein DT, Stevenson BE, Chester MW, Basit M, Daniels MB, Turley
SD, McGarry JD: The insulinotropic potency of fatty acids is
influenced profoundly by their chain length and degree of
saturation. J Clin Invest 1997, 100:398-403.
Hirasawa A, Tsumaya K, Awaji T, Katsuma S, Adachi T, Yamada M,
Sugimoto Y, Miyazaki S, Tsujimoto G: Free fatty acids regulate
gut incretin glucagon-like peptide-1 secretion through
GPR120. Nat Med 2005, 11:90-94.
Riserus U, Tan GD, Fielding BA, Neville MJ, Currie J, Savage DB, Chatterjee VK, Frayn KN, O'Rahilly S, Karpe F: Rosiglitazone increases
indexes of stearoyl-CoA desaturase activity in humans: link
to insulin sensitization and the role of dominant-negative
mutation in peroxisome proliferator-activated receptorgamma. Diabetes 2005, 54:1379-1384.
Berg AH, Lin Y, Lisanti MP, Scherer PE: Adipocyte differentiation
induces dynamic changes in NF-kappaB expression and
activity. Am J Physiol Endocrinol Metab 2004, 287:E1178-E1188.
Fernandez-Real JM, Ricart W: Insulin resistance and inflammation in an evolutionary perspective: the contribution of
cytokine genotype/phenotype to thriftiness. Diabetologia 1999,
42:1367-1374.
Goldstein SA, Elwyn DH: The effects of injury and sepsis on fuel
utilization. Annu Rev Nutr 1989, 9:445-473.
Mizock BA: Alterations in carbohydrate metabolism during
stress: a review of the literature. Am J Med 1995, 98:75-84.

Page 12 of 13
(page number not for citation purposes)

Nuclear Receptor 2007, 5:1

96.
97.
98.
99.

100.

101.

102.
103.
104.

105.

106.

107.

108.

109.
110.

111.

112.

113.
114.

115.
116.

Bessey PQ, Lowe KA: Early hormonal changes affect the catabolic response to trauma. Ann Surg 1993, 218:476-489.
Wisse BE, Schwartz MW, Cummings DE: Melanocortin signaling
and anorexia in chronic disease states. Ann N Y Acad Sci 2003,
994:275-281.
Sachot C, Poole S, Luheshi GN: Circulating leptin mediates
lipopolysaccharide-induced anorexia and fever in rats. J Physiol 2004, 561:263-272.
Sahu A, Metlakunta AS: Hypothalamic phosphatidylinositol 3kinase-phosphodiesterase 3B-cyclic AMP pathway of leptin
signalling is impaired following chronic central leptin infusion. J Neuroendocrinol 2005, 17:720-726.
De Souza CT, Araujo EP, Bordin S, Ashimine R, Zollner RL, Boschero
AC, Saad MJ, Velloso LA: Consumption of a fat-rich diet activates a proinflammatory response and induces insulin resistance in the hypothalamus. Endocrinology 2005, 146:4192-4199.
Pickup JC, Mattock MB, Chusney GD, Burt D: NIDDM as a disease
of the innate immune system: association of acute-phase
reactants and interleukin-6 with metabolic syndrome X. Diabetologia 1997, 40:1286-1292.
Duncan BB, Schmidt MI: Chronic activation of the innate
immune system may underlie the metabolic syndrome. Sao
Paulo Med J 2001, 119:122-127.
Campos SP, Baumann H: Insulin is a prominent modulator of
the cytokine-stimulated expression of acute-phase plasma
protein genes. Mol Cell Biol 1992, 12:1789-1797.
Fernandez-Real JM, Vayreda M, Richart C, Gutierrez C, Broch M,
Vendrell J, Ricart W: Circulating interleukin 6 levels, blood
pressure, and insulin sensitivity in apparently healthy men
and women. J Clin Endocrinol Metab 2001, 86:1154-1159.
Vozarova B, Fernandez-Real JM, Knowler WC, Gallart L, Hanson RL,
Gruber JD, Ricart W, Vendrell J, Richart C, Tataranni PA, Wolford JK:
The interleukin-6 (-174) G/C promoter polymorphism is
associated with type-2 diabetes mellitus in Native Americans and Caucasians. Hum Genet 2003, 112:409-413.
Lu B, Moser AH, Shigenaga JK, Feingold KR, Grunfeld C: Repression
of type II nuclear hormone receptors, receptor coactivators,
and their target genes in adipose tissues during the acutephase response. J Lipid Res 2006.
Stienstra R, Lichtenauer-Kaligis E, Muller M: Stress- (and diet-)
related regulation of hepatic nuclear receptors and its relevance for ABC-transporter functions. Drug Metab Rev 2004,
36:391-406.
Jamaluddin M, Meng T, Sun J, Boldogh I, Han Y, Brasier AR: Angiotensin II induces nuclear factor (NF)-kappaB1 isoforms to
bind the angiotensinogen gene acute-phase response element: a stimulus-specific pathway for NF-kappaB activation.
Mol Endocrinol 2000, 14:99-113.
Phillips MI, Kagiyama S: Angiotensin II as a pro-inflammatory
mediator. Curr Opin Investig Drugs 2002, 3:569-577.
Chen YC, Shen SC, Tsai SH: Prostaglandin D(2) and J(2) induce
apoptosis in human leukemia cells via activation of the caspase 3 cascade and production of reactive oxygen species.
Biochim Biophys Acta 2005, 1743:291-304.
Pandhare J, Cooper SK, Phang JM: Proline oxidase, a proapoptotic gene, is induced by troglitazone: evidence for both peroxisome proliferator-activated receptor gamma-dependent
and -independent mechanisms.
J Biol Chem 2006,
281:2044-2052.
Pignatelli M, Sanchez-Rodriguez J, Santos A, Perez-Castillo A: 15deoxy-Delta-12,14-prostaglandin J2 induces programmed
cell death of breast cancer cells by a pleiotropic mechanism.
Carcinogenesis 2005, 26:81-92.
Balkwill F, Mantovani A: Inflammation and cancer: back to Virchow? Lancet 2001, 357:539-545.
Kitamura T, Feng Y, Kitamura YI, Chua SC Jr., Xu AW, Barsh GS, Rossetti L, Accili D: Forkhead protein FoxO1 mediates Agrpdependent effects of leptin on food intake. Nat Med 2006,
12:534-540.
Eaton SB, Konner M, Shostak M: Stone agers in the fast lane:
chronic degenerative diseases in evolutionary perspective.
Am J Med 1988, 84:739-749.
Hu FB: Plant-based foods and prevention of cardiovascular
disease: an overview. Am J Clin Nutr 2003, 78:544S-551S.

http://www.nuclear-receptor.com/content/5/1/1

117. Mendis S, Samarajeewa U, Thattil RO: Coconut fat and serum
lipoproteins: effects of partial replacement with unsaturated
fats. Br J Nutr 2001, 85:583-589.
118. Simon JA, Hodgkins ML, Browner WS, Neuhaus JM, Bernert JT Jr.,
Hulley SB: Serum fatty acids and the risk of coronary heart
disease. Am J Epidemiol 1995, 142:469-476.
119. Lindstrom J, Louheranta A, Mannelin M, Rastas M, Salminen V, Eriksson J, Uusitupa M, Tuomilehto J: The Finnish Diabetes Prevention Study (DPS): Lifestyle intervention and 3-year results
on diet and physical activity. Diabetes Care 2003, 26:3230-3236.
120. Diamant M, Heine RJ: Thiazolidinediones in type 2 diabetes
mellitus: current clinical evidence. Drugs 2003, 63:1373-1405.
121. Elisaf M: Effects of fibrates on serum metabolic parameters.
Curr Med Res Opin 2002, 18:269-276.
122. Nissen SE, Wolski K, Topol EJ: Effect of muraglitazar on death
and major adverse cardiovascular events in patients with
type 2 diabetes mellitus. JAMA 2005, 294:2581-2586.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 13 of 13
(page number not for citation purposes)

