Nutrition & Metabolism© Nunn et al; licensee BioMed Central Ltd. 2010
                This article is published under license to BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (<url>http://creativecommons.org/licenses/by/2.0</url>), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

              

10.1186/1743-7075-7-87

Commentary

Inflammatory modulation of exercise salience: using hormesis to return to a healthy lifestyle

Alistair V Nunn1  , Geoffrey W Guy2  , James S Brodie2   and Jimmy D Bell1  
(1)Metabolic and Molecular Imaging Group, MRC Clinical Sciences Centre, Hammersmith Hospital, Imperial College London, Du Cane Road, London W12 OHS, UK

(2)GW pharmaceuticals, Porton Down, Salisbury, Wiltshire SP4 0JQ, UK

 

 
Alistair V Nunn (Corresponding author)
Email: alistair.nunn@btconnect.com

 
Geoffrey W Guy
Email: gwg@gwpharm.com

 
James S Brodie
Email: jbrodie@gwpharm.com

 
Jimmy D Bell
Email: jimmy.bell@csc.mrc.ac.uk



Received: 3 September 2010Accepted: 9 December 2010Published online: 9 December 2010
Abstract
Most of the human population in the western world has access to unlimited calories and leads an increasingly sedentary lifestyle. The propensity to undertake voluntary exercise or indulge in spontaneous physical exercise, which might be termed "exercise salience", is drawing increased scientific attention. Despite its genetic aspects, this complex behaviour is clearly modulated by the environment and influenced by physiological states. Inflammation is often overlooked as one of these conditions even though it is known to induce a state of reduced mobility. Chronic subclinical inflammation is associated with the metabolic syndrome; a largely lifestyle-induced disease which can lead to decreased exercise salience. The result is a vicious cycle that increases oxidative stress and reduces metabolic flexibility and perpetuates the disease state. In contrast, hormetic stimuli can induce an anti-inflammatory phenotype, thereby enhancing exercise salience, leading to greater biological fitness and improved functional longevity. One general consequence of hormesis is upregulation of mitochondrial function and resistance to oxidative stress. Examples of hormetic factors include calorie restriction, extreme environmental temperatures, physical activity and polyphenols. The hormetic modulation of inflammation, and thus, exercise salience, may help to explain the highly heterogeneous expression of voluntary exercise behaviour and therefore body composition phenotypes of humans living in similar obesogenic environments.
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Introduction
Ancient man was a hunter-gatherer, often travelling long distances to find food, avoid threats and seek shelter. In contrast many modern western societies have transformed their surroundings in order to minimise (or even eliminate) environmental threats and stresses that our ancestors were exposed to, including food and water shortages, predation, infections, extremes of temperature and the need to carry out regular physical activity. Moreover, the modern western environment now contains almost unlimited supplies of foods containing high level of saturated fats, salt and refined sugars. This also appears to be coupled with a reduction in the consumption of plant products including fruits, nuts and vegetables. The result of this obesogenic environment is a burgeoning rise in lifestyle-induced diseases that are generally associated with energy imbalance, abnormal fat deposition and inflammation. The links between obesity, the metabolic syndrome, diabetes, vascular disease and even cancer, and a sedentary lifestyle, are now all too clear.
One field of emerging interest in obesity research is the study of what motivates people to undertake voluntary physical activity, or display spontaneous physical activity. Indeed, understanding its biological basis is an important research goal [1]. This behaviour could be described by a cognitive state that we have termed "'exercise salience". It is therefore essential to determine the factors, genetic and environmental, that regulate a person's exercise salience, in particular to understand what suppresses it. Here, we propose that one such factor is lifestyle-induced chronic subclinical inflammation; markers of the metabolic syndrome include raised hs-CRP (high sensitivity C-reactive protein) and reduced adiponectin [2]. The rationale for this is the well described behavioural change associated with injury and infection, which is commonly known as "inflammatory-induced sickness behaviour" [3].
We therefore propose that exercise salience, the motivation to undertake physical activity, is modulated by the inflammatory status of an animal, decreasing in an inflammatory phenotype, including the metabolic syndrome and increasing in an anti-inflammatory "healthy" phenotype. The type of phenotype may well be determined by the degree of hormesis, as metabolic stressors, such as exercise, plant polyphenols and calorie restriction tend to induce an anti-inflammatory phenotype. In effect, without constant environmental hormetic priming, and in the presence of unremitting caloric surplus, many modern humans may tip into a chronic subclinical inflammatory zone, where physical activity becomes less and less palatable, both physically, and psychologically. They then enter a vicious cycle which reinforces the development of a sedentary phenotype and the metabolic syndrome. Thus humankind may be suffering from an "intelligence-driven health paradox", as intelligence has enabled us to remove the very hormetic factors that have been responsible for ensuring our biological fitness.

Inflammation may suppress exercise salience
Reduced physical activity is strongly associated with increased obesity [4]. Furthermore, it appears that spontaneous physical activity correlates with free living habitual physical activity - and could help to explain the diversity in body adiposity observed in humans inhabiting similar obesogenic environments [5]. The precise biological basis for spontaneous physical activity is far from understood, and although there is a degree of heritability, a complex trait like this probably involves many genes and displays a multifaceted interaction with body composition [6–8].
In light of this, it is interesting that human studies increasingly support the role of inflammation in the modulation of a number of cognitive executive functions [9]. "Inflammatory-induced sickness behaviour" has been recognized for many years and is associated with a behavioural response to ensure that an organism can recover as quickly as possible in response to injury and/or infection. Given the opportunity, an injured animal would seek to reduce all physical activities suggesting that the immune system appears to "subjugate the brain", probably by way of inflammatory cytokines [10]. For example direct injection of cytokines, or injection of agents, such as LPS (lipopolysaccharide) that induce cytokine release, result in depressive symptoms, anxiety and invoke fatigue and reduced movement [11]. Critically, some anti-inflammatory compounds can block/reverse many of these changes [12]. Moreover, data suggest that raised levels of hs-CRP (a marker of the inflammatory acute phase response) are strongly related to major depressive disorder and support clinical observations that immunotherapy often induces depression [13].
There is thus a paradigm for inflammation to suppress exercise salience. Studies continue to suggest that a lack of physical activity is associated with reduced cognitive executive functions [14, 15], with depression being recognised as a component of the metabolic syndrome [16, 17]. Moreover, exercise, which is strongly anti-inflammatory [18] is well known to have anti-depressive qualities. In fact, research now supports the notion that not only is cardio-respiratory fitness inversely related to the presence of the metabolic syndrome, but even if markers of the metabolic syndrome are present, their risk is significantly reduced by increased respiratory fitness [19, 20].

Can exercise salience be enhanced by suppression of inflammation?
It is now well established that many medicinal plant compounds have anti-inflammatory properties, and that calorie restriction and physical activity tend to result in a phenotype that resists oxidative stress, and thus chronic inflammation [21, 22]. One striking observation is that both calorie restriction and endurance exercise have strong anti-inflammatory effects in adipose tissue, which can result in reduced insulin resistance [23]. Resveratrol, a plant polyphenol with calorie restriction mimicking effects, has also been shown to have anti-inflammatory effects in adipose tissue [24]. This is an important finding given that inflammation in adipose tissue is now recognised as one of the major factors associated with the development of the metabolic syndrome [25].
In fruit flies, resveratrol can lead to an increased propensity to undertake physical activity and appears to be associated with increased sirtuin activity [26]. Daily feeding of quercetin to mice increases mitochondrial biogenesis in both muscle and brain, improves exercise tolerance and stimulates voluntary wheel running [27]. Similarly, feeding green tea to mice can increase exercise endurance [28], while quercetin can both increase VO2 max and endurance in untrained human volunteers [29]. Resveratrol can also induce mitochondrial biogenesis in human endothelial cells in vitro[30]. Other studies have shown that although resveratrol fed to mice can increase mitochondrial biogenesis and exercise endurance, it is not associated with increased locomotor activity [31]. However, overall, there is clear evidence that some anti-inflammatory polyphenols can indeed induce exercise salience in animals, and in common with these models, there is now evidence that they might possibly improve exercise tolerance in humans.
Calorie restriction generally refers to the practice of restricting the daily calorie intake that an animal or human would normally eat ad libitum, but maintaining sufficient nutrition to keep them healthy. Alternate day fasting has also been shown to display many of the same benefits, but the data in humans is less clear because the few trials that have been undertaken are relatively short. Moreover, alternate day fasting does not always lead to weight loss, suggesting a heterogeneous response [32]. In relation to exercise salience, calorie restriction is known to induce increased voluntary wheel running in rodents, which is often associated with reduced appetite and is thought to represent a "flee from famine" response. Although acute starvation induces both behavioural and metabolic adaptations to save energy, prolonged partial starvation accompanied with weight loss can induce a switch to foraging behaviour and an increased propensity to move. This may well be species dependent to some degree (e.g. hibernating versus migrating animals), as well as partially sex dependent: female rats appear to display increased running behaviour sooner than male rats when calorie restricted [33]. Importantly, it may also be contextual in relation to food availability. If normal weight rats are fed once a day, rather than allowing them to feed little and often as they normally do, they may develop anorexia and hyperactivity and can literally run themselves to death if a wheel is available. In the absence of a wheel this extreme behaviour does not appear to take place. However, there is heterogeneity in the expression of this behaviour, which may represent potential genetic differences [34]. This heterogeneity is also seen in non-human primates: in one study where rhesus monkeys underwent calorie restriction of 30% for 6 years, there was a clear increase in physical activity compared to ad libitum fed animals [35]. In contrast, in another study also involving rhesus monkeys calorie restricted by 30%, there was no difference in physical activity levels compared with controls after 30 months [36]. Thus, the predilection to either stay put and conserve energy, or get up and seek food are both potential survival strategies dictated by the environment and modulated by the genetic background of each individual.
Similar to animals, calorie restriction does improve most metabolic markers in humans and may improve "healthspan", and quite possibly, lifespan [37]. Calorie restriction also increases muscle mitochondrial biogenesis in humans [38]. As indicated, alternate day fasting may also confer some of the same benefits as daily calorie restriction. In a small short term study, obese subjects were exposed to alternate day 25% calorie restriction for 8 weeks. Despite achieving an average weight loss of 5-6%, the subjects showed no reduction in their daily physical activity levels [39]. However, 50% calorie restriction (effectively semi-starvation) of lean human males greatly reduced spontaneous physical activity over a 24 week period [40]. Likewise, calorie restriction of 25% for 24 weeks in healthy, but overweight and mainly sedentary subjects also resulted in the induction of classical metabolic adaptation to reduce energy expenditure, including reduced voluntary physical activity. In contrast, another group in this study who underwent 12.5% calorie restriction plus a 12.5% increase in physical activity did not show any metabolic adaptation to calorie restriction [41]. Other than genetics, explanations for the heterogeneity in exercise salience may well include current energy balance (fat stores), cognitive assessment of the likelihood of getting another meal, the polyphenolic content of the diet, as well as the amount of physical activity.
Thus it appears that at least potentially three anti-inflammatory factors, calorie restriction, plant polyphenols and even exercise itself may engender exercise salience. With regards physical activity, running is well known to be rewarding and addictive in humans, and certainly has anti-depressive qualities [42]. This is supported by the fact that resistance training in otherwise sedentary children can also lead to an increase in spontaneous physical activity [43].

The anti-inflammatory effects of hormesis and the mitochondrial metabolic engine
Calorie restriction, plant polyphenols and physical activity are metabolic stressors which display a property known as "hormesis". Hormesis describes a biphasic dose response whereby a small dose of stress stimulates resistance to that stress and improves biological fitness, while too much stress induces damage and inhibits function. "Hormetins", in physiological terms, can be described as any condition that results in upregulation of the cellular stress response system, in particular, any which invokes metabolic and oxidative stress [44], of which exercise is one of the best described [45]. Hormetins also include polyphenols and calorie restriction [46], as well as temperature stress [47].
Throughout evolution, most species, due to predation, disease, shortage of food, accidents and other environmental factors, rarely lived beyond 50% of their maximal possible life span [48]. Life developed in a stressful environment and evolved the necessary mechanisms to utilise these "stresses" to optimise function and at the same time minimise their detrimental effects. It can therefore be said that life evolved in a "hormetic zone", where stress ensured optimal biological fitness [49]. Although there is little direct evidence, other than the well known benefits of exercise, it is thought that that hormesis could potentially be of great benefit to humans [50–52].
Key in hormesis is the adaptive response to oxidative stress involving both the plasma membrane and the mitochondrion, and modulation of multiple signalling pathways. Stressful stimuli, which usually result in increased energy demand, tend to activate similar intracellular programmes that upregulate anti-oxidant systems and usually, mitochondrial biogenesis. Critical in this are factors such as nuclear factor erythroid 2-related factor 1/2 (Nrf-1/2), PPAR γ coactivator 1 (PGC-1), forkhead transcription factors (FOXO), sirtuins, AMP kinase (AMPK), mitochondrial transcription factor A (Tfam) and heat shock proteins (HSPs) [53–55]. An important part of this process may well be mitochondrial-nucleus retrograde signalling involving redox. Indeed, this process may be very ancient and reflect the importance of the mitochondrion in detecting energy flux, and via alterations in redox, instigate appropriate epigenetic changes to ensure optimum cellular phenotype; primary in this is maintaining efficient mitochondrial function and the ability to burn fatty acids [56].
Extreme longevity (as displayed by primates, especially humans), appears to be associated with rapid evolution of mitochondrial proteins involved in oxidative phosphorylation, resulting in increased uncoupling, ATP/free radical ratios and metabolic rates [57]. Of the 1,500 or so mitochondrial genes, only 13 polypeptide encoding genes remain in the mitochondrial genome - the rest being encoded in the nuclear genome. This appears to be common across most kingdoms, suggesting these particular genes are critical. One possible explanation is that the high rate of mitochondrial gene mutation may be important to ensure optimal biological fitness. It also suggests that mitochondrial dysfunction may underlie many common human diseases. In fact, many different mitochondrial haplotypes exist in humanity, implying significant adaptation to different environments. For instance, tight coupling where thermogenesis is less important, such as in hot countries, might result in high ATP phenotypes, where as in cold countries, increased uncoupling may help in generating heat (for a comprehensive review on the subject, the reader is directed to Wallace 2008) [58]. Research indicates that some haplotypes may be better protected against type II diabetes [59], while others are associated with extreme longevity [60]. Of particular relevance is the role of PGC-1α in adaptive thermogenesis; this coactivator is key in upregulating mitochondrial biogenesis and uncoupling to generate heat [61]. It has been suggested that it may well play a key role in adaptation of some ethnic groups to the cold, which may protect them to some degree against type II diabetes [62].
An important component of hormesis is the potential to upregulate total mitochondrial function and thus the ability to generate ATP from the proton gradient. An emerging concept that ties in with this is the idea that the resting metabolic rate (RMR) reflects an animal's "metabolic engine" size and capacity to do work, and that this may determine its behaviour and fitness [63]. For instance a bigger metabolic engine enables increased foraging activity, aggressiveness or courtship and importantly, the ability to grow and store energy. The downside to this is that the animal will have a higher energy consumption at rest - so potentially putting it at a disadvantage when food availability is very low. If the concept of hormesis is combined with this, it suggests that environmental challenges will act to increase the metabolic engine size of an animal, but that this must necessarily be modulated to local situations. Thus, from the viewpoint of calorie restriction, mitochondrial biogenesis increases the capacity of the metabolic engine, but the restricted calories may well slow the engine "tickover" to reduce energy output. However, it prepares the animal to be competitive when food is available. Temperature extremes, exercise and polyphenols would exert an immediate increase in metabolic engine size to ensure survival.
In this context, it is therefore likely that inflammation must play a role in controlling both physiological function and behaviour, which is intimately related to mitochondrial function. In order to allocate resources towards repair and fighting infection, inflammation must therefore suppress unnecessary energy usage and engender an anti-pathogenic cellular environment. This may involve reduced oxidative phosphorylation (and a shift towards glycolysis), the development of insulin resistance and a shift to a more oxidising intracellular environment. This would have to be combined with reduced physical activity to prevent excessive energy use and to allow repair of damaged organs/limbs.

Plants, mitochondria and exercise salience - a very old partnership?
As polyphenols are part of plant defence/stress signalling it has been suggested that animals have adopted these compounds as xenohormetic signals. This may provide them with information about changes in the environment [64]. This coevolution and interaction may be very ancient. In effect, the development of a potent stress resistance system by plants may have been adopted by animals [65], suggesting that hormetic effect of plants on animals has been influencing exercise salience throughout their evolution.
Plants and animals both have mitochondria, and display many similarities, for instance, mitochondrial involvement during apoptosis [66]. It is believed that mitochondria were originally bacterial endosymbioants that gave rise to two kingdoms when they became incorporated in nucleated cells: plants and animals. In plants, phenolics and polyphenols play important roles in ensuring plants are resistant to different types of stress [67]. In fact, it has been recently suggested that mitochondria were a pre-requisite of complex life as bioenergetically they allowed eukaryotic cells to contain and express many more genes than prokaryotes [68].
One important signalling mechanism involves ROS [69] and several well described plant stress signal molecules, such as salicylic acid, directly modulate mitochondrial function (and thus, ROS) by uncoupling [70]. Data from animal cells also show that not only are ROS important in directly modulating mitochondrial function, but so are calcium and nitric oxide (NO) and other reactive nitrogen species [71, 72]. It appears that NO is just as important in plants as it is animals in relation to signalling and defence [73]. Furthermore, many plant flavonoids directly modulate the mitochondrial calcium uniporter [74]. Hence, polyphenolic modulation of key cellular signalling molecules that can both modulate and be modulated by mitochondria is a trait that appears to cross kingdoms.
Tapia (2006) suggested that many polyphenols stimulate mitochondrial biogenesis by inducing sublethal mitochondrial stress and production of ROS, resulting in a better protected phenotype [46]. Certainly, resveratrol, quercetin and epigallocatechin gallate (EGCG) can induced mitochondrial biogenesis, which could be linked to increased muscle performance and endurance [75–77]. Critically, quercetin, EGCG and berberine (another bioactive polyphenol), have now been found to preferentially concentrate in mitochondria [78–80]. This suggests that many plant polyphenols can directly alter mitochondrial function and biogenesis, cell cycling, proliferation and death. The precise effect would depend on the mix of polyphenols and the type of cell, but there might be a more generalised biphasic dose effect. It could be said that plant-induced hormesis, which tends to have an anti-inflammatory effect in many animals, would also provide a xenohormetic signal to stimulate movement as a survival strategy.

Tipping in and out of the metabolic syndrome; the role of exercise salience and hormesis
The above suggests that hormetins play a crucial role in reversing the metabolic syndrome. We have previously suggested that the metabolic syndrome may have its origins in thriftiness, insulin resistance and the redox signalling system [81]. The underlying premise is that thriftiness results from an evolutionarily-driven propensity to minimise energy expenditure, which has to be balanced with the need to resist the oxidative stress from cellular signalling and pathogen resistance; this gave rise to "redox-thriftiness". In effect, mitochondria may be able to both amplify membrane-derived redox growth signals as well as negatively regulate them, resulting in an increased ATP/ROS ratio. In times of relative plenty, anabolic drive and redox-thriftiness leads to mild insulin resistance in some tissues, which has the effect of both protecting the individual cell from excessive growth/inflammatory stress, while ensuring energy is channelled to the brain, the immune system, and for storage. In turn, fine tuning of redox thriftiness is achieved by hormetic signals that stimulate mitochondrial biogenesis and resistance to oxidative stress, which improves metabolic flexibility and suppresses excessive inflammation. Hence, in a non-hormetic environment with excessive calories, the protective nature of this system may lead to escalating insulin resistance and rising oxidative stress due to metabolic inflexibility and mitochondrial overload. Genetically and environmentally determined mitochondrial function may then define a "tipping point" where protective insulin resistance tips over to inflammatory insulin resistance, and loss of adipose plasticity and capacity. In effect, once on the wrong side of this tipping point, an organism simply cannot deal with excessive calories, which then end up getting deposited ectopically - so perpetuating the cycle.
A critical component of this loss of adipose plasticity appears to be inflammation. In adult animals, although adipogenesis can occur, most fat storage probably occurs via adipocyte hypertrophy. However, too much fat can initiate adipocyte "overload distress", especially in intra-abdominal adipose tissue (IAAT, otherwise known as "visceral" fat), which leads to activation of the immune system and the acute phase response (APR); the distressed adipose tissue acts as a focus for inflammatory macrophages [82, 83]. Importantly, it seems that this process appears to drive preadipocytes towards an inflammatory macrophage phenotype, rather than maturing into fat storing cells - so further amplifying the inflammatory milieu, thus losing storage capacity and enhancing ectopic fat deposition [84].
As might be expected from a loss of metabolic flexibility, one of the earliest components of the metabolic syndrome appears to be the development of excessive fat in liver, which correlates well with the development of excessive IAAT and insulin resistance [85, 86]. Indeed, liver fat may be a better marker than abnormal IAAT for the metabolic syndrome [87]. However, there is a large variability in liver fat levels in relation to pathology. One explanation is that the liver may play an important thermogenic function as part of an adaptation to utilise fatty acids [88]. Another is suggested by the observation that if rats are fed a high fat diet, simultaneous exercise reduces liver fat. However, intermittent, rather than continuous exercise (amounting to the same total energy expenditure), may be far more effective at reducing this fat depot [89]. Hence, not only does exercise reduce liver fat, but short bursts may be better; this would be line with hormesis - as chronic exercise may be expected to induce adaptive changes.
For most animals, including humans, lack of hormetic stimuli in the presence of excessive calories will not only lead to obesity, but to an aberrant fat distribution, which underlies the basis of the metabolic syndrome. Under normal circumstances, fat depots do display considerable plasticity. For instance, in response to a high fat diet, IAAT adipocytes in mice initially become hypertrophic and undergo apoptosis and attract inflammatory macrophages. However, after a period of 12-20 weeks, the IAAT remodels itself, reducing in size with smaller adipocytes - which may be related to an increase in anti-inflammatory cytokines and improved insulin sensitivity. In contrast, subcutaneous adipose tissue (SCAT) hardly changes. Beyond this time point, if the high fat diet is continued, liver fat deposition increases. This may represent a plastic change in IAAT, which first absorbs the extra fat, but then becomes resistant to further increases in size [90]. This would support the concept that it has a critical size threshold, beyond which is becomes pathological [91] and the observation that IAAT size can determine life expectancy [92].
In the context of evolution, it is possible that these adipose-derived inflammatory signals may be entirely physiological. For instance, a mild inflammatory signal that induces a sedentary behaviour, which in turn is associated with mild muscle insulin resistance, may ensure deposition of fat in SCAT. In wild animals, this might correspond to a feast period during a time of plenty (e.g. after the rains or in the summer). Support for this comes from the observation that mice exposed to a human western diet very quickly show reduced locomotor activity [93] - although the opposite can occur in mice bred for their high voluntary wheel running activity: the increase in fats appears to drive/support increased activity [94]. Hence, in a continuous obesogenic environment with reduced hormesis, an animal, without any evidence of physical injury, may cross a tipping point and display inflammatory-induced sickness behaviour, with reduced exercise salience. In effect, the metabolic flexibility of an animal will dictate the degree of resistance to transiting to the inflammatory zone.
In contrast, continued hormetic stimuli may not only increase the resistance to transiting to the inflammatory zone, but may tip an organism towards a non-inflammatory phenotype. In this regard, the effect of exercise is particularly interesting, as regular exercise rapidly and preferentially depletes abdominal obesity [95]. This may also initiate a feed forward loop, but unlike the inflammatory phenotype, this phenotype may have a continual urge to increase/maintain physical activity (high exercise salience). At a mild level, this ensures the animal continues to move to look for new food sources, or flee from stressful environment. At its extreme, as has been previously suggested [96], it could represent an anorexic "flee from famine" phenotype - in humans this may be represented by those addicted to exercise, while in the wild it might be represented by a migratory phenotype in some species. It would thus be triggered by environmental stimuli such as famine, or possibly, even drought or factors that might induce an animal to move from danger (i.e. enforced physical activity, such as unacceptable levels of predation or competition). Moreover, through plant polyphenols, animals would also be able to obtain further environmental early warning as the plants become stressed. As hormesis is biphasic, too much stress would clearly start to become detrimental and eventually induce inflammation and slow the animal down. A theoretical relationship between hormesis and exercise salience is depicted in Figure 1.[image: A12986_2010_Article_299_Fig1_HTML.jpg]
Figure 1The theoretical relationship between the biphasic hormetic curve and exercise salience. Regular hormetic stressors result in better mitochondrial function and increased resistance to oxidative stress, which translates into reduced inflammatory tone, improved metabolic flexibility and higher exercise salience. Without regular hormetic stressors and/or with chronic inflammation (e.g. from an injury or infection), an animal may cross a tipping point and remain in an inflammatory state due to a feed forward loop (1 and 2). In times of plenty (but with some stressors), it may exist in zone 3, where optimal energy storage occurs (mild inflammation induces insulin resistance) - but it is still relatively metabolic flexible. Beyond this, regular hormetic stressors would act to induce further exercise salience (zones 4 and 5). However, as hormetic stressors increased, damage would result in a gradual decrease in function and reducing exercise salience (6 and 7) until the animal had to slow down to recover (8). If excessive stress continued, it might develop chronic inflammation, and eventually succumb (9 and 10). The ability to resist transiting zones may be associated with an epigenetic shifting of the tipping point. In effect, an animal may adapt over time (or be preprogrammed from the preceding generations). In a non-hormetic environment, this would reinforce the inflammatory cycle, while in a hormetic environment, the anti-inflammatory cycle will predominate. Much of the Western society appears to reside in zone 2 due to a lack of hormesis and an excess of calories. Key to zones: 1 = inflammatory induced sickness behaviour; 2 = subclinical inflammation; 3 = remain sedentary and store food; 4 = active and seek food; 5 = migratory; 6 = late migratory; 7 = stress induced damage; 8 = sedentary recovery zone; 9 = inflammatory induced sickness behaviour; 10 = failure of systems and death.





Exercise salience in the modern world; revving up the metabolic engine
As we have described, reduced exercise salience may be closely linked to increased inflammation. In an obesogenic environment this leads to increasing prevalence and severity of the metabolic syndrome. At the molecular level this arises from insufficient redox stimuli and reduced mitochondrial functioning and decreased resistance to oxidative stress. Without redox challenges there is reduced adaptation and metabolic fitness and the metabolic engine capacity decreases. Once a subject crosses the inflammatory tipping point it may be more difficult to return leading to a vicious cycle of further oxidative stress, abnormal fat distribution and reduced exercise salience. This may not only affect an individual's immediate phenotype, but via epigenetics (and parental behavioural reinforcement), the chances of future generations.
So what is to be done to maximise the health in a modern society? We know that hormetic stimuli can induce a phenotype that actively seeks and stores energy to improve its ability to survive. This stress-energy seeking paradigm may be a fundamental to much of life. Clearly, the way forward for humanity (and his crops and food animals) would be to increase hormetic stimuli. For mankind, exercise is probably one of the strongest mechanisms to achieve this, as reduced physical activity levels and low general fitness are strongly associated with the metabolic syndrome - even in adolescents [97]. Fasting and calorie restriction is another alternative; even alternate day fasting may provide many of the same benefits as sustained calorie restriction [98]. We probably need a combination of factors to both increase the metabolic engine size and raise the tickover.
Fatty acids, especially unsaturated fatty acids, may also help by inducing mitochondrial ROS production, and thus, mitochondrial biogenesis; they could be said to display hormetic properties [81]. Interestingly, some migratory birds eat large amounts of n-3 polyunsaturated fatty acid (PUFA) containing foods before migration, which has been described as a kind of performance "doping" to enhance muscle efficiency on very long flights [99]. We suggest this might also be a kind of hormetic signal from the environment. This would in part help to explain why some PUFAs are associated with better health and may well be enhancing exercise salience.
Similarly, the role of polyphenols in our daily diet should be considered. The benefits of a Mediterranean diet are well known, but data on individual polyphenols is also very informative. Daily feeding of quercetin to mice has been shown to not only improve muscle mitochondrial biogenesis and endurance, but also increase voluntary wheel running [100], while resveratrol can improve lipopolysaccharide (LPS)-induced working memory deficit in aged mice [101]. Furthermore, reverting to a Palaeolithic diet can improve many metabolic parameters even in apparently healthy but sedentary human subjects. The important factor may be the increase in plant nutrients derived from nuts and berries, and the increase in the unsaturated to saturated fat ratio [102].
It is also possible that different ethnic groups may have evolved varying levels and/or patterns of hormetic dependencies - possibly reflecting different mitochondrial haplotypes. For instance, cold adapted groups may be better able to resist developing type II diabetes [62]. This may partly explain an emerging type II diabetes "red-zone", which broadly follows the Tropic of Cancer and therefore a warmer climate, which involves countries in North Africa, through the Middle East, to India and China. The Arab ethnicity appears to be particular affected [103, 104]. In these countries it is possible that rapid economic growth has enabled a constant supply of water, the use of air-conditioning and the adoption of a western diet: drought and heat may have been important daily hormetic stimuli in these regions (both directly, and indirectly via food plants and animals), which have now been removed. This pattern would be clearly different for those adapted to colder climates at higher latitudes. Equally, this suggests that although many people in the developed nations may eat plenty of fruit and vegetables, they may not be getting the full beneficial effect as most of this food is grown in highly controlled environments, with little stress and may therefore contain minimal hormetic stress signals. A sentiment recently echoed by Hooper and colleagues [105]. An example of this is that climatically stressed grapes tend to contain more resveratrol [106]. It may be time to revisit eating locally grown seasonal vegetables and fruits.
In conclusion, the decline in hormetic stimuli in our daily life may be leading to increased systemic sub-clinical inflammatory tone, decreased metabolic flexibility and suppression of exercise salience. All of which translate into a significant increase in chronic diseases. Whether we like it or not, a long and healthy life needs to include regular exposure to occasional doses of environmental stressors, including fasting, natural temperature changes, polyphenols and exercise. Although human intelligence has enabled us to remove most stressors from the environment, common sense may be required to re-introduce some of them.

Acknowledgements
To GW pharmaceuticals for financial support that enabled the development of the original hypothesis and the writing of the manuscript. We would also like to thank Andrea Nunn for help in clarifying the central ideas through informal discussion and Marcos Esteban Quiñones Lembach por inspiratio.

References
1.
Rowland TW: The biological basis of physical activity. Med Sci Sports Exerc. 1998, 30: 392-399.

2.
Devaraj S, Swarbrick MM, Singh U, ms-Huet B, Havel PJ, Jialal I: CRP and adiponectin and its oligomers in the metabolic syndrome: evaluation of new laboratory-based biomarkers. Am J Clin Pathol. 2008, 129: 815-822. 10.1309/RN84K51B2JJY1Y0B.

3.
Dantzer R: Cytokine-induced sickness behavior: mechanisms and implications. Ann N Y Acad Sci. 2001, 933: 222-234. 10.1111/j.1749-6632.2001.tb05827.x.

4.
Johannsen DL, Ravussin E: Spontaneous physical activity: relationship between fidgeting and body weight control. Curr Opin Endocrinol Diabetes Obes. 2008, 15: 409-415.

5.
Snitker S, Tataranni PA, Ravussin E: Spontaneous physical activity in a respiratory chamber is correlated to habitual physical activity. Int J Obes Relat Metab Disord. 2001, 25: 1481-1486. 10.1038/sj.ijo.0801746.

6.
Kelly SA, Nehrenberg DL, Peirce JL, Hua K, Steffy BM, Wiltshire T: Genetic architecture of voluntary exercise in an advanced intercross line of mice. Physiol Genomics. 2010, 42: 190-200. 10.1152/physiolgenomics.00028.2010.

7.
Rankinen T, Roth SM, Bray MS, Loos R, Perusse L, Wolfarth B: Advances in exercise, fitness, and performance genomics. Med Sci Sports Exerc. 2010, 42: 835-846.

8.
Nehrenberg DL, Hua K, Estrada-Smith D, Garland T, Pomp D: Voluntary exercise and its effects on body composition depend on genetic selection history. Obesity (Silver Spring). 2009, 17: 1402-1409.

9.
Wersching H, Duning T, Lohmann H, Mohammadi S, Stehling C, Fobker M: Serum C-reactive protein is linked to cerebral microstructural integrity and cognitive function. Neurology. 2010, 74: 1022-1029. 10.1212/WNL.0b013e3181d7b45b.

10.
Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW: From inflammation to sickness and depression: when the immune system subjugates the brain. Nat Rev Neurosci. 2008, 9: 46-56. 10.1038/nrn2297.

11.
Miller AH, Maletic V, Raison CL: Inflammation and its discontents: the role of cytokines in the pathophysiology of major depression. Biol Psychiatry. 2009, 65: 732-741. 10.1016/j.biopsych.2008.11.029.

12.
Nadjar A, Bluthe RM, May MJ, Dantzer R, Parnet P: Inactivation of the cerebral NFkappaB pathway inhibits interleukin-1beta-induced sickness behavior and c-Fos expression in various brain nuclei. Neuropsychopharmacology. 2005, 30: 1492-1499. 10.1038/sj.npp.1300755.

13.
Pasco JA, Nicholson GC, Williams LJ, Jacka FN, Henry MJ, Kotowicz MA: Association of high-sensitivity C-reactive protein with de novo major depression. Br J Psychiatry. 2010, 197: 372-377. 10.1192/bjp.bp.109.076430.

14.
Jerstad SJ, Boutelle KN, Ness KK, Stice E: Prospective reciprocal relations between physical activity and depression in female adolescents. J Consult Clin Psychol. 2010, 78: 268-272. 10.1037/a0018793.

15.
Hong X, Li J, Xu F, Tse LA, Liang Y, Wang Z: Physical activity inversely associated with the presence of depression among urban adolescents in regional China. BMC Public Health. 2009, 9: 148-10.1186/1471-2458-9-148.

16.
McIntyre RS, Soczynska JK, Konarski JZ, Woldeyohannes HO, Law CW, Miranda A: Should Depressive Syndromes Be Reclassified as "Metabolic Syndrome Type II"?. Ann Clin Psychiatry. 2007, 19: 257-264. 10.1080/10401230701653377.

17.
Miller AH, Maletic V, Raison CL: Inflammation and its discontents: the role of cytokines in the pathophysiology of major depression. Biol Psychiatry. 2009, 65: 732-741. 10.1016/j.biopsych.2008.11.029.

18.
Petersen AM, Pedersen BK: The anti-inflammatory effect of exercise. J Appl Physiol. 2005, 98: 1154-1162. 10.1152/japplphysiol.00164.2004.

19.
Katzmarzyk PT, Church TS, Janssen I, Ross R, Blair SN: Metabolic syndrome, obesity, and mortality: impact of cardiorespiratory fitness. Diabetes Care. 2005, 28: 391-397. 10.2337/diacare.28.2.391.

20.
Lee S, Kuk JL, Katzmarzyk PT, Blair SN, Church TS, Ross R: Cardiorespiratory fitness attenuates metabolic risk independent of abdominal subcutaneous and visceral fat in men. Diabetes Care. 2005, 28: 895-901. 10.2337/diacare.28.4.895.

21.
Guarente L: Mitochondria--a nexus for aging, calorie restriction, and sirtuins?. Cell. 2008, 132: 171-176. 10.1016/j.cell.2008.01.007.

22.
Petersen AM, Pedersen BK: The anti-inflammatory effect of exercise. J Appl Physiol. 2005, 98: 1154-1162. 10.1152/japplphysiol.00164.2004.

23.
Huang P, Li S, Shao M, Qi Q, Zhao F, You J: Calorie restriction and endurance exercise share potent anti-inflammatory function in adipose tissues in ameliorating diet-induced obesity and insulin resistance in mice. Nutr Metab (Lond). 2010, 7: 59-10.1186/1743-7075-7-59.

24.
Olholm J, Paulsen SK, Cullberg KB, Richelsen B, Pedersen SB: Anti-inflammatory effect of resveratrol on adipokine expression and secretion in human adipose tissue explants. Int J Obes (Lond). 2010, 34: 1546-1553. 10.1038/ijo.2010.98.

25.
Hotamisligil GS: Inflammation and metabolic disorders. Nature. 2006, 444: 860-867. 10.1038/nature05485.

26.
Parashar V, Rogina B: dSir2 mediates the increased spontaneous physical activity in flies on calorie restriction. Aging (Albany NY). 2009, 1: 529-541.

27.
Davis JM, Murphy EA, Carmichael MD, Davis B: Quercetin increases brain and muscle mitochondrial biogenesis and exercise tolerance. Am J Physiol Regul Integr Comp Physiol. 2009, 296: R1071-R1077.

28.
Murase T, Haramizu S, Shimotoyodome A, Tokimitsu I, Hase T: Green tea extract improves running endurance in mice by stimulating lipid utilization during exercise. Am J Physiol Regul Integr Comp Physiol. 2006, 290: R1550-R1556.

29.
Davis JM, Carlstedt CJ, Chen S, Carmichael MD, Murphy EA: The dietary flavonoid quercetin increases VO(2max) and endurance capacity. Int J Sport Nutr Exerc Metab. 2010, 20: 56-62.

30.
Csiszar A, Labinskyy N, Pinto JT, Ballabh P, Zhang H, Losonczy G: Resveratrol induces mitochondrial biogenesis in endothelial cells. Am J Physiol Heart Circ Physiol. 2009, 297: H13-H20. 10.1152/ajpheart.00368.2009.

31.
Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin F: Resveratrol improves mitochondrial function and protects against metabolic disease by activating SIRT1 and PGC-1alpha. Cell. 2006, 127: 1109-1122. 10.1016/j.cell.2006.11.013.

32.
Varady KA, Hellerstein MK: Alternate-day fasting and chronic disease prevention: a review of human and animal trials. Am J Clin Nutr. 2007, 86: 7-13.

33.
Pirke KM, Broocks A, Wilckens T, Marquard R, Schweiger U: Starvation-induced hyperactivity in the rat: the role of endocrine and neurotransmitter changes. Neurosci Biobehav Rev. 1993, 17: 287-294. 10.1016/S0149-7634(05)80012-0.

34.
Guisinger S: Adapted to flee famine: adding an evolutionary perspective on anorexia nervosa. Psychol Rev. 2003, 110: 745-761. 10.1037/0033-295X.110.4.745.

35.
Weed JL, Lane MA, Roth GS, Speer DL, Ingram DK: Activity measures in rhesus monkeys on long-term calorie restriction. Physiol Behav. 1997, 62: 97-103. 10.1016/S0031-9384(97)00147-9.

36.
Ramsey JJ, Roecker EB, Weindruch R, Kemnitz JW: Energy expenditure of adult male rhesus monkeys during the first 30 mo of dietary restriction. Am J Physiol. 1997, 272: E901-E907.

37.
Redman LM, Ravussin E: Caloric Restriction in Humans: Impact on Physiological, Psychological, and Behavioral Outcomes. Antioxid Redox Signal. 2010,

38.
Civitarese AE, Carling S, Heilbronn LK, Hulver MH, Ukropcova B, Deutsch WA: Calorie restriction increases muscle mitochondrial biogenesis in healthy humans. PLoS Med. 2007, 4: e76-10.1371/journal.pmed.0040076.

39.
Klempel MC, Bhutani S, Fitzgibbon M, Freels S, Varady KA: Dietary and physical activity adaptations to alternate day modified fasting: implications for optimal weight loss. Nutr J. 2010, 9: 35-10.1186/1475-2891-9-35.

40.
James WP, Shetty PS: Metabolic adaptation and energy requirements in developing countries. Hum Nutr Clin Nutr. 1982, 36: 331-336.

41.
Redman LM, Heilbronn LK, Martin CK, de JL, Williamson DA, DeLany JP: Metabolic and behavioral compensations in response to caloric restriction: implications for the maintenance of weight loss. PLoS ONE. 2009, 4: e4377-10.1371/journal.pone.0004377.

42.
Brene S, Bjornebekk A, Aberg E, Mathe AA, Olson L, Werme M: Running is rewarding and antidepressive. Physiol Behav. 2007, 92: 136-140. 10.1016/j.physbeh.2007.05.015.

43.
Eiholzer U, Meinhardt U, Petro R, Witassek F, Gutzwiller F, Gasser T: High-intensity training increases spontaneous physical activity in children: a randomized controlled study. J Pediatr. 2010, 156: 242-246. 10.1016/j.jpeds.2009.08.039.

44.
Rattan SI, Demirovic D: Hormesis can and does work in humans. Dose Response. 2009, 8: 58-63. 10.2203/dose-response.09-041.Rattan.

45.
Ji LL, Dickman JR, Kang C, Koenig R: Exercise-induced hormesis may help healthy aging. Dose Response. 2010, 8: 73-79. 10.2203/dose-response.09-048.Ji.

46.
Tapia PC: Sublethal mitochondrial stress with an attendant stoichiometric augmentation of reactive oxygen species may precipitate many of the beneficial alterations in cellular physiology produced by caloric restriction, intermittent fasting, exercise and dietary phytonutrients: "Mitohormesis" for health and vitality. Med Hypotheses. 2006, 66: 832-843. 10.1016/j.mehy.2005.09.009.

47.
Rattan SI: Mechanisms of hormesis through mild heat stress on human cells. Ann N Y Acad Sci. 2004, 1019: 554-558. 10.1196/annals.1297.103.

48.
Kirkwood TB: Understanding ageing from an evolutionary perspective. J Intern Med. 2008, 263: 117-127. 10.1111/j.1365-2796.2007.01901.x.

49.
Parsons PA: Antagonistic pleiotropy and the stress theory of aging. Biogerontology. 2007, 8: 613-617. 10.1007/s10522-007-9101-y.

50.
Kahn A, Olsen A: Stress to the rescue: is hormesis a 'cure' for aging?. Dose Response. 2009, 8: 48-52. 10.2203/dose-response.09-031.Olsen.

51.
Marques FZ, Markus MA, Morris BJ: Hormesis as a pro-healthy aging intervention in human beings?. Dose Response. 2009, 8: 28-33. 10.2203/dose-response.09-021.Morris.

52.
Pardon MC: Hormesis is Applicable as a Pro-Healthy Aging Intervention in Mammals and Human Beings. Dose Response. 2009, 8: 22-27. 10.2203/dose-response.09-020.Pardon.

53.
Calabrese V, Cornelius C, nkova-Kostova AT, Calabrese EJ, Mattson MP: Cellular Stress Responses, The Hormesis Paradigm, and Vitagenes: Novel Targets for Therapeutic Intervention in Neurodegenerative Disorders. Antioxid Redox Signal. 2010, 1 (13(11)): 1763-811. 10.1089/ars.2009.3074.

54.
Sano M, Fukuda K: Activation of mitochondrial biogenesis by hormesis. Circ Res. 2008, 103: 1191-1193. 10.1161/CIRCRESAHA.108.189092.

55.
Son TG, Camandola S, Mattson MP: Hormetic dietary phytochemicals. Neuromolecular Med. 2008, 10: 236-246. 10.1007/s12017-008-8037-y.

56.
Wallace DC, Fan W, Procaccio V: Mitochondrial energetics and therapeutics. Annu Rev Pathol. 2010, 5: 297-348. 10.1146/annurev.pathol.4.110807.092314.

57.
Rottenberg H: Coevolution of exceptional longevity, exceptionally high metabolic rates, and mitochondrial DNA-coded proteins in mammals. Exp Gerontol. 2007, 42: 364-373. 10.1016/j.exger.2006.10.016.

58.
Wallace DC: Mitochondria as chi. Genetics. 2008, 179: 727-735. 10.1534/genetics.104.91769.

59.
Fuku N, Park KS, Yamada Y, Nishigaki Y, Cho YM, Matsuo H: Mitochondrial haplogroup N9a confers resistance against type 2 diabetes in Asians. Am J Hum Genet. 2007, 80: 407-415. 10.1086/512202.

60.
Bilal E, Rabadan R, Alexe G, Fuku N, Ueno H, Nishigaki Y: Mitochondrial DNA haplogroup D4a is a marker for extreme longevity in Japan. PLoS ONE. 2008, 3: e2421-10.1371/journal.pone.0002421.

61.
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. 10.1210/er.2002-0012.

62.
Fridlyand LE, Philipson LH: Cold climate genes and the prevalence of type 2 diabetes mellitus. Med Hypotheses. 2006, 67: 1034-1041. 10.1016/j.mehy.2006.04.057.

63.
Biro PA, Stamps JA: Do consistent individual differences in metabolic rate promote consistent individual differences in behavior?. Trends Ecol Evol. 2010, 25: 653-659. 10.1016/j.tree.2010.08.003.

64.
Lamming DW, Wood JG, Sinclair DA: Small molecules that regulate lifespan: evidence for xenohormesis. Mol Microbiol. 2004, 53: 1003-1009. 10.1111/j.1365-2958.2004.04209.x.

65.
Hooper PL, Hooper PL, Tytell M, Vigh L: Xenohormesis: health benefits from an eon of plant stress response evolution. Cell Stress Chaperones. 2010, 15: 761-770. 10.1007/s12192-010-0206-x.

66.
Yao N, Eisfelder BJ, Marvin J, Greenberg JT: The mitochondrion--an organelle commonly involved in programmed cell death in Arabidopsis thaliana. Plant J. 2004, 40: 596-610. 10.1111/j.1365-313X.2004.02239.x.

67.
Treutter D: Significance of flavonoids in plant resistance and enhancement of their biosynthesis. Plant Biol (Stuttg). 2005, 7: 581-591. 10.1055/s-2005-873009.

68.
Lane N, Martin W: The energetics of genome complexity. Nature. 2010, 467: 929-934. 10.1038/nature09486.

69.
Kotchoni SO, Gachomo EW: The reactive oxygen species network pathways:an essential prerequisite for perception of pathogen attack and the acquired disease resistance in plants. J Biosci. 2006, 31: 389-404. 10.1007/BF02704112.

70.
Norman C, Howell KA, Millar AH, Whelan JM, Day DA: Salicylic acid is an uncoupler and inhibitor of mitochondrial electron transport. Plant Physiol. 2004, 134: 492-501. 10.1104/pp.103.031039.

71.
Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu SS: Calcium, ATP, and ROS: a mitochondrial love-hate triangle. Am J Physiol Cell Physiol. 2004, 287: C817-C833. 10.1152/ajpcell.00139.2004.

72.
Finocchietto PV, Franco MC, Holod S, Gonzalez AS, Converso DP, Arciuch VG: Mitochondrial nitric oxide synthase: a masterpiece of metabolic adaptation, cell growth, transformation, and death. Exp Biol Med (Maywood). 2009, 234: 1020-1028. 10.3181/0902-MR-81.

73.
Hong JK, Yun BW, Kang JG, Raja MU, Kwon E, Sorhagen K: Nitric oxide function and signalling in plant disease resistance. J Exp Bot. 2008, 59: 147-154. 10.1093/jxb/erm244.

74.
Montero M, Lobaton CD, Hernandez-Sanmiguel E, Santodomingo J, Vay L, Moreno A: Direct activation of the mitochondrial calcium uniporter by natural plant flavonoids. Biochem J. 2004, 384: 19-24. 10.1042/BJ20040990.

75.
Call JA, Voelker KA, Wolff AV, McMillan RP, Evans NP, Hulver MW: Endurance capacity in maturing mdx mice is markedly enhanced by combined voluntary wheel running and green tea extract. J Appl Physiol. 2008, 105: 923-932. 10.1152/japplphysiol.00028.2008.

76.
Davis JM, Murphy EA, Carmichael MD, Davis B: Quercetin increases brain and muscle mitochondrial biogenesis and exercise tolerance. Am J Physiol Regul Integr Comp Physiol. 2009, 296: R1071-R1077.

77.
Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin F: Resveratrol improves mitochondrial function and protects against metabolic disease by activating SIRT1 and PGC-1alpha. Cell. 2006, 127: 1109-1122. 10.1016/j.cell.2006.11.013.

78.
Fiorani M, Guidarelli A, Blasa M, Azzolini C, Candiracci M, Piatti E: Mitochondria accumulate large amounts of quercetin: prevention of mitochondrial damage and release upon oxidation of the extramitochondrial fraction of the flavonoid. J Nutr Biochem. 2010, 21: 397-404. 10.1016/j.jnutbio.2009.01.014.

79.
Schroeder EK, Kelsey NA, Doyle J, Breed E, Bouchard RJ, Loucks FA: Green tea epigallocatechin 3-gallate accumulates in mitochondria and displays a selective antiapoptotic effect against inducers of mitochondrial oxidative stress in neurons. Antioxid Redox Signal. 2009, 11: 469-480. 10.1089/ars.2008.2215.

80.
Serafim TL, Oliveira PJ, Sardao VA, Perkins E, Parke D, Holy J: Different concentrations of berberine result in distinct cellular localization patterns and cell cycle effects in a melanoma cell line. Cancer Chemother Pharmacol. 2008, 61: 1007-1018. 10.1007/s00280-007-0558-9.

81.
Nunn AV, Bell JD, Guy GW: Lifestyle-induced metabolic inflexibility and accelerated ageing syndrome: insulin resistance, friend or foe?. Nutr Metab (Lond). 2009, 6: 16-10.1186/1743-7075-6-16.

82.
Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E: Adipocyte death defines macrophage localization and function in adipose tissue of obese mice and humans. J Lipid Res. 2005, 46: 2347-2355. 10.1194/jlr.M500294-JLR200.

83.
Harman-Boehm I, Bluher M, Redel H, Sion-Vardy N, Ovadia S, Avinoach E: Macrophage infiltration into omental versus subcutaneous fat across different populations: effect of regional adiposity and the comorbidities of obesity. J Clin Endocrinol Me tab. 2007, 92: 2240-2247. 10.1210/jc.2006-1811.

84.
Gustafson B, Gogg S, Hedjazifar S, Jenndahl L, Hammarstedt A, Smith U: Inflammation and impaired adipogenesis in hypertrophic obesity in man. Am J Physiol Endocrinol Me tab. 2009, 297: 999-1003. 10.1152/ajpendo.00377.2009.

85.
van der Poorten D, Milner KL, Hui J, Hodge A, Trenell MI, Kench JG: Visceral fat: a key mediator of steatohepatitis in metabolic liver disease. Hepatology. 2008, 48: 449-457. 10.1002/hep.22350.

86.
Jeong SK, Kim YK, Park JW, Shin YJ, Kim DS: Impact of visceral fat on the metabolic syndrome and nonalcoholic fatty liver disease. J Korean Med Sci. 2008, 23: 789-795. 10.3346/jkms.2008.23.5.789.

87.
Hoenig MR, Cowin G, Buckley R, McHenery C, Coulthard A: Liver fat percent is associated with metabolic risk factors and the metabolic syndrome in a high-risk vascular cohort. Nutr Metab (Lond). 2010, 7: 50-10.1186/1743-7075-7-50.

88.
Caldwell SH, Ikura Y, Iezzoni JC, Liu Z: Has natural selection in human populations produced two types of metabolic syndrome (with and without fatty liver)?. J Gastroenterol Hepatol. 2007, 22 (Suppl 1): S11-S19. 10.1111/j.1440-1746.2006.04639.x.

89.
Sene-Fiorese M, Duarte FO, Scarmagnani FR, Cheik NC, Manzoni MS, Nonaka KO: Efficiency of intermittent exercise on adiposity and fatty liver in rats fed with high-fat diet. Obesity (Silver Spring). 2008, 16: 2217-2222. 10.1038/oby.2008.339.

90.
Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW, DeFuria J, Jick Z: Adipocyte death, adipose tissue remodeling, and obesity complications. Diabetes. 2007, 56: 2910-2918. 10.2337/db07-0767.

91.
Freedland ES: Role of a critical visceral adipose tissue threshold (CVATT) in metabolic syndrome: implications for controlling dietary carbohydrates: a review. Nutr Metab (Lond). 2004, 1: 12-10.1186/1743-7075-1-12.

92.
Muzumdar R, Allison DB, Huffman DM, Ma X, Atzmon G, Einstein FH: Visceral adipose tissue modulates mammalian longevity. Aging Cell. 2008, 7: 438-440. 10.1111/j.1474-9726.2008.00391.x.

93.
Bjursell M, Gerdin AK, Lelliott CJ, Egecioglu E, Elmgren A, Tornell J: Acutely reduced locomotor activity is a major contributor to Western diet-induced obesity in mice. Am J Physiol Endocrinol Metab. 2008, 294: E251-E260. 10.1152/ajpendo.00401.2007.

94.
Meek TH, Eisenmann JC, Garland T: Western diet increases wheel running in mice selectively bred for high voluntary wheel running. Int J Obes (Lond). 2010, 34: 960-969. 10.1038/ijo.2010.25.

95.
Thomas EL, Brynes AE, McCarthy J, Goldstone AP, Hajnal JV, Saeed N: Preferential loss of visceral fat following aerobic exercise, measured by magnetic resonance imaging. Lipids. 2000, 35: 769-776. 10.1007/s11745-000-0584-0.

96.
Guisinger S: Adapted to flee famine: adding an evolutionary perspective on anorexia nervosa. Psychol Rev. 2003, 110: 745-761. 10.1037/0033-295X.110.4.745.

97.
McMurray RG, Bangdiwala SI, Harrell JS, Amorim LD: Adolescents with metabolic syndrome have a history of low aerobic fitness and physical activity levels. Dyn Med. 2008, 7: 5-10.1186/1476-5918-7-5.

98.
Varady KA, Hellerstein MK: Alternate-day fasting and chronic disease prevention: a review of human and animal trials. Am J Clin Nutr. 2007, 86: 7-13.

99.
Weber JM: The physiology of long-distance migration: extending the limits of endurance metabolism. J Exp Biol. 2009, 212: 593-597. 10.1242/jeb.015024.

100.
Davis JM, Murphy EA, Carmichael MD, Davis B: Quercetin increases brain and muscle mitochondrial biogenesis and exercise tolerance. Am J Physiol Regul Integr Comp Physiol. 2009, 296: R1071-R1077.

101.
Abraham J, Johnson RW: Consuming a diet supplemented with resveratrol reduced infection-related neuroinflammation and deficits in working memory in aged mice. Rejuvenation Res. 2009, 12: 445-453. 10.1089/rej.2009.0888.

102.
Frassetto LA, Schloetter M, Mietus-Synder M, Morris RC, Sebastian A: Metabolic and physiologic improvements from consuming a paleolithic, hunter-gatherer type diet. Eur J Clin Nutr. 2009, 63: 947-955. 10.1038/ejcn.2009.4.

103.
Al-Rubeaan K: Type 2 diabetes mellitus red zone. Int J Diabetes Mellitus. 2010, 2: 1-2. 10.1016/j.ijdm.2009.12.009.

104.
Guy GW, Nunn AV, Thomas EL, Bell JD: Obesity, diabetes and longevity in the Gulf: is there a Gulf Metabolic Syndrome?. Int J Diabetes Mellitus. 2009, 1: 43-54. 10.1016/j.ijdm.2009.05.001.

105.
Hooper PL, Hooper PL, Tytell M, Vigh L: Xenohormesis: health benefits from an eon of plant stress response evolution. Cell Stress Chaperones. 2010, 15 (6): 761-70. 10.1007/s12192-010-0206-x.

106.
Roldan A, Palacios V, Caro I, Perez L: Resveratrol content of Palomino fino grapes: influence of vintage and fungal infection. J Agric Food Chem. 2003, 51: 1464-1468. 10.1021/jf020774u.



Competing interests
The authors declare that they have no competing interests.

Authors' contributions
AVN, with contributions from JDB and GWG, developed the original concept and wrote the manuscript. JSB contributed in the preparation and critical review of manuscript. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/contact.gif





OEBPS/A12986_2010_Article_299_Fig1_HTML.jpg
INCREASED EXERCISE SALIENCE

>

OPTIMAL HORMESIS

HEALTHY

TIPPING POINT ZONE
Tz

UNHEALTHY

Low HorMESIS |NCREASING HORMESIS HiGH HorMESIS )





