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Abstract

Hormesis in aging is represented by mild stress-induced stimulation of protective mechanisms in cells and organisms resulting in

biologically beneficial effects. Single or multiple exposure to low doses of otherwise harmful agents, such as irradiation, food

limitation, heat stress, hypergravity, reactive oxygen species and other free radicals have a variety of anti-aging and longevity-

extending hormetic effects. Detailed molecular mechanisms that bring about the hormetic effects are being increasingly understood,

and comprise a cascade of stress response and other pathways of maintenance and repair. Although the extent of immediate

hormetic effects after exposure to a particular stress may only be moderate, the chain of events following initial hormesis leads to

biologically amplified effects that are much larger, synergistic and pleiotropic. A consequence of hormetic amplification is an

increase in the homeodynamic space of a living system in terms of increased defence capacity and reduced load of damaged

macromolecules. Hormetic strengthening of the homeodynamic space provides wider margins for metabolic fluctuation, stress

tolerance, adaptation and survival. Hormesis thus counter-balances the progressive shrinkage of the homeodynamic space, which is

the ultimate cause of aging, diseases and death. Healthy aging may be achieved by hormesis through mild and periodic, but not

severe or chronic, physical and mental challenges, and by the use of nutritional hormesis incorporating mild stress-inducing

molecules called hormetins. The established scientific foundations of hormesis are ready to pave the way for new and effective

approaches in aging research and intervention.
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1. Introduction

Two of the leading biogerontologists, Robin Holliday and Leonard Hayflick, have given almost identical titles to

their latest articles, asserting that aging is no longer an unsolved problem in biology (Hayflick, 2007; Holliday, 2006a).

This does not imply that every single detail of the phenomenology of biological aging, at all levels of organization, has

been elucidated. What is underlined is that the biological basis of aging are now well understood, and general

principles of aging and longevity are formulated which can be the basis for future research and intervention towards

achieving a healthy old age. One of the main principles to emerge from biogerontological research is that the primary

molecular phenotype of aging is the stochastic occurrence and accumulation of molecular damage leading to a

progressive increase in molecular heterogeneity and functional impairment (Rattan, 2006). A failure of maintenance

and repair pathways effectively determines the course of aging, origin of age-related diseases and eventual death
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(Holliday, 1995, 2000; Rattan, 2006; Rattan and Clark, 2005). Therefore, effective anti-aging strategies can be based

in this principle in order to develop methods to prevent and/or to slow down the failure of maintenance. The aim of this

article is to discuss one such strategy, hormesis, which makes use of the fundamental characteristic of all living

systems—their homeostatic or homeodynamic ability.

2. Homeodynamics, aging, and hormesis

All living systems have the intrinsic ability to respond, to counteract and to adapt to the external and internal

sources of disturbance. The traditional conceptual model to describe this property is homeostasis, which has

dominated biology, physiology and medicine since 1930s. However, advances made in our understanding of the

processes of biological growth, development, maturation, reproduction, and finally, of aging, senescence and death

have led to the realization that homeostasis model as an explanation is seriously incomplete. The main reason for the

incompleteness of the homeostasis model is its defining principle of ‘‘stability through constancy’’, which does not

take into account the new themes, such as cybernetics, control theory, catastrophe theory, chaos theory, information

and interaction networks, which comprise and underline the modern biology of complexity (Rattan, 2007). Since

1990s, the term homeodynamics is being increasingly used to account for the fact that the internal milieu of complex

biological systems is not permanently fixed, is not at equilibrium, and is a dynamic regulation and interaction among

various levels of organization (Yates, 1994).

Aging, senescence and death are the final manifestations of unsuccessful homeostasis or failure of homeodynamics

(Holliday, 2007; Rattan, 2006). A wide range of molecular, cellular and physiological pathways of repair are well

known, and these range from multiple pathways of nuclear and mitochondrial DNA repair to free radical counteracting

mechanisms, protein turnover and repair, detoxification mechanisms, and other processes including immune response

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 (Holliday, 2007; Rattan, 2006). A progressive shrinking of the

homeodynamic space is the hallmark of aging and the cause of origin of age-related diseases.

A critical component of the homeodynamic property of living systems is their capacity to respond to stress. In

this context, the term ‘‘stress’’ is defined as a signal generated by any physical, chemical or biological factor

(stressor), which in a living system initiates a series of events in order to counteract, adapt and survive. While a

successful and over-compensatory responses to low doses of stressors improve the overall homeodynamics of cells

and organisms, an incomplete or failed homeodynamic response leads to the damaging and harmful effects of

stress, including death.

Several meta-analyses performed on innumerable research papers published in the fields of toxicology,

pharmacology and radiation biology have led to the conclusion that the most fundamental shape of the dose–response

is neither threshold nor linear, but is U- or inverted U-shaped, depending on the endpoint being measured (Calabrese,

2006, 2004, 2005b; Calabrese and Blain, 2004; Calabrese and Baldwin, 2001a,b, 2003). This phenomenon of bi-phasic

dose–response was termed as hormesis in 1940s (for historical development of the term, see Calabrese, 2002). The key

conceptual features of hormesis are the disruption of homeodynamics, the modest over-compensation, the

reestablishment of homeodynamics and the adaptive nature of the process. A wide variety of physical, chemical and

biological agents exhibit hormetic dose–response, and these include heavy metals, pesticides, antibiotics,

chemotherapeutic agents, ethanol, aldehyde, chloroform, pro-oxidants, vitamins, trace elements and ionizing radiation

(Calabrese, 2004, 2005a,b; Calabrese and Baldwin, 2001a,b).

The paradigm for considering the applicability of hormesis in aging intervention is the well-documented beneficial

effects of exercise which at a biochemical level results in the production of potentially harmful substances such as free

radicals, acids and aldehydes (Alessio and Hagerman, 2006; McArdle et al., 2002; Singh, 2002). Thus, it is

hypothesized that if biological systems are deliberately exposed to mild stress, so that their homeodynamic pathways

of maintenance and repair are challenged and activated, this should lead to achieving beneficial hormetic effects,

including health- and longevity-promoting effects. Hormesis in aging is, therefore, defined as the life supporting

beneficial effects resulting from the cellular responses to single or multiple rounds of mild stress (Rattan, 2001a,b,

2004, 2005).

Since the harmful effects of severe stress have long over shadowed the beneficial hormetic effects of low-level

stress, applying hormesis in aging research and therapy is a relatively recent development. However, the concept of
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hormesis, by providing mechanistic explanations for the apparently paradoxical and non-linear effects of potentially

damaging agents, has given rise to new lines of investigation in anti-aging research (Rattan, 2004, 2005).

What follows is a brief review of the published literature on various physical, chemical and biological conditions

which are known to be potentially harmful at high doses, but which, at lower doses, have the effects of slowing down

aging and/or prolonging the lifespan of cells and organisms. This is followed by a discussion of the possible molecular

mechanisms involved in hormesis and of the issues remaining to be resolved in order for hormesis to be applied in

human aging intervention, prevention and therapy.

3. Radiation hormesis in aging

Although earlier studies on checking the effects of irradiation on biological systems were mainly performed with a

view to demonstrate its harmful effects, the observed bi-phasic – low-dose beneficial and high dose harmful – effects

can best be understood by invoking hormesis as a plausible explanation.

Whereas high doses of radiation decrease lifespan, low-dose radiation (LDR) is often accompanied by enhanced

lifespan, for example as observed in fruitflies (Lamb, 1964; Sacher, 1963) and in houseflies (Allen and Sohal, 1982). It has

been argued that irradiation leads to female sterility and that the lifespan increase is thus an outcome of decreased

fecundity. It was also shown that mutant females without ovaries did not exhibit increased lifespan after irradiation. The

environmental conditions influenced the lifespan of male houseflies differently after an exposure to LDR (Allen and

Sohal, 1982). The increased lifespan was observed only when animals were reared in groups, which promoted a high

locomotor activity. However, if individually reared and assumed to have a low locomotor activity, flies did not show

longer lifespans. Furthermore, irradiated flies had longer lifespan than controls only when the latter were kept on sub-

optimal rearing conditions (for discussion see, Minois, 2000; Minois and Rattan, 2003). The long-term consequences of

the X-irradiation of Drosophila eggs demonstrated longevity hormesis in male flies exposed to 0.5 and 0.75 Gy, who also

had smaller amounts of DNA segments resulting from cleavage in S1 nuclease sensitive sites (Vaiserman et al., 2003).

Several studies have reported the hormetic effects of gamma rays on longevity in rats, mice and guinea pigs (Calabrese

and Baldwin, 2000; Caratero et al., 1998). Suppression of thymic lymphoma induction and prolongation of lifespan

associated with immunologic modification by chronic LDR in C57BL/6 mice have been reported (Ina and Sakai, 2005;

Ina et al., 2005). In contrast to this, some earlier studies had failed to show an increase of lifespan after a LDR. For

instance, deuteron-irradiated mice exhibit higher mortality rates and lower lifespan in both sexes than non-irradiated ones

(Ordy et al., 1967). However, an exposure of the nematode Caenorhabditis elegans to 140-rad gamma irradiation did not

extend their lifespan (Cypser and Johnson, 2002). In contrast, the adaptive response of human embryonic cells to low-

dose gamma-radiation has been shown to increase the replicative lifespan up to 160% compared to non-irradiated cells

(Watanabe et al., 1992). Similarly, human embryonic lung diploid fibroblasts MRC-5 sequentially irradiated with 1 Gy

gamma rays had their replicative lifespan increased to some extent (Holliday, 1991). Hormetic effects of low-dose X-

irradiation on the proliferative ability, genomic stability and activation of mitogen-activated protein kinase pathways

have been reported for other human diploid cells (Suzuki et al., 1998a,b, 2001; Tsutsui et al., 1997).

In the case of human beings, although there are some claims that exposure to LDR has anti-aging and other health

benefits such as cancer prevention, the demographic data are insufficiently precise to be conclusive (Parsons, 2003;

Wyngaarden and Pauwels, 1995). For example, although better survival and other beneficial effects of low to

intermediate doses of atomic bomb radiation on Hiroshima and Nagasaki survivors have been claimed (Hayakawa

et al., 1989; Mine et al., 1990; Okajima et al., 1985), these results have been challenged by later analyses (Cologne and

Preston, 2000). On the other hand, mortality rates of all workers in UK’s Atomic Energy Authority were found to be

lower than national rates (Atkinson et al., 2004). All cause mortality and all cause cancers (leukaemia and prostate

cancer) were also significantly lower for nuclear workers than for non-radiation workers (Atkinson et al., 2004).

Furthermore, application of low-dose total body irradiation in treatment of cancers, such as non-Hodgkin’s lymphoma,

is another example of radiation hormesis (Safwat, 2000).

Although the exact mechanisms of how LDR brings about beneficial and longevity-promoting effects are not fully

understood, stimulation of various repair and maintenance pathways is indicative of hormesis. These include enhanced

DNA repair, induced DNA methylation, increased antioxidative enzymes, and increased removal of damaged

macromolecules (Eller et al., 1997; Feinendegen, 2005; Holliday, 1991; Pollycove and Feinendegen, 2001; Wolff,

1996). It will be useful to design and perform studies aimed specifically to test the anti-aging, anti-cancer and

longevity-promoting hormetic effects of stress-inducing levels of irradiation.
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4. Caloric restriction and hormesis

In more than 70 years of studying the effects of dietary caloric restriction (CR) on aging and longevity, CR is the

most commonly used intervention that has shown to extend the lifespan and slow down the onset of a wide range of

age-related changes in a variety of organisms, including yeast, insects, rats, mice, and monkeys. The universal

applicability of CR as an anti-aging and lifespan extending intervention, especially in human beings, is a highly

debated issue at present, based mainly on evolutionary arguments (Braeckman et al., 2006; Dirks and

Leeuwenburgh, 2006; Goto, 2006; Holliday, 2006b; Ingram et al., 2006; Le Bourg, 2006; Le Bourg and Rattan,

2006; Masoro, 2006a,b; Mockett et al., 2006; Phelan and Rose, 2006; Shanley and Kirkwood, 2006; Weindruch,

2006; Yu, 2006).

However, some beneficial and health promoting effects of CR have been reported for human beings. For

example, long-term CR is reported to be highly effective in reducing the risk for atherosclerosis in humans

(Fontana et al., 2004), and ameliorates the decline in diastolic function in humans (Meyer et al., 2006). An

unintentional CR imposed on the participants of the Biosphere-2 experiment in 1991 also gave some indication of

the beneficial effects of CR, as measured by several physiologic, hematologic, hormonal and biochemical

parameters (Walford et al., 2002). Similarly, unintentional chronic under nutrition and low body mass index have

been shown to improve certain DNA-repair parameters in peripheral blood lymphocytes of human subjects (Raji

et al., 1998).

A relatively short duration CR for six months has also been shown to have beneficial effects in humans by reducing

the fasting insulin levels, body temperature and DNA damage (Heilbronn et al., 2006). Intermittent CR by periodic

fasting has been shown to have a range of beneficial effects in rodents (Anson et al., 2003; Sharma and Kaur, 2005;

Sogawa and Kubo, 2000). These observations make periodic CR more easily applicable and acceptable to human

beings with several potential benefits, especially with respect to the prevention of neurodegenerative diseases with age

(Arumugum et al., 2006; Martin et al., 2006). Our recent pilot studies on checking the effects of periodic partial (80%)

fasting, once a week for 24 h, by serum reduction in serially passaged human skin fibroblasts have shown some anti-

aging and lifespan extending effects (Rattan and Ali, 2007).

In order to understand the mechanisms for the wide range of beneficial biological effects of CR, hormesis has been

suggested as a major explanation by considering CR as a low-intensity stressor (Masoro, 1998, 2007; Parsons, 2000;

Yu and Chung, 2001). The main evidence in support of the view that CR is a low-intensity stressor is its association

with the increase in plasma levels of glucocorticoid steroid stress hormones (reviewed in Masoro, 2007). Another

requirement for the hormesis hypothesis to explain the effects of CR is that CR should work through one or more

pathways involved in stress response, molecular damage prevention and turnover and metabolic regulation. There is

significant evidence for the hormetic action of CR by promoting maintenance and repair pathways. Table 1 gives a

summary of the main pathways shown to be involved in the hormetic response of CR in various organisms.
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Table 1

Pathways involved in bringing about the hormetic effects of calorie restriction

Pathway Organisms References

Heat shock proteins Rats, yeast Aly et al. (1994), Colotti et al. (2005), Hahn et al. (2004),

Harris et al. (2001), Heydari et al. (2000),

Selsby et al. (2005), Shama et al. (1998)

Nucleotide excision repair Rats Guo et al. (1998)

Proteasome activity Rats, yeast Hahn et al. (2004), Selsby et al. (2005), Shibatani et al. (1996),

Shibatani and Ward (1996)

Lysosomal autophagy Rats Bergamini et al. (2003), Cuervo and Dice (2000)

Antioxidant activities Rats, mice, Drosophila Semsei et al. (1989), Sohal and Weindruch (1996)

Insulin and glucose metabolism regulation Mice Anson et al. (2003), Duan et al. (2003a), Duan et al. (2003b)

Neurotrophic factors Rhesus monkey Maswood et al. (2004)

Metabolic shift involving sirtuins,

histone deacetylation, etc.

Yeast, nematodes,

Drosophila, rats

Cohen et al. (2004), Guarante and Picard (2005),

Koubova and Guarante (2003), Nemoto et al. (2004),

Rogina and Helfand (2004), Wood et al. (2004)

Mitochondrial uncoupling Rats Crescenzo et al. (2006), Liu et al. (2006)

Hormonal regulation Rats, mice Everitt (2003), Klebanov et al. (1995), Mobbs et al. (2001)



5. Exercise hormesis

The well-documented beneficial effects of exercise occur in a paradoxical background of biochemical framework.

It is well known that exercise increases the production of potentially harmful substances such as reactive oxygen and

nitrogen species, other free radicals, acids and aldehydes (Alessio and Hagerman, 2006; Ji, 2006; Ji et al., 2006; Radak

et al., 2005; Radák et al., 1998). The most significant physiological change that occurs during exercise is up to 20-fold

enhanced mitochondrial respiration and oxidative phosphorylation leading to increased metabolic rate (Ji, 2006).

Prolonged exercise then leads to the formation and accumulation of acids and other metabolites, which are potentially

powerful damaging agents. In order to understand the long-term beneficial effects of repeated moderate exercise,

hormesis provides the best explanation.

Some of the main molecular pathways involved in bringing about the adaptive and hormetic effects of exercise are

activation of nuclear factor NFkB signaling cascade involving various stress kinases and antioxidant genes (Ji, 2006;

Wakatsuki et al., 2004), enhanced anti-inflammatory responses, enhanced DNA repair, and increased degradation of

damaged proteins and other macromolecules by proteasomal and lysosomal pathways (Radak et al., 2005; Short et al.,

2004). Another pathway which is active in realizing the hormetic effects of exercise is the stress response or heat shock

protein (HSP) synthesis pathway in which the induction of various HSP, during and after exercise, has a variety of

beneficial biological effects associated with it (Atalay et al., 2004; Gonzales and Manso, 2004; Lancaster et al., 2004;

McArdle et al., 2004; Verbeke et al., 2001b). Increased levels of HSP provide several benefits including a protection

against molecular damage occurrence and accumulation, which is a crucial aspect of aging.

6. Thermal hormesis

6.1. Heat stress in organisms

Temperature stress, especially heat stress (HS), is one of those stresses that have been used with a specific aim to

test and apply hormesis. The reason for this is not only because HS is easy to implement and gives consistent results,

but also because HS mainly acts through an evolutionarily highly conserved stress response pathway known as the

heat shock response (Verbeke et al., 2001b). Effects of mild and sever HS have been tested on yeast, nematodes,

fruitflies, and rodent and human cells. For example, a 2 h HS at 37 8C applied before the first division and after the

fourth division extended the replicative lifespan of Saccharomyces cerevisiae by 10% (Shama et al., 1998). The

same HS had no effect if applied later in life as well as if applied everyday. In the case of nematodes, wild-type and

age-1 mutant hermaphrodite C. elegans exposed for 3–24 h to 30 8C exhibited a significant increase in mean

lifespan compared to controls (Johnson, 2002; Lithgow et al., 1995). Similarly, a 6 h exposure at 30 8C of wild-type

worms induced a 12.5% increase in lifespan, but no effect was found after exposures of 2 or 4 h (Yokoyama et al.,

2002). In a series of articles (Butov et al., 2001; Michalski et al., 2001; Yashin et al., 2001), the purpose of which was

to model survival under stress, C. elegans worms were subjected to 35 8C HS of different durations. Those studies

showed that HS not longer than 2 h produced an extension of lifespan of animals. In contrast, longer HS had either

no effect or deleterious effects. In a study of multiple stresses in C. elegans an extension of lifespan after 1 and 2 h

HS at 35 8C was reported (Cypser and Johnson, 2002, 2003). In another study performed on C. elegans it was

observed that repeated mild heat treatments throughout life had a larger effect on lifespan compared to a single mild

heat treatment early in life, and the effect was related to the levels of heat shock protein (HSP) expression (Olsen

et al., 2006).

Virgin males of inbred lines of D. melanogaster exhibited an increase in mean lifespan and lower mortality rates

during several weeks after a heat treatment of 36 8C for 70 min (Khazaeli et al., 1997). No beneficial effect of HS was

reported in females or in mated flies. It has also been shown that wild-type D. melanogaster exposed 5 min a day, 5

days a week for one week to 37 8C live on average 2 days longer than the control flies (Le Bourg et al., 2001). Longer

exposures had either no effect or negative effect on lifespan. In another study on D. melanogaster, exposure of young

flies to four rounds of mild HS at 34 8C significantly increased the average and maximum lifespan of female flies and

increased their resistance to potentially lethal heat stress (Hercus et al., 2003). Interestingly, the beneficial effects of

HS in Drosophila do not entirely depend on a continuous presence of HSP, but are observed long after newly

synthesized HSP had disappeared, indicating the involvement of a cascade of post-stress events in hormesis (Sørensen

et al., 2003; Vermeulen and Loeschcke, 2007).
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Studies have also been performed on the effect of subjecting transgenic D. melanogaster over-expressing the

inducible HSP70, to 20 min at 36 8C in an incubator under saturated humidity (Minois et al., 2001; Minois and

Vaynberg, 2002). In the control ‘‘parental’’ line, such an exposure significantly increased the lifespan of both

virgin flies kept in groups and of mated flies. The effect was more pronounced in males than in females. In

individually kept flies, the same trend was observed but was statistically not significant. No beneficial effect of

this HS has been seen in the transgenic lines (Minois and Vaynberg, 2002). At least one study also reports the

beneficial effects of cold stress-induced hardening in Drosophila, in terms of improved survival (Overgaard et al.,

2005).

Irradiated and non-irradiated mice who were give intermittent cold-shocks showed lower rates of mortality in non-

irradiated males as well as in both sexes in irradiated mice. Longer lifespans were observed in thermally stressed non-

irradiated males and irradiated females. Finally, rats kept in water set at 23 8C, 4 h a day, 5 days a week had a 5%

increase in average lifespan and diminished the occurrence of certain age-related diseases (Holloszy and Smith,

1986).

6.2. Heat stress in cells in culture

The hormesis hypothesis of the beneficial effects of mild HS has been tested on the Hayflick system of cellular

aging of normal human cells in culture. Using a mild stress regimen of exposing serially passaged human fibroblasts to

41 8C for 1 h twice a week throughout their replicative lifespan in vitro, we have reported several anti-aging effects.

These effects include the maintenance of youthful morphology, reduced accumulation of oxidatively and

glycoxidatively damaged proteins, and increased resistance to ethanol, hydrogen peroxide and UV-A irradiation

(Fonager et al., 2002; Rattan, 1998; Verbeke et al., 2000, 2001a, 2002). Possible mechanisms for the above hormetic

effects of repeated mild HS in human fibroblasts include an increase in the activities of the proteasome, increased

levels of various HSP, and increased antioxidative enzyme activities (Beedholm et al., 2004; Fonager et al., 2002).

Furthermore, we have also shown that repeated mild HS at 41 8C, but not the relatively severe HS at 42 8C, increased

the replicative lifespan, and elevated and maintained the basal levels of MAP kinases JNK1, JNK2 and p38 in human

skin fibroblasts (Nielsen et al., 2006).

Recently, we have undertaken studies on the hormetic effects of repeated mild HS on normal human epidermal

keratinocytes (NHEK), and the results obtained are very much similar to those for dermal fibroblasts (Rattan and

Ali, 2007). As previously observed for human skin fibroblasts, NHEK also showed a variety of cellular and

biochemical hormetic anti-aging effects on repeated exposure to mild HS at 41 8C. These effects included

maintenance of youthful cellular morphology, enhanced replicative lifespan, enhanced proteasomal activity, and

increased levels of HSP (Rattan and Ali, 2007). Additionally, we have also studied the effects of HS on Na,K-

ATPase or the sodium pump. Mild HS significantly increased the content and activity of the pump in NHEK.

Increased Na,K-ATPase activity is consistent with an overall increase in the metabolic rate of the cell. However, the

molecular mechanisms and interactions which bring about the mild HS-induced increase in the amounts and

activity of Na,K-ATPase, and its consequences on other biochemical pathways, in NHEK during aging are yet to be

elucidated. Notably, comparable hormetic effects could not be seen in NHEK repeatedly exposed to 43 8C, which

underlines the differences between the beneficial effects of mild stress and the harmful effects of severe stress.

Other hormetic effects of mild HS on NHEK include increased differentiation of keratinocytes in the presence of

calcium, and reduced cytotoxic effects of glucose and glyoxal (Berge et al., 2007). Similarly, vitamin-D-induced

differentiation of telomerase-immortalized bone marrow stem cells into osteoblasts could be enhanced by pre-

exposure to HS (Nørgaard et al., 2006).

As regards the molecular mechanisms through which the hormetic effects of mild HS are achieved, these remain to

be elucidated. Although the general mechanisms of severe heat shock response are well understood (Feder and

Hofmann, 1999; Sun and MacRae, 2005; Verbeke et al., 2001b), it is not clear whether there are any significant

differences between mild heat stress which has hormetic effects, and severe heat stress, repeated exposure to which has

deleterious effects (Park et al., 2005). It is likely that the physiological cost of stress in terms of energy utilization,

molecular damage overload and metabolic shift determine the difference between the outcome of mild and severe

stress. Also, it is yet to be understood how the transient appearance of HSP leads to biologically amplified hormetic

effects at various other levels of cellular functioning, such as improved proteasome activity, enhanced resistance to

other stresses, maintenance of the cytoskeletal integrity and others.
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7. Nutritional hormesis and hormetins

Several dietary components, such as vitamins, antioxidants, trace elements, minerals, ethanol, and

even herbicides and pesticides have been shown to have typical hormetic dose–response (Calabrese and Blain,

2004). All such compounds (natural or synthetic), which bring about biologically beneficial effects by acting

through one or more pathways of maintenance and repair, and stress response, are termed as hormetins (Ali and

Rattan, 2006).

In a recently published article Hayes has critically reviewed the hormetic effects of various vitamins and macro-

and micro-minerals, including iron, iodine, fluorine, selenium and copper (Hayes, 2007). Additionally, the effects of

zinc also show a typical hormetic dose–response, and its beneficial effects are considered to be achieved through stress

response induced alterations in gene expression of various maintenance and repair pathways (Mocchegiani et al.,

2000, 2006).

Dietary intake of moderate amounts of ethanol has been shown to have memory enhancing beneficial effects in

mice (Ritzmann et al., 1994). The cardio-protective, antioxidative and other beneficial effects of wine are

considered to be due to flavonoid and non-flavonoid components, such as resveratrol (Corder et al., 2006),

which also have hormetic dose–response. Resveratrol is considered to be a product of sunlight- and microbial-

stress-induced hormetic response (Lamming et al., 2004). Several studies have reported the anti-aging and

longevity enhancing effects of resveratrol in nematodes, Drosophila and mice (Baur et al., 2006; Lamming et al.,

2004; Rogina and Helfand, 2004; Valenzano et al., 2006; Wood et al., 2004). Since resveratrol’s mode of action

involves regulating various pathways of maintenance, repair, and metabolic rate, it qualifies to be called a

hormetin.

Other potential hormetins are various antioxidants, including components of spices and other medicinal plants.

Almost all antioxidants show hormetic dose–response and become pro-oxidants above certain doses. Furthermore, in

some cases such as alpha lipoic acid and coenzyme Q10, it is their pro-oxidant activity in producing hydrogen

peroxide, which induces defensive responses, which are the basis of their ultimately beneficial effects (Linnane and

Eastwood, 2006). Certain mimetics of superoxide dimutase claimed to have anti-aging effects also appear to work

through hormetic pathways by inducing oxidative stress response (Keany et al., 2004; Liu et al., 2003; Melov et al.,

2000). It has also been argued that initial low-level deposition of A-beta protein, that eventually leads to Alzheimer’s

disease, may actually have some protective hormetic role for neurons (Rubinsztein, 2006). Even DNA damage

products, for example thymidine dimers, have cytoprotective effects in the skin by inducing DNA repair pathways

(Eller et al., 1997; Goukassian et al., 2004). Another secondary DNA damage product, N6-furfuryladenine or kinetin –

known to have anti-aging effects in human cells, and widely used as a component of several skin care cosmeceutical

products (Rattan, 2002; Rattan and Clark, 1994) – may also work as a hormetin through stress-induced hormetic

pathways (Barciszewski et al., 1999, 1996).

Components of various medicinal plants used frequently in the traditional Chinese medicine (TCM) and in the

Indian Ayurvedic system of medicine are claimed to have anti-aging effects, which appear to be achieved through

hormetic pathways. For example, celasterols and paeoniflorin present in some medicinal herbs used in TCM, have

cytoprotective effects and induce HSP in human cells (Westerheide et al., 2004; Yan et al., 2004). Similarly, curcumin,

which is the active component in the commonly used yellow food spice Haldi and is derived from the roots of Curcuma

longa, is a co-inducer of HSP and has wide ranging biological effects depending on its dosage (Cronin, 2003;

Dunsmore et al., 2001; Joe et al., 2004). Whereas curcumin doses above 10 mmol have been reported to have anti-

inflammatory and anti-cancer effects in experimental studies (Moos et al., 2004; Rashmi et al., 2003), at lower doses

(0.3 and 1 mmol) curcumin stimulates proteasome activity, enhances HSP induction after HS, and stimulates sodium

pump activity effects (Ali and Rattan, 2006; Rattan and Ali, 2007).

Hormesis may also be an explanation for the health beneficial effects of numerous other foods and food

components, such as garlic, Gingko, and other fruits and vegetables (Everitt et al., 2006; Ferrari, 2004; Fischer

and Morley, 2002; Gurib-Fakim, 2006; Hayes, 2005, 2007; Moriguchi et al., 1996; Svendsen et al., 1994).

Understanding the hormetic and interactive mode of action of natural and processed foods is a challenging field of

research, and has great potential in developing nutritional and other life style modifications for aging intervention

and therapies. For example, it may be possible to develop multi-hormetin formulations as anti-aging drugs and

nutriceuticals whose mode of action is through hormetic pathways by mild stress-induced stimulation of

homeodynamic processes.
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8. Hypergravity and other stresses

8.1. Hypergravity

Hormetic effects of hypergravity have been studied in Drosophila. Whereas life long exposure to hypergravity

decreases the lifespan in rodents and fruitflies, a 2-week exposure to 3 or 5 g at earlier stages in life, resulted in an

increase of 15% in the lifespan of male but not of female D. melanogaster (Le Bourg et al., 2000; Minois, 2006). In

addition to longevity, other physiological and behavioural parameters, such as fecundity, fertility, locomotor activity,

antioxidant enzyme activity, HSP levels and heat resistance, have also been analyzed. Except for increased survival of

hypergravity-exposed Drosophila under heat stress, no other clear cut patterns have been observed so far that can be

associated with anti-aging effects of transient hypergravity (Le Bourg, 2005; Le Bourg and Fournier, 2004; Minois and

Le Bourg, 1999). It is also not clear why the longevity-extending hormetic effects of hypergravity are restricted to male

flies only. Studies on checking the anti-aging effects of hypergravity on various molecular biomarkers of aging, such as

the level of macromolecular damage and other maintenance and repair pathways, are yet to be performed.

8.2. Other stresses

Some examples of other stresses that have been investigated with respect to their effects in aging and longevity include

starvation, electromagnetic stress, and mechanical stress, but the results obtained are not consistent or well understood

(for details see Minois, 2000; Minois and Rattan, 2003). In one such study, chronic low-frequency (10 Hz) electric

stimulation of young and old male Brown Norwegian rats resulted in more than two-fold increase in the proportion of IIa

slow muscle fibers and in the content of satellite cells (Putman et al., 2001). An example of low-level mechanical stress

having beneficial hormetic effects is the study showing that 20 min burst of very low magnitude high frequency vibrations

given to hind limbs of sheep increases the trabecular density by 34% in 1 year (Rubin et al., 2001). There is some

indication that osteopontin synthesis in human dental osteoblasts is stimulated by low levels of mechanical stress (Liu

et al., 2004). The effects of repeated physical injuries on lifespan extension have been studied for a marine oligochaete

Paranais litoralis, capable of posterior regeneration, and of asexual reproduction (Martı́nez, 1996).

Another kind of stress that appears to have hormetic effects is the population density in early stages of life. For

example, it has been shown in Drosophila that larval crowding can induce both nutritional limitation and high

concentrations of waste products, and can thus be considered as a stress for the larvae. Several studies have reported

that raising larvae in such conditions increased the lifespan of adult flies. For instance, an increase in lifespan with

increased larval density, between 5 and 100 larvae per 5 cm3 of food has been reported. Furthermore, it was reported

that whereas the developmental time, starvation resistance, relative fat content and lifespan increased with larval

density, viability was dramatically decreased (for details see Minois and Rattan, 2003). However, in a separate study it

was shown that larval crowding had no negative effect on viability but could increase the lifespan in D. melanogaster

(Sørensen and Loeschcke, 2001).

There are some studies attempting to check the hormetic effects of mental and psychological stress. Although the

harmful effects of chronic and acute stress on life functioning, quality of life, and survival are well documented

(Padgett and Glaser, 2003; Segerstrom and Miller, 2004), beneficial effects of periodic low-level mental stress are also

being investigated. For example, C57BL6 young male mice exposed to stress by keeping them in a restrained space for

2.5 h increased the levels of stress hormone catecholamines and corticosterones and adrenal steroids, and enhanced

their immunoprotection during surgery, vaccination or infection (Viswanathan and Dhabhar, 2005). Skin fibroblasts

from Cushing syndrome patients, who have higher plasma levels of glucocorticoids, have longer replicative lifespan in

vitro and have a better HSP stress response (Pratsinis et al., 2002; Zervolea et al., 2005). There are some preliminary

studies which show that hormesis through mental challenge (Bierhaus et al., 2003) and through mind-concentrating

meditational techniques (De Nicolas, 1998; Fábián et al., 2003, 2004; Selkoe, 1992) may be useful in stimulating stress

response, and intercellular and intracellular debris-removal processes.

9. Hormesis potential, challenges and unresolved issues

Since hormetic effects of mild stress are normally observed to be quite moderate and not so dramatic, some people

find it difficult to envisage the biological significance of hormesis in terms of its application in human aging
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intervention and prevention (Thayer et al., 2006; Zapponi and Marcello, 2006). However, it should be pointed out that

although the initial hormetic effects may be relatively small when studied at the level of an individual biochemical

step, often the final biological outcome, such as overall stress-tolerance, functional improvement and survival, is

much larger, synergistic and pleiotropic. This suggests that hormesis is involved in the biological amplification of

adaptive responses leading to the improvement in overall cellular functions and performance. Exercise is a good

example of the biological amplification of beneficial effects of mild stress where it is not only the specific muscle

targets which gain benefit, but improvements in the immune system, cardiovascular system, sex hormones, libido and

mood are also well documented (Kyriazis, 2003; Radak et al., 2005; Singh, 2002). A recent study performed on rats

shows that exercise performed in a young age can have lifelong benefits on bone structure and strength (Warden et al.,

2007).

At present we have little knowledge of the interactive molecular pathways which, through a process of biological

amplification, result in the maintenance and/or improvement of the physiological functions. Furthermore, in the case

of human beings, the role of the mental state and psychological challenge in modulating various physiological

functions, such as the immune response, stress hormone synthesis, gene expression, cardiac output and muscle

strength are only beginning to be addressed.

The main promise and potential of hormesis as a modulator of aging lies in its mode of action. Since hormetic

effects occur by involving a series of molecular and physiological processes, the final target of hormesis is the overall

homeodynamic machinery of the living systems. Although hormesis-inducing stress may be targeted at a single

pathway, the cascade of biological effects and their amplification results in the modulation and strengthening of the

total homeodynamic ability.

As discussed in the earlier sections above, the process of aging is primarily characterized by a progressive

shrinking of homeodynamic space in terms of increased molecular heterogeneity, which leads to increased

vulnerability, onset of diseases and eventual death. It is also important to realize that the dimensions of the

homeodynamic space of an individual are determined by its interacting network of genes, milieu and chance (Rattan,

2006), which are the basis of the uniqueness of the individual. Several studies have been made and many are in

progress in order to associate genetic variations (polymorphisms) with individual health status, probability of onset of

various diseases and lifespan potential (Bessenyei et al., 2004; Christensen et al., 2006). Since the practical

applications of mild stress-induced hormesis are critically dependent on individual variations in stress response,

studies to establish the association between stress gene variants and stress response are highly important and

informative (Altomare et al., 2003; Singh et al., 2006a,b, 2004). Such studies are also necessary to establish the

scientific foundations of the so-called personalized medicine and personalized neutrigenomics (Dalton and Friend,

2006; Mutch et al., 2005).

This also leads to a few other important issues that remain to be resolved before hormesis can be success-

fully applied as an effective anti-aging, health-promoting and lifespan extending strategy. Some of these issues

are:

� to establish molecular criteria for identifying hormetic effects of different stresses;

� to establish stress exposure regimens in terms of the intensity and frequency;

� to identify qualitative and quantitative differences in stress response pathways initiated by different stressors;

� to determine the interactive and pleiotropic effects of multiple stresses;

� to adjust the levels of mild stress for age-related changes in the sensitivity to stress; and

� to determine the biological and evolutionary costs of repeated exposure to stress.

Although resolution of these issues will requires much more research on hormesis than that being done at present,

analyses of the published data and new experiments performed with a variety of biological systems using a range of

physical, chemical and biological stressors have clearly put hormesis on a solid footing. In the context of modulating

aging, repeated mild stress-induced hormesis increases the boundaries of the homeodynamic space thus giving cells

and organisms wider margins for metabolic fluctuation and adaptation. Increased efficiency of maintenance and repair

pathways, and decreased molecular heterogeneity are two of the major hallmarks of improved homeodynamics.

Hormesis can slow down the rate and extent of shrinkage of the homeodynamic space, and can prevent the onset and/or

decrease the intensity of age-related impairments and diseases. The scientific foundations of hormesis are now strong

enough to build upon them.
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