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Abstract

The impact of dietary factors on health and longevity is increasingly appreciated. The most prominent
dietary factor that affects the risk of many different chronic diseases is energy intake — excessive
calorie intake increases the risk. Reducing energy intake by controlled caloric restriction or
intermittent fasting increases lifespan and protects various tissues against disease, in part, by hormesis
mechanisms that increase cellular stress resistance. Some specific dietary components may also exert
health benefits by inducing adaptive cellular stress responses. Indeed, recent findings suggest that
several heavily studied phytochemicals exhibit biphasic dose responses on cells with low doses
activating signaling pathways that result in increased expression of genes encoding cytoprotective
proteins including antioxidant enzymes, protein chaperones, growth factors and mitochondrial
proteins. Examples include: activation of the Nrf-2 — ARE pathway by sulforaphane and curcumin;
activation of TRP ion channels by allicin and capsaicin; and activation of sirtuin-1 by resveratrol.
Research that establishes dose response and kinetic characteristics of the effects of dietary factors
on cells, animals and humans will lead to a better understanding of hormesis and to improvements
in dietary interventions for disease prevention and treatment.
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Introduction

There is a vast literature that describes the effects of various dietary factors on health and
longevity. In some cases, there is incontrovertible evidence of a cause-and-effect relationship
between a dietary factor and health, while in many other cases the link is inconclusive. Among
dietary factors, the amount of calories consumed has been unequivocally and causally
associated with the risk of many prominent age-related diseases (Barger et al., 2003; Smith et
al., 2004; Martin et al., 2006). Put simply, high energy intake increases, while low energy intake
decreases, the risks of cardiovascular disease, type 2 diabetes, stroke, cancers and possibly
neurodegenerative disorders. Regarding specific dietary components, saturated fats,
cholesterol and trans-fats may promote age-related disease (Grundy, 1999; Wijendran and
Hayes, 2004), while diets high in simple sugars increase the risk of diabetes (Schulze and Hu,
2005). Other data suggest health benefits of diets rich in vegetables and fruits (Heber, 2004),
fish (Carpentier et al., 2006) and nuts (Hu and Stampfer, 1999). Because oxidative stress is
believed to play a major role in the ageing process and in the diseases most commonly
responsible for mortality, there is considerable interest in whether dietary factors influence

Correspondence: Mark P. Mattson. Email: mattsonm@agrc.nia.nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mattson

Page 2

disease processes and longevity primarily by modifying oxidative stress. Indeed, evidence
supports anti-oxidative effects of dietary energy restriction (DER) and chemicals present in
vegetables, fruits, nuts and fish oils (Simopoulos, 2001).

In the present article | focus on the issue of if, and to what extent, hormesis mechanisms mediate
health benefits of various dietary factors, with a focus on DER and phytochemicals. Examples
of animal and cell culture data supporting hormetic features of biological actions of dietary
factors are presented, together with findings that elucidate specific adaptive stress response
signaling pathways that mediate dietary factor-induced hormesis.

Dietary Energy Intake and Hormesis

There is also considerable evidence from highly controlled studies of laboratory animals that
DER (either controlled caloric restriction or intermittent fasting) can increase the resistance of
cells in the animals to various types of stress. For example, mortality from natural causes or
that caused by thermal and oxidative stress exposures to specific toxins is significantly reduced
inanimals that have been maintained on DER compared to control animals consuming a normal
diet (Fernandes et al., 1976; Hall et al., 2000; Vasselli et al., 2005; Lee et al., 2006). DER
protects rodents against cancers induced in a wide range of tissues and by many different
carcinogens including pancreatic tumors induced by azaserine (Roebuck et al., 1981),
mammary tumors induced by DMBA (Klurfeld et al., 1989) and prostate cancer induced by
N-methyl-N-nitrosourea and testosterone (Boileau et al., 2003). DER was effective in
protecting heart and brain cells against ischemic injury in models of myocardial infarction and
stroke (Yu and Mattson,1999; Ahmet et al., 2005). Nerve cells in the brains of animals
maintained on DER exhibited increased resistance to neurotoxins in experimental models
relevant to epilepsy, Huntington’s disease, Parkinson’s disease and Alzheimer’s disease
(Bruce-Keller et al., 1999; Duan and Mattson, 1999; Halagappa et al., 2007). Studies of humans
also suggest that DER can counteract disease processes. For example, alternate day fasting
improved symptoms and reduced markers of inflammation and oxidative stress in asthma
subjects (Johnson et al., 2007).

Studies have revealed several biochemical and molecular changes in animals maintained on
DER regimens that are consistent with the involvement of hormesis mechanisms in the
beneficial effects of DER for health. Levels of heat-shock proteins, which serve a chaperone
function that protects proteins against damage, have been shown to be increased in several
different tissues from animals maintained on DER. For example, levels of HSP-70 are increased
in liver cells of rats maintained on caloric restriction (Heydari et al., 1993) and intermittent
fasting results in increased levels of HSP-70 and glucose-regulated protein 78 in synapses in
the brains of rats (Guo et al., 2000). Another category of cytoprotective molecules upregulated
by DER is antioxidants. Diabetic rodents maintained on DER exhibit increased levels of some
antioxidant enzymes in their liver (Ugochukwu and Figgers, 2007). In addition, rats maintained
on a reduced calorie diet exhibit greater amounts of vitamin E and coenzyme Q10, and higher
plasma membrane redox enzyme activities, in brain cell membranes compared to control rats
fed ad libitum (Hyun et al., 2006). Upregulation of antioxidant mechanisms as one hormetic
mechanism of action of DER is consistent with numerous reports of reduced oxidative damage
to proteins, lipids and DNA in various tissues of animals on DER (Sanz et al., 2006). Hormetic
effects of DER may also involve changes in systems that regulate cellular energy metabolism.
For example, various cell types respond to DER by upregulating the expression of proteins
involved in the regulation of mitochondrial oxidative phosphorylation (Liu et al., 2006),
glycolysis (Rodgers et al., 2005) and NAD/NADH metabolism (Hyun et al., 2006).

Growth factors play fundamental roles in regulating cellular hormesis within and across tissues,
and are particularly important in the transfer of adaptive stress response signals between cells
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during conditions of tissue injury and potentially toxic environmental conditions. An increase
in the production of growth factors typically occurs in cells subjected to mild hormetic types
of stress. For example, mild ischemia induces the expression of vascular endothelial cell growth
factor (VEGF) in both the heart (Kawata et al., 2001) and the brain (Bernaudin et al., 2002),
and electroconvulsive shock (a treatment for some psychiatric disorders) increases the
production of basic fibroblast growth factor (b0FGF; Gwinn et al., 2002) and brain-derived
neurotrophic factor (BDNF; Newton et al., 2003). These stress-responsive growth factors are
known to activate signaling pathways that protect cells against oxidative and metabolic damage
(Mattson and Scheff, 1994). When rodents or monkeys are maintained on DER, levels of BDNF
and glial cell line-derived neurotrophic factor (GDNF) are increased in several regions of the
brain (Lee et al., 2002; Maswood et al., 2004). It is believed that these neurotrophic factors can
protect neurons against various types of stress and may, by hormetic mechanisms, protect
against diseases such as Parkinson’s and Huntington’s diseases (Duan et al., 2003a; Maswood
et al., 2004). In addition to DER, BDNF expression is increased in the brain in response to
exercise and some evidence suggests that BDNF signaling in the brain can enhance peripheral
insulin sensitivity, thereby protecting against the development of diabetes (Duan et al., 2003a;
Mattson et al., 2004). Finally, it should be noted the DER decreases levels of some growth
factors including insulin and IGF-1 (Breese et al., 1991; Sell, 2003). However, associated with
the decreased levels of these growth factors is increased sensitivity of cells to the growth
factors. Thus, enhanced growth factor signaling can occur without an increase (or even with a
decrease) in levels of the ligand.

Interestingly, DER may not induce a hormetic response in all cell types. For example, motor
neurons in the spinal cord fail to upregulate HSP-70 and do not benefit from DER in a mouse
model of amyotrophic lateral sclerosis (Mattson et al., 2007). Cells involved in wound healing
may not respond adaptively to DER and, indeed, it has been reported the DER can impair
wound healing in rodents (Reiser et al., 1995). Depending upon the magnitude of energy
restriction, DER may not benefit, or even adversely affect, reproductive organs, particularly
in females (Martin et al., 2007). However, careful dose response studies of the effects of DER
on various cell types and organ systems have not been performed; such analyses will be critical
for establishing the hormetic range of DER and for developing DER regimens that are optimal
for health in humans.

Dietary Phytochemicals and Hormesis

The now compelling evidence for biphasic dose response effects of environmental “toxins” in
biological systems suggests the possibility that chemicals in foodstuffs (particularly plants)
might also exert biphasic dose responses with health benefits resulting from ingestion of the
chemicals in doses within the hormetic range. During evolution plants developed biosynthetic
pathways for the production of toxins that prevent microorganisms and insects from eating
them. Indeed, more than 100 such biopesticides involved in plant defense have been identified
(Trewavas and Stewart, 2003). Such noxious chemicals are typically concentrated in exposed
vulnerable regions of the plant such as the skin of fruits and the growing buds. At high
concentrations such phytochemicals can be toxic to mammalian cells. However, subtoxic doses
may induce adaptive stress responses. Hormetic mechanisms of action of specific
phytochemicals have been suggested in studies of various cell types. Examples include:
isothocyanates present at high levels in broccoli induced the expression of cytoprotective phase
2 proteins in liver, intestinal and stomach cells (McWalter et al., 2004); the curry spice
curcumin has been reported to induce adaptive stress response genes and protect cells in animal
models of cataract formation, pulmonary toxicity, multiple sclerosis and Alzheimer’s disease
(Shishodia et al., 2007); and resveratrol (a chemical present in the skin of red grapes and wine)
can activate stress response pathways and protect cells in models of myocardial infarction and
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stroke (Baur and Sinclair, 2006). However, high doses of these phytochemicals can also be
toxic to some types of cells (Liontas and Yeger, 2004; Fimognari et al., 2005).

Because they often exhibit antioxidant activity, it has been widely assumed that the direct free
radical scavenging activity of phytochemicals confers their health benefits (Prior, 2003).
However, it is unclear, and in most cases unlikely, that humans ingest the fruits and vegetables
that contain these phytochemicals in amounts sufficient to achieve the high (micromolar)
concentrations of the phytochemicals required to scavenge free radicals. Indeed, finding from
epidemiological studies and clinical trials have failed to demonstrate benefits of dietary
supplementation with antioxidants such as vitamins E and C (Williams and Fisher, 2005).
Instead, emerging evidence suggests that hormetic mechanisms of action may underlie many
of the health benefits of phytochemicals.

Specific signal transduction pathways that mediate the hormetic actions of several
phytochemicals have been elucidated. One pathway involves the transcription factor Nrf-2
which binds the antioxidant response element (ARE) upstream of genes encoding
cytoprotective antioxidant enzymes and phase-2 proteins. The latter pathway is activated by
curcumin, sulforaphane (present in broccoli) and allicin (present in garlic) (Dinkova-Kostova
etal., 2002; Balogun et al., 2003; Chen et al., 2004). Other phytochemicals may activate the
sirtuin — FOXO pathway resulting in increased expression of antioxidant enzymes and cell
survival-promoting proteins; resveratrol has been shown to activate this pathway (Frescas et
al., 2005). Ingestion of other phytochemicals may activate the hormetic transcription factors
NF-kB and CREB resulting in the induction of genes encoding growth factors and anti-
apoptotic proteins (Mabuchi et al., 2001; Mattson and Meffert, 2006).

The emerging evidence that DER and specific chemical components of the diet can elicit
hormetic responses in various types of cells opens new avenues for both basic and applied
research in the fields of nutrition, ageing and disease. Oft avoided, in vivo dose response studies
are essential for establishing whether dietary factor is indeed exerting its effects on organisms
and cells by a hormetic mechanism. In addition, frequency of exposure to the diets should be
evaluated as intermittent exposures to DER and phytochemicals may prove superior to more
frequent exposures. Evidence for increased stress resistance associated with activation of
adaptive stress response pathways in cells should be established. Finally, DER and
phytochemicals should be tested in experimental models of disease, and consensus
recommendations for their consumption either in foods themselves or as dietary supplements,
should be developed. In order to achieve these goals, the efforts of an array of scientists, health
professionals and government agencies will be required.
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