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    Life is a constant struggle between the intrinsic and extrinsic challenges and the ability to counteract, defend and adapt to those challenges. This is a highly dynamic process. However, beyond the evolutionarily required “essential lifespan” (ELS), a progressive failure of homeodynamics is the fate of life, manifested in ageing and eventual death. How to prevent or slow down this failure, or how to enhance our functionality and survival, is the challenge of ageing.




    Comprehensive scientific studies over the past five decades have led to the conclusion that the traditional disease-orientated biomedical model of ageing needs to be abandoned for a wholistic concept. This is because there are no specific gerontogenes or any master controller molecule(s) that cause ageing and which can be counteracted one at a time. Maintaining health, and any possible extension of lifespan, require whole-body interventions. One such approach is the phenomenon of mild stress-induced hormesis, which is the subject matter of this book.




    Hormesis, hormetins and hormetics are, respectively, the phenomenon, the agents and the science of bi-phasic dose response to stressors. This is a scientific and evidence-based approach. Marios Kyriazis’ book, which also includes a contribution from another author, deals with this subject of scientific and wholistic hormesis in a most comprehensive and accessible manner.




    Hormesis works. Stress of choice is good for health. Food, physical activity and psycho-social engagement are the three pillars of health. These can be personalised and optimised by using the three principles of hormesis: pleasure, moderation and variety. This book helps in opening several new practical possibilities in this regard.




    

      Dr. Suresh Rattan


      International Association of Gerontology and Geriatrics European Region – (IAGG-ER)


      Aarhus University


      Aarhus


      Denmark
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    This Series on ‘Frontiers in Aging Science’ aims to exploit the method of online sharing of information, and will examine in detail several important models, hypotheses, theories and other notions (including Blue Skies Research) which may help us elucidate the intricacies of the ageing process. The first such eBook will examine the role of challenges. These are interventions that provoke action (a protective response) from the organism. This response is mediated by the up-regulation of protective cellular mechanisms that diminish the effect of age-related degeneration in humans.




    Several authors have suggested that the process of biological ageing is associated with loss of information, disruption of homeostasis, and a reduction of functional and physiological complexity. As time-related damage accumulates, and the processes of repair become progressively less able to deal with this damage, organisms begin to experience dysfunction, degeneration and chronic clinical diseases, eventually leading to death. One possible way of remediating this loss of complexity is to increase exposure to relevant and meaningful information which can, through various mechanisms, up-regulate functional and structural complexity with a consequent improvement in function. This basic premise (that age-related loss of complexity may be counteracted by exposure to stimulation and information) has been studied in a variety of levels and under many different guises. One way of increasing information exposure is through mild and repeated challenges or mild stress, i.e. hormesis. In medicine and biology hormesis is defined as ‘an adaptive response of cells and organisms to a moderate, intermittent, challenge’.




    Hormesis describes phenomena where there is a low dose stimulation, high dose inhibition, and it suggests that nutritional, physical, mental and chemical challenges, if appropriately timed, may result in mild damage to the organism which up-regulates repair mechanisms. In crude terms it can be said that during the process of repairing this damage, any coincidental age-related damage is also repaired. A similar concept is that of Environmental Enrichment where experimental animals are exposed to an enriched environment with regards to visual, auditory and habitat augmentation. The majority of experiments confirm that an enriched and stimulating environment (an ‘information-rich’ habitat) has several positive effects on health, specifically on brain and immune function. These concepts are presented in Chapters 1-3.




    In Chapters 4 and 5 there is a discussion about the biological mechanisms of information exposure, and how the impact of new information and challenges may result in the reallocation of resources from the germ line to the soma. This is important because it may underlie a hitherto dormant mechanism that may lead to radical reduction of age-related degeneration. In Chapter 6 I analyse further the relationships between information, challenges, human evolution and possible biological changes, building upon the previous discussion. In Chapter 7, Atanu Chatterjee from the Indian Institute of Technology analyses certain significant concepts which are crucial in our understanding of life generally and the human body in particular. He provides a grounding and a framework for expanding our notions of hormesis and stimulation, from a general domain to the specific case of human ageing. He explains notions such as complexity in living systems, energy distribution and entropy, which form the foundation of our efforts to devise ways that maximise information exposure that increases our biological complexity.




    Finally, in chapter 8 I expand the scope of the discussion and aim to examine ways we can become better participants within an increasingly technological environment. The overall aim is to examine ways whereby humans, in a modern context, can harness the power of challenging information, and use it to up-regulate their functional complexity (both in the biological and in the social sense). As a result, damage repair becomes maximised, the risk of dysfunction diminishes and the incidence and prevalence of age-related degeneration and disease is kept to a minimum or even totally eliminated.




    Our methodology is conceptually different from many existing approaches which depend on physical, pharmacological, genetic or cellular methods and other disruptive technologies for defying ageing. Despite discussing several drugs or compounds acting as hormetic agents, the essential characteristic of our methodology is that it is based less on physical items and more on environmental abstract, virtual and cognitive elements (see Figure below).




    The title of the book reflects this: Ageing is seen as a challenging problem but, at the same time, it may be overcome by exposure to challenges (situations that incite biological action) which may be clinically useful. The book is targeted at gerontologists, anti-ageing physicians and clinicians, medical students, and university students (in gerontology, biology, complexity sciences, evolution). The slant is a blend of graduate/postgraduate level, providing an in-depth analysis and discussion of the main concepts (hormesis, environment, information, human evolution, biology of ageing) and a synthesis of these as applied to defying age degeneration. It will be valuable to those pursuing a medical or biological career, as well as others interested in human ageing.




    Master Figure. This explains the relationship, influences and feedback loops between the concepts of hormesis, environmental enrichment and social effects upon somatic and germ line biology. The intention is to show that external challenges have an impact on somatic repair mechanisms and thus may help improve repair of age-related degeneration, resulting in prolongation of healthy lifespan. The reader is requested to revisit this figure after reading the entire book and review the interconnections of the different components. This will give a much clearer idea of the overall concept I tried to describe in this book.
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Fig. (1). Schematic representation of the relationship between the different concepts discussed in this book. The concept of hormesis is based on challenges, positive stress and information exposure. It influences (partly through Hormetins) both directly and indirectly (through epigenetic mechanisms) the cell. (The concept of the ‘cell’ is better described as a ‘somatic agent’ which includes cells, molecules, genetic material and anything else that makes a human, with the exception of germline material). Environmental enrichment (EE) is also based on challenges, positive stress and information, and through both local and global mechanisms (such as the Global Brain, smart cities, Ambient Intelligence) also has an effect on the ‘cell’. This effect is modulated by social and cultural factors. The enormous evolutionary pressure placed upon the ‘cell’ results in a phase transition which shifts the priority of repair resource allocation from the germline to the soma, resulting in reduced or absent age-related functional decline.
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      Abstract




      Our biological response to external challenges frequently obeys hormetic principles. During the phenomenon of hormesis, mild stressful challenges may up-regulate defence and repair pathways, with a subsequent overall improvement in function. It is important to highlight that hormesis is a dose-response, non-linear phenomenon, meaning that a low dose of a stressor can result in benefit whereas a higher dose may result in damage. Hormesis is invoked when the challenge is of sufficient magnitude and appropriate quality as to satisfy the definition of ‘novelty’. Routine and monotony do not, as a rule, invoke a hormetic response. In this chapter I will discuss certain characteristics of hormesis as applied to humans, and examine several situations whereby an adequately-timed stimulus may be of practical health benefit. The assessment and response to the new challenge leads to adaptation and thus, eventually, improvement of function within a particular environment (the environment where the challenges have originated from). In this way, there is a direct link between external challenging information and internal physical or biological changes. This link will be explored in detail, both in this chapter and in other chapters of this book.


    




    

      Keywords: Adaptation, Cellular networks, Exploratory behaviour, Homeodynamic space, Hormesis, Non-linearity, Novelty, Physical challenges, Power law, Stress response, Stressor, Stimulation.


    




    


    * Corresponding author Marios Kyriazis: ELPIS Foundation for Indefinite Lifespans, London TW10 6DR , United Kingdom; Tel: 0044-7850221796; E-mail: drmarios@live.it.


    


  




  

    

      SOME DEFINITIONS




      Agent = An entity that acts on its environment.




      Stress = Any sudden, unforeseen perturbation of a system, when the system itself does not have the resources to deal with the change, i.e. it cannot, or has not have the time to, adapt to the perturbation.




      Stressful event = A perturbation of a system, a challenge, a stimulus that incites the system to act.




      Challenge = The term refers to a softer situation where, following a stressful event the system has both the time and the capability to adapt, i.e. change in response to the perturbation. So, strictly, stress and challenge are not equivalent, but mild/positive stress (as opposed to chronic, intense stress) can be seen as the equivalent of a ‘Challenge’. Here, a challenge is defined as a situation that potentially carries biological value for an organism, so that the organism is inclined to act. A challenge provokes action because it represents a situation in which not acting will lead to an overall lower fitness than acting.




      Adaptation = When the system or the agent undergoes a structural or functional rearrangement in order to accommodate the new information carried by the challenging event.




      Hormesis = A biphasic dose response to an environmental challenge, characterized by a low dose stimulation (benefit) and a high dose inhibition (damage).




      Indefinite and Infinite Lifespans An indefinite lifespan is a lifespan without a pre-determined end, and it denotes the virtual elimination of the mortality rate as a function of age (the elimination of age-related functional decline). In other words, the incidence of involuntary death caused by ageing tends to zero. Death can still ensue through other means such as accidents, injuries, infections, starvation and so on. An infinite lifespan on the other hand, is equivalent to true immortality and the total abolition of death from any cause (however idealistic this may be).




      Ageing (in humans) = Time-related dysfunction.




      Evolution = The adaptation to changes in the environment, so that survival continues.




      Fitness = Good function within a specific environment.


    






    

      Introduction




      Although hormesis is a term applicable to a wide range of situations [1] in this book I discuss hormesis with particular relevance to humans. Hormesis is a phenomenon characterised by a non-linear, ‘U’-shaped, ‘low-dose activation, high-dose inhibition’ principle. In other words, a low dose of a stimulus can positively challenge the organism and result in health benefits, whereas an excessive, suboptimal, or prolonged exposure can result in damage and disease [2]. In a wider sense, the concept is based on repeated mild exposure to new information, a sustained (but not excessive) state of ‘novelty’ which resets homoeostatic mechanisms.




      In order to use the correct terminology, it is necessary to clarify that there are different terms describing diverse hormetic effects. For example, a previous exposure to mild stress (a low dose of a hormetic agent) protects the organism against a larger, stressful dose later on. This is called ‘Conditioning Hormesis’ and it bestows a protective effect against future stresses [3]. A different type of hormesis is ‘Post-exposure Conditioning Hormesis’, when an organism who is subjected to a high, toxic level of stress may experience improvements when it is subsequently exposed again to low doses of the same stressor. For the purposes of this book, while we use the term ‘hormesis’ we, on the whole, refer in fact to the Conditioning Hormesis aspect of the concept.




      The hormetic response is triggered by encounters with any physical, chemical, biological, mental or other challenges, which may disturb the cellular or organismic homeostatic mechanisms [4] (Fig. 1). Although hormetic effects have been studied extensively at cellular level, and not so much at the level of the entire organism, it is legitimate to assume that effects at higher levels are real and valid [5].




      Hormesis, through functionally diverse stressors, may trigger several mechanisms of lifespan extension such as disruption of the Insulin-like Growth Factor-1 (IGF-1) signalling pathway, up-regulation of immunity, proteostasis and oxidative stress response [7]. A basic characteristic of a hormetic event is novelty of information. Here, novelty is defined as ‘the quality of being new, original, or unusual’, and this includes both unfamiliarity and unconventionality. Novelty is also associated with creativity, innovation and imagination. These are essential characteristics because, as I will discuss in other chapters, a worldview which encompasses creativity, innovation and imagination is more likely to lead to a healthy and prolonged lifespan, exactly because it invokes novelty, which results to positive hormetic change.
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Fig. (1))


      The hormesis (biphasic) dose–response curve: generalized quantitative features. The hormetic dose response is characterized by specific quantitative features concerning its amplitude and width. Based on more than 10,000 hormetic dose responses in various hormetic databases, approximately 80% have their maximum response less than twofold greater than the control. The strong majority of hormetic dose responses extend over approximately a 5- to 10-fold dose range immediately below the estimated response threshold.... The hormetic response appears to quantitatively describe the limits of biological plasticity across phyla as well as at different levels of biological organization (cell, organ, and organism). Image and text credit from [5].



      

        Hormetic Stimulation




        When we are exposed to a new stimulus, (be that a physical, chemical, mental, or other), our sensory systems detect the new information (in the form of nerve impulses, or otherwise) which is carried from the periphery to central processing areas. There, the information is assessed and used in order to initiate processes that lead to changes in the configurations of existing networks, including genetic, epigenetic or any other networks (Fig. 2) [8]. Therefore, there is a direct link between information and physical changes or modulation of our biology. This link will be explored in detail in several parts of this book.
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Fig. (2))


        System adaptation following stimulation. A system at rest is being challenged by a novel stimulus, which causes the entire system to undergo a process of internal changes, aiming to buffer the stimulus. Eventually the system attains a different state compared to the original. This system is now ‘better’ than the original in the sense that it can respond to further similar stimuli without exhibiting dysfunction, and is thus well-suited to its new environment (which contains that stimulus).



        Scott [9] has commented that humans have managed to survive for millions of years while being continually exposed to ionising radiation (both from cosmic and solar origin). In common with other mammals, this has helped us develop a continually-evolving protection system, what he calls an ‘activated natural protection’ (ANP) system which is regulated by epigenetic factors, i.e. factors which respond to environmental challenges. An optimal activation of ANP results in hormetic phenotypes which exhibit increased resistance to stress. As a result, these phenotypes are healthier compared to phenotypes which are poorly resistant to stress. This is relevant in ageing where adaptation to external and internal stresses must remain effective. One way effective adaptation can be achieved is via epigenetic mechanisms. Hormesis causes epigenetic adaptation, and an optimal balance between over or under activation of genes [10]. In this respect, hormesis can reverse the dysregulation in epigenetic control which is seen in ageing. The role of epigenetic and environmental influences in age-related dysfunction will be examined in detail in other chapters.




        It has been argued that the stress-induced benefits of hormesis may not come free but may, in fact, come with trade-offs particularly with regards to immunity (i.e. hormesis may result in reduced immune function) [11]. This is at odds with other studies which show that hormesis improves immune status, as well as other processes, and it has been critiqued [12]. In their critique, Le Bourg and Rattan conclude that:




        

          It seems that the balance between positive and possible negative effects of mild stress is clearly on the positive side, and any trade-offs in fitness are specific to the general health, robustness and resilience of the body.


        




        In addition, it is also well accepted that exposure to chronic stress (i.e. not mildly challenging, but intense and sustained stress) can indeed result in immunosuppression [13], as well as other deleterious events such as increased cortisol, and disruptions of homoeostasis. In population studies, when an organism is exposed to a mild challenge, there is a period of sustained growth and the death rates are dampened. When the stressful stimulation exceeds a certain threshold, then death rates increase and growth rates decrease [14]. The organism becomes less sensitive to the stressor if it has already been exposed at low levels of that stressor [6]. Therefore, this general phenomenon suggests that previous exposure to mild challenges and information that compel the organism to act, fortifies the organism against future severe stresses and it is thus beneficial to the health of that organism.




        Of course, there are inter-individual differences, making the response to a challenging stimulus more variable. In addition, genetic and environmental factors are relevant, and we may reach a situation where many different factors act synergistically or antagonistically to modify the expected result. Nevertheless, as a general concept, hormesis provides a useful framework for practical suggestions that can be applied in everyday life [15, 16].


      




      

        The Homeodynamic Space




        One example of the general principle where a stimulus can be toxic at some doses and beneficial at others is the case of reactive oxygen species (ROS). Agents such as hydrogen peroxide, superoxide and others may prevent age-related degeneration by acting as hormetic agents or as signalling molecules [17]. What matters here is the dose: a low exposure to these agents can improve systemic defences and regulate adaptive processes. Based on this premise, it may be argued that meticulous avoidance of oxidative events such as artificial blocking of ROS signalling through oral supplementation with antioxidants, may prevent this hormetic signalling and result in damage [18].




        The concept of homeodynamic space proposed by the biogerontologist Suresh Rattan is useful when considering hormesis, and it can help in understanding the relationship between low or excessive stimulation [19]. He quotes:




        

          Aging, senescence and death are the final manifestations of unsuccessful homeostasis or failure of homeodynamics. A wide range of molecular, cellular and physiological pathways of repair are well known, and these include multiple pathways of nuclear and mitochondrial DNA repair, free radical counteracting mechanisms, protein turnover and repair, detoxification mechanisms, and other processes including immune- and stress-responses. All these processes involve numerous genes whose products and their interactions give rise to a “homeodynamic space” or the “buffering capacity”, which is the ultimate determinant of an individual’s chance and ability to survive and maintain a healthy state. A progressive shrinking of the homeodynamic space, mainly due the accumulation of molecular damage, is the hallmark of aging and the cause of origin of age-related diseases.


        




        It is interesting here to encounter the concept of ‘buffering’ which was also further developed by cyberneticist Francis Heylighen [20]. He quotes:




        

          Aging is analyzed as the spontaneous loss of adaptivity and increase in fragility that characterizes dynamic systems. Cybernetics defines the general regulatory mechanisms that a system can use to prevent or repair the damage produced by disturbances. According to the law of requisite variety, disturbances can be held in check by maximizing buffering capacity, range of compensatory actions, and knowledge about which action to apply to which disturbance. This suggests a general strategy for rejuvenating the organism by increasing its capabilities of adaptation. Buffering can be optimized by providing sufficient rest together with plenty of nutrients: amino acids, antioxidants, methyl donors, vitamins, minerals, etc. Knowledge and the range of action can be extended by subjecting the organism to an as large as possible variety of challenges. These challenges are ideally brief so as not to deplete resources and produce irreversible damage. However, they should be sufficiently intense and unpredictable to induce an overshoot in the mobilization of resources for damage repair, and to stimulate the organism to build stronger capabilities for tackling future challenges. This allows them to override the trade-offs and limitations that evolution has built into the organism’s repair processes in order to conserve potentially scarce resources. Such acute, “hormetic” stressors strengthen the organism in part via the “order from noise” mechanism that destroys dysfunctional structures by subjecting them to strong, random variations. They include heat and cold, physical exertion, exposure, stretching, vibration, fasting, food toxins, micro-organisms, environmental enrichment and psychological challenges. The proposed buffering-challenging strategy may be able to extend life indefinitely, by forcing a periodic rebuilding and extension of capabilities, while using the Internet as an endless source of new knowledge about how to deal with disturbances....... The reason for the overshoot is the uncertainty about the seriousness of the challenge: better hit an attacker hard enough the first time so that he won’t come back, than run the risk of a second attack that may kill you. If the potential destructiveness of the challenge is not known, the safer strategy is to mobilize more than may be needed. On the other hand, for well-known challenges, the organism can estimate exactly how much it will need, and save the rest. The effect of the overshoot is that more damage will be repaired than the one caused by the disturbance, thus actually rejuvenating the organism. Moreover, the organism will have learned to expect more intense challenges than it was used to, and therefore to build up its capabilities for tackling similar problems in the future. This increases its range of action or “homeodynamic space”.


        




        Therefore, it is becoming clear that there is an interplay between challenges and buffering mechanisms, which aims to avoid extremes of stimulation and to maintain the system within a defined space of function [21]. Any extreme fluctuations may result in deviations outside the homeodynamic space, and loss of function. It is thus important to try and maintain the quality and strength of the challenging stimulation within certain limits. Examples of such hormetic challenges (hormetins) applicable to everyday life and their mechanisms have been discussed by Rattan [22, 23] and I will discuss some examples in the next chapter.




        The three main characteristics of homeodynamic space are:




        

          	Stress Response




          	Damage Control, and




          	Continuous Remodelling [24]
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Fig. (3))


        The negative feedback loop involved in the regulation of the stress response. This helps maintain the function of the different genes and proteins within the limits of the homeodynamic space. Physical, nutritional, cognitive and other stressors act on a host of variables such as reactive oxygen species, DNA adducts and glucose, which activate sensor proteins that regulate transcription factors. These then activate anti-stress genes which, through negative control, normalise the controlled variable, and thus the system remains buffered within a certain normal landscape. [Figure adapted from [25]].



        The concept of ‘Continuous Remodelling’ is important as it supports the notion that our internal biological processes respond in a way not only to counteract the external stressful stimulus, but also to improve local and systemic structure and function (Fig. 3).


      




      

        Cellular Networks during Hormetic Stress




        Stress (including mild stress) can affect the function and configuration of cellular networks [25]. In higher organisms, cells are connected in a dynamical network fashion, where there is continuous rearrangement of connections, depending on the degree of stimulation (external or internal) [26]. The links between cells can be weak (‘weakly-connected’ cells) or strong (‘strongly-connected’ cells, usually forming hubs) (Fig. 4). Szalay et al. [28] showed that chronic stress which is perceived as a threat can decrease the density of links between cells and results in diminished function. Strong stress may also induce a phase transition where the cell completely changes its way of operating.




        Cells usually form ‘small words’ (when the elements of any network are separated by only a small number of other elements [29] - (see Fig. 4). This is useful when it comes to communication and cross-talking between cells. Obviously, it would be ideal if a signal can propagate from one cell to another without the need to pass through many and repeated paths involving many cells. Strongly-connected cells form hubs which facilitate communication and are also more resilient to damage. Following a stressful stimulus, the network may exhibit a ‘Le Chatelier-type network principle’ where after the stimulation, the network reduces the strength of the links, and this makes it more difficult for the perturbation to propagate [28]. When the perturbation is exhausted, the links remain in the existing configuration, and, as a result, the network has now achieved a new configuration, i.e. it has adapted as in Fig. (2). The network has thus become better able to withstand a further perturbation.


      




      

        Examples of Hormetic Challenges




        As explained above, it is possible to experience hormetic effects through exposure to novelty and through exploratory behaviour [30]. The combination of novelty and unpredictability eventually leads to increased creativity, which is a unique human characteristic. And, of course, as it is discussed in this book, may also help improve health and longevity: it is known that hormetic challenges may be used in order to reduce the impact of ageing [31]. Exploratory, goal-oriented behaviour, in areas where one is unfamiliar is a legitimate source of hormetic challenges [32]. The novelty of information exposure triggers several biological and behavioural mechanisms which perturb homoeostasis and initiate a series of actions which, on the whole, result in an improved state compared to the state before the action: ‘improved’, in the sense that the organism is now better adapted to its surroundings. This exploratory behaviour may include physical elements (such as exploring new routes, new objects or new items), or cognitive elements (new concepts, new reading material, new ideas). Of course, a combination of these two elements is ideal for an all-round effect.
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Fig. (4))


        ‘Small-world’, scale-free cellular networks. Schematic representation of transmission of information between individual cells which are connected with other cells. Most cells in this network (blue) interact with only one or two other cells (weakly-connected cells) whereas two (black) are connected with many other cells simultaneously (strongly-connected cells, forming hubs). In this example, these strongly-connected cells can communicate directly with 75% of other cells, whereas weakly-connected cells interact with just 10% of others. Random damage (or repair of damage) in some weakly-connected cells is not likely to cause significant disruption (or benefit) to the network, whereas damage to, or repair of strongly-connected cells is going to affect huge parts of the network (from [27]). Random attrition of cells in the network eventually leads to network collapse, and underlies degenerative disease.



        A ‘Bias for action’ is another behavioural way for achieving stimulation and challenging our cognitive processes [33]. Exhibiting a bias for action refers to active decision-making, a general propensity to act ‘on the spot’ without having the full information regarding the task. It is ‘making ideas happen’, i.e. acting purposefully. It does not mean however, to act without forethought. It refers to having novel ideas based on previous knowledge and acting fast on those ideas in order to make them reality. The decisive action involves a certain degree of risk without being excessively risky, a typical, dose-dependent, hormetic concept. Humans (and some animals) frequently engage in behaviour which has no clear adaptive basis, but it can be seen as ‘intrinsically motivated, and often directed toward the unknown and the unexpected’ [34].




        Many practical ways of inducing other mild hormetic stress in animals have been described [35]. For instance, it is known that heat stress in cows induces changes in reproduction [36]. Research in humans is less detailed but there are indications that we can relatively safely extrapolate at least some results from animal studies to humans. Therefore, when it comes to practical hormetic advice, we may consider issues such as:




        1. Avoid excessive and ritual cleanliness, and allow some exposure to dirt. It is important to allow micro-organisms to interact with the immune system in order to maintain the effectiveness of the immune function. The continual exposure to pathogens up-regulates elements of the immunity repair system which can then be useful when a more pronounced accidental exposure takes place. Several studies have shown a relationship between pathogen exposure and subsequent immunity response. For a summary see [37]. Dirt, pathogens, minor injuries and minor infections act as hormetic challenges to the immune system, up-regulating appropriate stress responses and allowing the immune system to respond more effectively in a future stressful encounter.




        2. Another challenge is based on the same principle, and involves aiming for (or, at least, tolerating) activities which may result in trivial/mild injury [38]. For example, gardening without hand protection may result in minor grazes or scratches which act as challenging stimuli to the immune system, and incite it to become more effective at fighting infections. As a consequence, this will help heal more serious wounds or injuries at a later stage (this may well include age-related damage).




        The general concept of hormetic protection against future stressful events has been studied in a variety of experiments involving insect bites [39, 40]. It was shown that bee stings (and exposure to bee venom) can induce immune changes such as T-cell proliferation and improved IgE response, which protect against a future toxic event. This is an example of Conditioning Hormesis [41]. It was also suggested that while high exposure to mosquito bites has a negative impact on immunity, a lower but sustained exposure has immune system benefits [42].




        3. Direct exposure to wind, sunshine or rain may also be considered as mid hormetic challenges. Air pressure and other sensors on the skin (such as thermal sensors [43] for example), register the sensory information carried by the wind or rain, and transmit the information to the brain which, in turn, modulates compounds that can repair skin damage, restore any changes in temperature, and heal skin irritation. Through this action, the neuro-immune mechanisms remain active and are ready to respond to a subsequent more serious challenge. This principle is exemplified by research in possums. Researchers have shown that exposure to mild wind and light rain improves the immune system of laboratory possums, and increases their ability to cope in a much colder or wetter environment in the future [44].




        Not forgetting, of course, that lack of exposure to sunlight may result in vitamin D deficiency. At the initial stages this causes muscle aches and bone pains, tiredness and lack of energy. Vitamin D also supports the immune system and it is therefore essential during ageing. Thus, exposure to the elements should bear a hormetic basis: some exposure is good, too much is detrimental (and it may result in sunburn dehydration, premature skin ageing and similar).




        Other studies have supported the general principle of heat or cold exposure as a means for regulating subsequent immune response, at least in animals [45] (Box 1).




        

          

            	

              BOX 1. Sauna as a heat stress: Health benefits of sauna used as a hormetic challenge




              

                	Following heat stress, the expression of HSP(Heat Shock Proteins) increase and this mediates hormetic health benefits [46] as discussed above. This can be translated into some relatively well-studied clinical treatment modalities [47]. For example, it has been suggested that sauna at around 80-100 degrees Celsius for 15 minutes three times a week for three months can have a positive impact on fasting glycaemia, glycated haemoglobin, body weight, and body fat content [48]. This may be mediated through nitric oxide and HSP70 expression.




                	In a study, six healthy volunteers were exposed to hyperthermia treatment (20 min/day, 40°C, 100% relative humidity, using a nano-mist sauna method). The concentration of cortisol, catecholamines and leukocyte activity were studied. It was found that cortisol and adrenaline levels decreased, while B and T cell function improved [49].




                	A prospective cohort study of 2315 middle-aged (age range 42-60 years) men from Eastern Finland showed that increased frequency of sauna bathing can result in a reduced risk of sudden cardiac death, fatal coronary heart disease, fatal cardiovascular disease, and all-cause mortality [50].




                	Another study of Finnish sauna on healthy men (three 15 minute sessions every other day) showed a statistically significant reduction of LDL, total cholesterol and triglycerides. There was also a small increase in HDL levels. These results were comparable to those experienced through moderate exercise [51].




                	Benefits following hyperthermia (sauna) treatments were also reported by patients with chronic obstructive airway disease, chronic fatigue, persistent pain, or addiction [52]. It is considered to be a safe treatment modality, with no significant side effects apart from its use in pregnancy which may be teratogenic.


              


            

          


        




        These and other studies show that the hormetic effects of heat challenge (via sauna for example) work through a variety of mechanisms to improve overall health and reduce the risk of mortality.




        4. A ‘power-law’ lifestyle. This acts as a continual and changeable challenge to several organs and systems, up-regulating overall function. Some details regarding this type of lifestyle are given in the section below.


      




      

        Power Law Lifestyle




        Ageing is a universal phenomenon and so it must obey universal laws and principles. Certain mathematical principles that apply globally can thus safely be applied in ageing. One of these laws concerns the function of ‘power law’ and fractals. Power law is a mathematical relationship between two quantities. In the case of hormesis, consider the relationship that exists between the intensity (i) of any activity as a power of its frequency (f ): f (i).




        In practice, it has been suggested that in order to follow a more ‘natural’ and therefore evolutionarily successful lifestyle, the frequency of any given activity (such as exercise, for instance) needs to vary as a power of its intensity: frequent low-intensity exercises, less frequent medium-intensity exercises, and rare high-intensity ones [53].




        A good example of power law lifestyle is encountered in the Paleolithic concept. The modern notion of the Paleolithic lifestyle refers to a lifestyle that exposes us to situations similar to those experienced by humans living in the wild, natural environment over 10 000 years ago. The notion refers to both the nutritional [54] and physical challenges [55] (such as Paleo diet and the Paleo lifestyle), and is based upon the concepts of hormesis and power law. The Paleo diet suggests consuming foods which were eaten by ancient hunter-gatherers such as nuts, raw vegetables, meat and fish, as well as avoiding foods from agricultural origins such as cereals, rice, sugar, and other processed food or foods with high glycaemic index [56].




        Within the Paleo model, it is necessary to mimic natural patterns of eating, such as skipping meals or eating at irregular intervals, and follow Intermittent Fasting methodologies. These introduce elements of novelty, unpredictability and positive challenges, all of which modulate the stress response.




        The Paleo diet umbrella also encompasses two important nutritional concepts, that of calorie restriction and that of intermittent fasting. Calorie restriction is as a form of nutritional hormesis [57]. Intermittent Fasting is based on the ‘feast or famine’ pattern normally encountered in the wild. This aims to achieve a positive nutritional stress response [58]. The practice places the organism under nutritional stress [59], which can be beneficial if it is not prolonged. Benefits include an improvement in blood sugar and cholesterol levels, protection against neurotoxicity, enhancing the immune system and many others. An important component of the Paleo lifestyle is physical exercise. With hormesis in mind, it is possible to recommend physical activity that has power-law characteristics, meaning that it is necessary to follow an exercise regime including many low-level exercises (brisk walking, gentle swimming) and avoiding frequent intense activities such as running marathons. These physical exercises need to be performed at irregular intervals and ever-changing durations (i.e. avoiding repetitions) for the full hormetic effect to become apparent [60]. Power-law activities improve the sense of balance, strengthen the bones against osteoporosis, improve immunity, and exercise diverse groups of muscles. It is important to highlight once again that within the context of a Paleo lifestyle, any repeated and protracted high intensity activities (such as prolonged jogging or intense weight lifting) are not advised. These actions increase production of uncontrolled reactive oxygen species which accelerate damage to the tissues [61].




        The power-law methodology favours irregular and unusual exercises, with a slant towards using natural (as opposed to artificial, man-made items) such as lifting logs or dragging trees, walking barefoot, rock and tree climbing, throwing, running for short distances in shallow water, etc., all preferably performed in a natural environment such as a forest or a park. This aligns well with the concept of biophilia- a tendency to lean towards green, natural environments [62]. As mentioned above, the irregularity of the exercises is also important, as it introduces an element of novelty and continual challenge. Repetitive and extreme exercises have no adaptive value and are associated with many adverse effects [63].




        NOTE: For the sake of completeness, it is worth mentioning that there is an opposite school of thought, which offers an alternative view based on evolution and modern techno-cultural society environments. This view places more emphasis on subject matters virtually contrary to those discussed above, i.e. with much less emphasis on ‘healthy’ diet and exercise, and considerably more emphasis on cognitive stimulation, which is more appropriate for some sections of humanity (at least in some developed countries). In this context, the meaning of the term ‘healthy’ or ‘natural’ is being questioned outside of conventional thinking. These concepts are discussed later on in the book.




        Apart from nutrition and exercise, there are many other natural or artificially-inspired activities that may result in hormetic health actions (Table 1).




        

          Table 1 Other practical hormetic activities in humans could be.




          

            

              

                	Activity



                	Hormetic Action

              


            



            

              

                	Low dose ionising radiation (LDIR)



                	Exposure to mild (hormetic) radiation has been shown to modulate apoptosis and prevent untimely death of healthy cells, and at the same time promote elimination of cancerous cells [64]. This is a promising but impractical hormetic stimulation, awaiting clarification. It is known that LDIR can cause different changes to human embryonic stem cells, depending on the actual dose used [65]. It may be claimed that living within a modern-day ‘radiation-smog’ has hitherto poorly defined hormetic benefits.

              




              

                	Exposure to very low temperatures: WBC (Whole Body Cryotherapy)



                	This is known to improve blood circulation, stimulates immunity and has positive effects in several chronic degenerative conditions such as arthritis and hypertension. Its basis is a hormetic response, a brief exposure to a damaging agent (in this cases extreme cold) that initiates the stress response and prepares for a more serious or sustained danger [66]. Specifically, exposure to short bursts of cold stress has been proven to up-regulate the action of macrophages (i.e. improves immunity), whereas a more prolonged exposure diminishes their function. This is a typical example of hormesis when a short-lived challenge is beneficial, but becomes detrimental if it is prolonged [67]. It is interesting to note that H2S (hydrogen sulphide - the hormetic poison mentioned in Box 2) can also lower the body temperature, achieving results similar to those seen with WBC

              




              

                	Extreme fairground rides [68]



                	This is a more unusual or unconventional way of experiencing a challenging stimulation.


                Exposure to hyper-gravity is a well-known method for achieving hormesis in the laboratory [69] and it is mentioned here to give an indication of the range of possible hormetic stimulants [70]. Experiments using centrifuges for small animals [71] or even human centrifuges [72] have shown a variety of health benefits.

              




              

                	The use of hormetic metabolic poisons.



                	These include H2S, Cyanide, Rotenone, Antimycin and Malonate [73]. Low dose aflatoxin ingestion has been reported to benefit chickens [74]. However, as research in this area is clearly lacking, there are no meaningful practical suggestions that can be given in this respect. It is worth remembering that hydrogen sulphide is emerging as a useful metabolic and signalling molecule in low doses (see Box 2)

              




              

                	Short extreme heat, steam room mimicking heat shock stress



                	Effects similar to sauna, as discussed above

              


            

          




        




        

          

            	

              BOX 2. The effects of Hydrogen Sulphide




              Hydrogen sulphide (H2S) is considered here as it is a typical hormetic compound. It is poisonous in high doses, but in low dose it has a variety of physiological effects. Together with nitric oxide (NO) and carbon monoxide (CO) it is an important gaso-transmitter, a gas which participates in the transmission of signals in a biological context. Hydrogen sulphide exposure:




              

                	affects apoptosis [75]




                	has antioxidant properties [76]




                	reduces inflammatory markers and improves angiogenesis [77]. The use of H2S donors has been studied in laboratory animals and was found to be promising [78].


              


            

          


        


      




      

        Sexuality: an Unmentionable Hormetic Challenge




        Back in 2010, I published a paper which discussed, among other techniques, the role of sexuality in ageing, and the hormetic effects of sexual activities [79]. It is known that hormesis plays an active role in modulating the ageing of the sexual system. For instance, a dose-response phenomenon exists when low amounts of zinc in the diet can increase male fecundity patterns, whereas increasing the dose of zinc beyond an optimal level actually decreases fecundity [80]. Although this study has been performed in flies, it suggests that, based upon the universal nature of hormesis, this effect may well be true for humans too. In another study of flies it was shown that early exposure to a stressful stimulant may result in improved conditioning in later life and increased fecundity [81]. Serum testosterone levels exhibit sensitivity to hormetic stimuli such as low dose ionising radiation [82], and low doses of the poison searelonone may lead to increased secretion of oestrogens based on a hormetic effect [83]. I further quote from my paper:




        

          “Zhang et al. [84] have demonstrated that, although high-dose radiation caused extensive reproductive adverse changes in the mouse reproductive system, pre-exposure to low-dose radiation was beneficial. In particular, they found that pre-treatment with low-dose radiation attenuates the negative effects of high-dose radiation at a later stage and improves pituitary gonadotropins, follicular stimulating hormone (FSH), luteinizing hormone, testosterone, testicular weight, and sperm count. These are typical hormetic responses, and they support the suggestion that the reproductive and endocrine systems obey universal hormetic laws. Although more research is clearly needed in this area, it could be claimed that challenges and stimuli that cause mild physical or mental stress upon the sexual and reproductive systems could prove to be beneficial at the clinical level. One may hypothesize for example, that recommending unconventional sexual activities in consenting older people may, through hormesis, reduce the effects of age-related sexual dysfunction. These activities may act upon serotoninergic pathways and/or stimulate endorphins, BDNF, or other elements, including testosterone and estrogen concentrations [85, 86]. A consequence of any increased sexual activity is that it improves blood circulation and muscle strength, which acts beneficially on other organs through biological amplification.




          It has been shown that visual and tactile stimulation can have a positive effect upon patients with erectile dysfunction [87]. Furthermore, visual erotic and vibrotactile stimulation can increase average penile circumference to a sufficient size suitable to achieve vaginal intercourse, even in impotent men up to the age of 90 years [88]. The argument here is that increased visual erotic inputs act as a mild hormetic challenge on the brain, which responds beneficially via neurohormonal pathways.




          On the basis of these arguments, and as long as there are no major physical barriers, physicians or other suitably qualified health practitioners could recommend a range of practical measures to enhance sexuality in the older patient. These recommendations need to go beyond simple romanticism and affection and should relate to attaining pure sexual gratification for the hormetic stimulus to become effective. It is possible to use both conventional and unconventional methods to encourage variety, stimulation, and sexual arousal (either with a partner or in solitary situations)” (Box 3).


        




        

          

            	

              BOX 3. Examples of hormetically-inspired erotic activities are:




              

                	Vibro-tactile stimulation (genital touching, masturbation, use of vibrator devices, orgasmic meditation) [89]




                	Visual erotic (legal pornography, ‘top shelf’ magazines, ‘selfies’, videos, internet) [90]




                	Sexual games (‘sexting’, heavy petting, cross dressing, sexual fantasies, mock Sadomasochism) [91]




                	Unusual sexual positions (either during intercourse or otherwise, for instance consensual face-sitting) [92]




                	Use of aids (unusual condoms, G-spot stimulators, touch (finger-worn) vibrators, rings, ‘love balls’) [93]


              


            

          


        




        Therefore it can be seen that a variety of stimuli can result in beneficial health effects if used at the correct dose. I have already discussed how the frequency of applying the hormetic challenge needs to be regulated. In the following section I will discuss some aspects of evaluating the strength and amplitude of the simulation.


      




      

        Regulating the Regulator: What Constitutes a ‘Good’ Positive Challenge




        A positive challenge is a condition that requires action from our physiological processes, because it represents an opportunity to be exploited [94]. A challenge is essentially a problem that needs resolving, and our physiology is forced to take a specific action which must be for the benefit of the organism. It is forced to select the best option among a number of others. An appropriate selection itself creates information which reduces uncertainty [95], and it results in improvement of physiological function. With respect to the brain, any meaningful information (knowledge, experience, wisdom, excellence), via expressive activation of appropriate brain mechanisms (sensory to cortex, and other areas such as the prefrontal cortex and the anterior insula) activates (i.e. increases the energy available to, or the potential energy of) biological patterns. An improved physiological response may include better repair and maintenance of the tissues, which, in clinical terms, translates to prolongation of health-span and avoidance of age-related degeneration.




        In this respect, challenge (accumulation of useful information) can prevent regress, i.e. reduce the rate of entropy increase, as discussed in Chapter 7. According to Shannon [96], entropy increase is associated with loss of information, entailing loss of organisation. Therefore, more (appropriate) information should equal an improvement in organisation, and thus improvement in function.




        However not all information is useful, and not all information is beneficial, so it is necessary to filter it in order to avoid information overload. Information of suitable magnitude is necessary in order to improve problem-solving by our biological and physiological processes. This may be achieved if the biological process can make the appropriate selection when confronted with a challenge or a stressful stimulus. The increased power of selection means that the best choices will be selected for the ultimate benefit of the organism. The benefits of a challenge are derived not only from external information but also from internally-created abstract thoughts, meditation, awe etc. Intentional cognitive enhancement should be distinguished from a mere passive cognitive stimulation [97] (see below).




        How to measure the degree of stress and how to ensure that the exposure is appropriate? This is a question that is asked over and over, with researchers concerned that overexposure to a stimulus may cause adverse effects, whereas underexposure may prove useless in achieving a benefit. The level of optimal stimulation can be difficult to predict. It will have to, nevertheless, be based on hormetic principles, i.e. low dose stimulation, high dose inhibition. The issue regarding the achievement of an optimal level of stimulation which can result in health benefits must be addressed.




        One way to choose whether a stimulus is of sufficient magnitude or not, is to refer to the notion of ‘challenge versus threat’ [98]. When an organism is presented with a sudden or unexpected problem, it will evaluate whether it has the resources or the ability to deal with this problem effectively. If yes, then the problem is seen as a (hormetic) ‘challenge’. If the organism does not have access to sufficient resources or a range of suitable options in order to confront the problem, then this is perceived as a ‘threat’, i.e. damaging, to be avoided [99].




        A very crude subjective measure of choosing if a particular stimulus is seen as a challenge or threat is to rely on an internal ‘feel good’ factor: if we feel comfortable with dealing with a problem then it is likely that this will exert challenging hormetic benefits on our systems. If we feel uncomfortable or distressed by a stimulus then it is likely that our physiology perceives this as a threat. This does not necessarily mean a threat to our survival but it could mean a threat to our well-being, or more precisely, a threat to our homoeostasis. There could be hormonal or neuroendocrine elements involved in this process but here I am concentrating on neural elements only. The neuro-anatomical basis of this evaluation has been placed in the anterior insula region of the brain. The anterior insula reciprocally communicates with visceral and autonomic nervous elements (including gut microbiota neuro-elements [100] and thus monitors the state of peripheral resources [101]. Activation of the anterior insula results in the subjective perception of ‘effort’ [102].




        The results of the continual monitoring of energy resources needed to perform a task can thus be manifested as ‘comfort’ or ‘discomfort’ [103]. In addition, there may be biological markers for sensing over or under stimulation. Studies of cellular stress response show that there exist stress transducers and, for example, in the endoplasmic reticulum there are the IRE1 (inositol-requiring enzyme 1), PERK (Protein kinase RNA-like endoplasmic reticulum kinase), and ATF6 (activating-transcription-factor-6) pathways which sense any perturbations connected to stress [104, 105]. These subsequently trigger downstream signalling pathways which help deal with the stress in question. Another biomarker is the Heat Shock Protein family which are elevated following stress [106].




        These transducers are able to sense not only the presence of stress but also its intensity, and subsequently induce a dose-dependent response. The presence of stress response markers provides a possible way (in principle) to monitor the intensity of any stressful stimulus, by evaluating the activity of suitably identified biomarkers following a stressful hormetic event. In general terms, it is necessary to aim for short but intense challenges followed by a certain period of recovery, in order to avoid excessive exposure and exhaustion of resources. Chronic (continual) exposure to intense cognitive stimuli is counterproductive.




        I need to highlight that certain random and unstructured (i.e. background noise, chaotic) challenges are also a necessary element in achieving robustness of adaptability to stress. The addition of random noise into the system enhances antifragility [107]. These random, background unstructured challenges help single out and destroy any brittle, fragile configurations of our stress-response pathways, and encourage the system to explore new configurations which may carry more robustness. When these robust configurations are identified, are selectively retained by the system and thus making it increasingly more resistant to future perturbations. This is the phenomenon of ‘order out of noise’, better explained by the notion of simulated annealing [108].




        In the search for identifying the characteristics of an optimal challenge, the ‘Yerkes–Dodson law’ becomes relevant. This describes the relationship between arousal and performance, and it posits that mental or physical arousal (stimulation, novelty, challenges) leads to improved performance but only when arousal is up to a certain level. If arousal is excessive or below the optimal level, then performance worsens. Too high levels of stimulation result in decreased performance, and this is based on a typical hormetic principle graphically illustrated as a ‘bell’- shaped curve [109] (Fig. 5).




        It is also possible to study another way of measuring the magnitude of the challenging stimulus, by considering the concept of flow. This has been described by Csikszentmihalyi back in 1992 [111]. Essentially, the concept describes how a challenge that matches one’s skills and abilities causes well-being. If the challenge is over one’s ability then it causes anxiety. If it is below, it causes boredom. He quotes [112]:




        

          The best moments usually occur when a person’s body or mind is stretched to its limits in a voluntary effort to accomplish something difficult and worthwhile. Optimal experience is thus something we make happen.


        




        
[image: ]


Fig. (5))


        The relationship between performance and arousal. [From [110]]. Here the physiological flow of information could be: exposure to a challenge causes hormonal and neuro-endocrine changes (such as rising cortisol). This causes a physiological response in the brain which may involve changes in protein or neurotransmitter function, leading to plasticity potentiation, and successful adaptation to the original challenging event.



        This is similar to Blascovich’s ideas of ‘challenge versus threat’ mentioned above [113]. So, if a mental challenge causes excessive stress or anxiety, is unlikely to be beneficial in ageing. If it is of such a low intensity that causes boredom, then it will not be beneficial either [114]. As mentioned, it is known that the feeling of ‘effort’ necessary to achieve a cognitive function depends on reactive control systems involving the anterior insula, which monitor information about energetic costs [115].




        As hinted above, health benefits may be experienced not only through externally-obtained information but also through internally-originating challenges such as meditation and abstract thinking. Mindfulness meditation is a combination of training regimes which involve increased attention and heightened information flow, which act as a challenge to several brain structures. For instance, it has been shown that mindfulness mediation increases blood flow to the anterior insula, indicating that the appropriate sensors which monitor ‘effort’ in the brain are activated [116]. During meditation, the functional connectivity of the amygdala is also improved [117]. The amygdala is involved in the regulation and integration of emotional stressors, i.e. stressors that initiate internally to the body [118]. Abstract thoughts also act on the amygdala, which encodes any abstract cognitive information and modulates behaviour [119], as discussed in Chapter 3, with examples given in the Appendix. Therefore, it can be argued that internally-derived challenging and intentional behaviour acts directly on certain defined brain regions. These then integrate the signals, modulate the stress response and improve neural function, behaviour and, through the hypothalamic-pituitary-adrenal axis, also general health.




        This variation between a high and a low degree of challenges can mobilize necessary resources and improve repair processes which can then strengthen functional and structural redundancy and resilience. However, the stage of information fatigue or cognitive exhaustion should not be reached. In this situation it is important to emphasize that there is no constant optimal level of challenges. A challenge that can be beneficial for a person one day may prove neutral for the same person on another day (intra-individual variation). And a challenge which is beneficial for one person, may not be beneficial for another similar person matched for age, sex, health and other parameters (inter-individual variation)- see Chapter 2. In order to mimic natural patterns we need to be exposed to novel challenges which exhibit a power law distribution: many slight ones, some average ones, a few big ones, and very occasional huge ones.
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