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Abstract: Polyphenols such as resveratrol and quercetin, which are produced by stressed plants, 
activate sirtuin enzymes and extend the lifespan of fungi and animals, ostensibly by mimicking the 
beneficial effects of caloric restriction. This observation raises an interesting question: Why should 
foreign molecules that are non-nutritive and seemingly unrelated to any endogenous molecule 
modulate the same biochemical pathways that mediate the response to an energy deficit? A possible 
explanation is that the sirtuin enzymes have evolved to respond to plant stress molecules as indicators 
of an impending deterioration of the environment. This idea has become known as the Xenohormesis 
Hypothesis, the name stemming from a combination of the prefix xeno-(for stranger) with hormesis (a 
protective response induced by mild stress). Here we review the evidence for xenohormesis in a 
broader context, taking into account the diverse spectrum of phytochemicals to which animals are 
exposed. We also consider alternative hypotheses that may explain some of the beneficial effects of 
plant-based foods. We suggest that xenohormesis, defined as an adaptive response in the physiology of 
an organism to molecular cues that are neither nutritive nor direct stressors, most likely occurs at some 
level. Whether this can fully or partially account for the beneficial effects of resveratrol and other 
phytochemicals remains to be seen. However, there is already sufficient cause to re-evaluate the 
relationship between complex organisms, including humans and their food. 
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INTRODUCTION 

 
 It has long been appreciated that diets rich in fruits 
and vegetables promote health, reduce the risk of both 
cancer[1] and cardiovascular disease[2] and correlate 
with increased longevity[3-5]. This has typically been 
ascribed to the antioxidant properties of plant-derived 
foods,  or  the type or ratio of nutrients being 
absorbed[6-8]. At the molecular level, however, it has 
become clear that many phytochemicals exert their 
effects by directly interacting with and modulating 
specific enzymes or receptors[9-12]. In one recent 
example, resveratrol, a small polyphenol found in 
grapes and wine, was identified in a screen for 
compounds that mimic the effects of Caloric Restriction 
(CR) by activating the sirtuin enzyme SIRT1[13]. The 
sirtuins are a family of NAD+-dependent deacetylases 
that are conserved from yeast to humans and have been 
proposed to mediate lifespan extension by CR in lower 
organisms[14]. Consistent with this, resveratrol was 
found to extend the lifespan of wild type yeast, but not 
that of mutant strains lacking the yeast sirtuin, Sir2[13]. 
It seems, therefore, that the beneficial effect of 

resveratrol on yeast cells is not due to a general 
property such as antioxidant capacity or nutritive value, 
but rather a very specific manipulation of a conserved 
signaling pathway.  
 It was this observation and the apparent absence of 
an endogenous small-molecule activator of Sir2/SIRT1, 
that prompted the suggestion of an alternative way by 
which plants might influence organisms: evolutionarily 
conserved survival pathways might respond to chemical 
cues in the environment or the food supply. To a yeast 
cell growing on a grape, an increase in the 
concentration of resveratrol, which is induced in the 
plant after injury or infection[15], might be a useful 
indicator that the food supply is about to become 
limiting. Therefore the yeast cell might gain a selective 
advantage by responding to resveratrol in the same way 
it would to an actual deficit of calories, i.e. activation of 
sirtuin enzymes (Fig. 1). This example summarizes 
what has become known as the Xenohormesis 
Hypothesis[16]. 
 An important question is whether xenohormesis can 
reasonably be postulated to explain some of the 
beneficial effects of phytochemicals in higher organisms. 



Am. J. Pharm. & Toxicol., 3 (1): 152-159, 2008 
 

 153 

(A) 

(B) 

(C) 

(D) 

 
 
Fig. 1: A possible mechanism for the evolution of xenohormesis. (A): Under conditions where resources are not 

limiting, evolution favors those organisms that can reach sexual maturity and reproduce rapidly. Focusing 
additional effort and resources on somatic maintenance does not confer any advantage and may detract from 
growth and reproduction. (B): Plants experiencing mild stress synthesize a variety of phytochemicals such as 
resveratrol, possibly to activate their own cell defenses. Animals that can detect these molecules in their diet 
adjust their metabolism and boost cellular defenses in anticipation of adverse conditions. (C): Animals that 
responded early to cues in their diet are more likely to survive when conditions deteriorate. Those that failed 
to increase defenses early are more likely to die out. (D): When resources become available again the 
population has become enriched for animals that responded to phytochemicals. Key: 

 
: Unstressed; 

 
: 

Mildly stressed; 
 

: Severely stressed 
 
For many different molecules, including resveratrol, 
beneficial effects on health have been demonstrated and 
putatively associated with specific molecular targets[9-12]. 
However in many cases, the therapeutic dose of a single 
polyphenol is higher than what could be obtained from 
dietary sources alone[17], making it hard to see how the 
molecules could serve as signals within the diet. 
Moreover, the specific profile of molecules present in 

the diet varies wildly depending on the plants being 
consumed and the stress level within those plants[18], 
significantly decreasing the predictive value of any 
single molecule in determining future conditions. 
 Instead, we suggest that responses may have 
evolved to detect not just a single molecule in the diet 
but more general parameters such as the polyphenol 
content of the diet, common structural elements among 



Am. J. Pharm. & Toxicol., 3 (1): 152-159, 2008 
 

 154 

inducible molecules, or a change in the substitution or 
oligomerization state of various phytochemicals. 
Although more than 8000 distinct polyphenols have 
been described[19], similarities between large groups 
exist. For example, flavonoids, a broad class of 
polyphenols based on a common backbone, account for 
much of the diversity in the polyphenol composition of 
plant foods[18,20,21] and are structurally related to other 
classes such as stilbenes (to which resveratrol belongs). 
These ubiquitous compounds are responsible for the 
bright colorations of many fruits and vegetables and are 
important mediators of stress-resistance. It is thought 
that flavonoids may have originated as signaling 
molecules[22], however their subsequent involvement in 
plant evolution has been quite complex. In addition to 
finding roles in protecting plants from UV irradiation, 
oxidative stress, toxic metals and fungal infections, 
flavonoids are able to attract symbiotic bacteria, 
suppress the growth of competing plants, selectively 
poison insects and deter herbivores[18,20,21]. 
 Despite the complexity of their structures and 
roles, there are some common elements to the behavior 
of flavonoids in plants. A large proportion are 
phytoalexins, joining with other polyphenols, 
terpenoids, alkaloids and other molecules in 
accumulating following UV irradiation, fungal 
infection, injury, possibly drought and other stresses[18]. 
Since  flavonoids  contribute  the bulk of the estimated 
1 g or ~14 mg kg−1 day−1 of dietary polyphenol 
intake[17,21] and many of these molecules are highly 
induced in stressed plants (for example, total flavonoids 
exuded from the roots of maize can be enhanced at least 
15-fold[23] and the resveratrol content of various grape 
varieties can be increased 3.4-2315-fold[24] compared to 
unstressed controls), total phytoalexin accumulation 
could well provide a reliable cue of a dwindling food 
supply.  
 Total dietary polyphenol intake (~14 mg kg−1 day−1) 
is well within the range for which beneficial effects 
have been observed using individual molecules, even 
before considering that our ancestors likely consumed a 
much more plant-rich diet during our evolution[25]. In 
addition, polyphenols appear to act synergistically, 
rather than additively in some cases and bioavailability 
may be enhanced depending on the combination of 
molecules present in the diet[12,26,27]. Non-polyphenol 
classes of phytoalexins (stress-induced phytochemicals) 
may also contribute to overall changes in the 
phytochemical profile of the diet[28]. In short, it is 
conceivable that dietary phytochemicals could replicate 
the beneficial results observed using pharmacological 
doses, if broad groups or classes act in an additive or 
synergistic manner. 

 In support of the idea that large classes of 
molecules could have cumulative effects, the original 
study that identified resveratrol as a sirtuin activator 
also identified 10 flavonoids and 6 other structurally 
related polyphenols possessing the same activity[13]. 
Moreover, among compounds that have been studied in 
relative detail, there is already a large body of evidence 
indicating similar effects in vitro and in vivo[9,11,29]. 
Resveratrol and curcumin, for example, bear little 
structural resemblance to one another yet both show 
potent anti-cancer and anti-inflammatory effects, block 
angiogenesis, activate glutathione-S-transferases, 
inhibit cyclooxygenase, possess intrinsic antioxidant 
capacity, induce apoptosis in tumor cells and are 
rapidly metabolized[12,30]. Futhermore, while the 
discovery of multiple direct targets for various 
phytochemicals has been difficult to explain in terms of 
other models, it is predicted by xenohormesis. This 
point is underscored by several examples of 
complimentary actions of resveratrol including the 
suppression of inflammation through inhibition of IL-1 
β transcription[31], cyclooxygenase and NF�B[12] (Fig. 2).  
The inhibition of NF-κB appears to be due to both 
inhibition of the upstream activator PKCδ[32] and 
activation of the inhibitor SIRT1[33]. The inhibition of 
cyclooxygenase appears to be due to both direct 
binding[34] and transcriptional repression[35]. 
Cyclooxygenase is also a target of aspirin[36], which was 
derived from another stress-induced phytochemical, 
salicylic acid. Although salicylic acid contains a phenol 
ring, it is structurally distinct from resveratrol and other 
polyphenols. It will be interesting, as more data appear, 
to see if the picture that emerges is one where many 
different plant stress molecules provoke a common 
series of responses, or if these examples will prove rare 
exceptions. 
 If the beneficial effects of dietary phytochemicals 
are to be explained as adaptive responses, two 
conditions must have been met during their evolution. 
First, phytochemical changes in the diet must have been 
sufficiently predictive of future environmental 
conditions. Second, there must have been an 
appropriate physiological adaptation that conferred a 
survival and/or reproductive advantage. There is 
considerable evidence that, for many organisms, both of 
these conditions are met. Perhaps the most important 
environmental change to which animals are required to 
adapt is the availability of food. As calories become 
limiting, mammals conserve energy by increasing the 
efficiency of metabolism, decreasing heat production, 
slowing growth and delaying reproduction, while 
enhancing   maintenance    and    repair    mechanisms. 
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Fig. 2: Some complimentary anti-inflammatory effects 

of resveratrol. The four lines extending from 
resveratrol show direct effects. Additional anti-
inflammatory mechanisms, including but not 
limited to intrinsic antioxidant capacity and 
induction of antioxidant enzymes are also likely 
to be important. Dashed lines show 
transcriptional effects. Ahr-aryl: Hydrocarbon 
receptor; IL-1β: Interleukin 1 beta; PKCδ: 
Protein kinase C delta; PKD: Protein kinase D; 
NFκB: Nuclear factor kappa B; SIRT1: Sirtuin 
1; COX: Cyclooxygenase 

 
These changes are thought to improve reproductive 
fitness by increasing the probability of survival and 
subsequent reproduction in more plentiful times[37,38]. In 
fact caloric restriction is the most robust and 
reproducible regimen known to extend lifespan and 
improve health in mammals[39,40]. Since beneficial 
adaptations seems to be possible, we would predict the 
emergence (or continued maintenance) of a 
xenohormetic response to depend primarily on whether 
changes in the phytochemical makeup of the diet are 
sufficiently predictive of the availability of calories. 
 As we have discussed, the total level of dietary 
polyphenols is in the range employed for studies of 
single molecules[17,21] and changes in the stress levels of 
plants being consumed can have a profound impact on 
their phytochemical makeup[23,24]. An additional 
mechanism by which animals could be exposed to an 

increased concentration of dietary polyphenols or other 
phytochemicals is through a change in the type of plant 
being consumed. Bark, for example, is a rich source of 
polyphenols[41,42] but is unlikely to be selected until 
other food choices have been exhausted. In fact, many 
polyphenols appear to play specific roles in making 
plants less palatable to deter herbivores and insect 
pests[20], so it is possible that higher polyphenol content 
is a general property of less desirable plant foods. 
Factoring in a preference for meat, when available, 
would serve to strengthen the trend. In this way, 
increasing polyphenol content in the diet could indicate 
that food supplies are becoming limiting independently 
from any changes in the compositions of the plants 
themselves. One could imagine that in many cases, such 
as the approach of winter, food selection and plant 
stress-related increases in phytoalexin content would 
work cooperatively. Responding to seasonal change has 
sufficient adaptive value that animals have evolved to 
use almost every cue available, including day length[43], 
ambient temperature[44,45], food quality[46], rainfall[47] 
and even chemical changes in the urine of other 
individuals[48], so it would perhaps not be surprising 
that if a dietary phytochemical cue were available, it 
would be used as well. 
 In microbiology, the idea that molecules produced 
by one species can be used as cues by another species 
has been around for a long time. Molecules produced 
by various bacterial species to regulate population 
density, a phenomenon known as quorum sensing, have 
been shown to induce responses in distantly related 
species that do not produce similar molecules and in 
eukaryotic cells[49]. Certain pathogenic species of 
bacteria and fungi become virulent upon sensing the 
presence of particular flavonoids indicative of their 
preferred hosts[20]. But could mammals have evolved or 
maintained a system capable of making sense of the 
panoply of phytochemicals passing through our diets? 
 Since the bioavailability of many plant molecules 
appears to be limited by their rapid metabolism, a 
mechanism for cooperative action between molecules 
may be as simple as tying up the same metabolic 
enzymes[50]. Alternatively, target enzymes may have 
evolved to tolerate some variability in structure, or even 
to respond synergistically to a combination of 
molecules. One case where mammals have evolved the 
ability to induce a highly coordinated response to a 
wide array of structurally diverse compounds is in the 
control of Phase I (oxidation, reduction and hydrolysis 
enzymes) and II (conjugating and antioxidant enzymes) 
responses to foreign molecules by the aryl hydrocarbon 
receptor (Ahr) and Nrf2[51]. Ahr directly binds small 
molecules with broad specificity, while Nrf2 is 
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activated by many different reactive oxygen species and 
electrophiles. The dynamic induction of detoxifying 
and antioxidant enzymes mediated by these two 
transcription factors is thought to limit exposure to 
potentially harmful foreign molecules. Xenobiotic 
metabolizing enzymes, particularly Phase II enzymes, 
may play an important role in hormetic effects. In fact, 
a number of carcinogens have been suggested to protect 
against the formation of neoplastic lesions when given 
at very low concentrations[52]. Although the Ahr/Nrf2 
system clearly evolved for reasons that are unrelated to 
xenohormesis, its existence illustrates the plausibility of 
sensing structurally diverse molecules. It is also 
interesting to ask whether Ahr and/or Nrf2 might have 
been at least partially co-opted by xenohormesis over 
time. Perhaps this is related to the unexplained 
observation that in addition to genes involved in 
xenobiotic metabolism, Xenobiotic Response Elements 
(XREs) influence the expression of a number of genes 
involved in proliferation and differentiation[51]. 
 

ALTERNATIVE POSSIBILITIES 
 
 It has been suggested that a seemingly coordinated 
beneficial response to a phytochemical such as 
resveratrol could reflect mimicry of an endogenous 
signaling molecule[13]. Plants and animals retain a 
surprising degree of similarity in certain signaling 
pathways[53]. Many neurotransmitters, for example, 
including acetylcholine, histamine, serotonin glutamate 
and GABA, are made by plants[54], bolstering the 
hypothesis that similar signaling molecules might exist 
in very different species. Indeed, resveratrol has been 
found to interact with the estrogen receptor in some 
cases[55] and several other polyphenols have been 
established as bona fide estrogen mimics[56]. Recently, 
resveratrol was shown to have beneficial effects on 
bone health through an estrogen receptor-dependent 
mechanism[57]. However, for the majority of beneficial 
effects attributed to polyphenols, no connection to 
estrogen signaling has been established and many of the 
polyphenols that display impressive health benefits are 
not known to affect estrogen signaling. No endogenous 
molecules similar to plant polyphenols have been 
identified in mammals and the sequencing of a number 
of genomes now allows us to conclude with reasonable 
certainty that the necessary biosynthetic pathways for 
polyphenols are absent. We do not, however, rule out 
the intriguing possibility that there are non-
polyphenolic endogenous modulators waiting to be 
discovered. Importantly, if they are discovered, their 
existence would not rule out Xenohormesis. 

 Another possibility is that the common 
denominator among phytochemicals is their antioxidant 
capacity. Certainly antioxidant action has historically 
been considered the major mechanism contributing to 
the beneficial effects of a diet rich in fruits and 
vegetables. Intensive study of antioxidant vitamins in 
recent years has failed to produce convincing evidence 
of either disease prevention, or lifespan extension, 
leading some to question this premise[7,58]. However 
polyphenols, not the more familiar vitamins, are the 
major source of antioxidants in natural foods and may 
have important properties, such as the ability to 
accumulate in specific subcellular compartments, that 
vitamin antioxidants lack[6]. Interpreting antioxidant 
effects of polyphenols in vivo is quite problematic since 
they tend to induce expression of antioxidant enzymes. 
Resveratrol, for example, induces expression of catalase 
and quinone reductase 1 in the cardiac tissue of guinea 
pigs[59]. When decreases in markers of oxidative stress 
are observed, therefore, it is not always clear whether 
this represents direct antioxidant activity, or an adaptive 
response on the part of the host. One argument for the 
latter is that, as recently pointed out by Halliwell[6], 
unconjugated polyphenols rarely exceed the low uM 
range in plasma, while total antioxidant capacity is 
often in the range of 1 mM. We do not exclude a role 
for direct antioxidant effects in the benefits of 
polyphenols, but do feel that this explanation fails to 
adequately account for the many, seemingly 
coordinated effects. 
 A third possibility is that beneficial phytochemicals 
provoke an adaptive response, but by acting as or 
mimicking direct stressors. This would qualify as an 
example of hormesis (a net beneficial effect when 
stress-response pathways are activated by a mild stress). 
In contrast, xenohormesis postulates that these 
molecules serve as benign cues in the diet and that 
animals can again a selective advantage by evolving 
mechanisms to detect them. The most obvious way 
phytochemicals might be perceived as direct stressors 
and thereby induce a hormetic response, is through the 
Phase I and II xenobiotic responses mentioned 
above[60]. Since the Phase II response in particular 
involves the induction of antioxidant and other 
protective enzymes in order to limit damage caused by 
foreign molecules, chronic stimulation of this pathway 
might be expected to have beneficial consequences. 
Indeed, a number of beneficial phytochemicals, 
including resveratrol and curcumin, as well as more 
complex extracts, have been shown to induce Phase II 
enzymes and have other effects on xenobiotic 
metabolism[30,61-63] and this most likely plays a role in 
their effects in vivo. However, this explanation cannot 
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readily account for many of the specific targets that 
have been elucidated for these molecules. Enzymes 
such as SIRT1, cyclooxygenase, PKC and others bind 
directly to resveratrol and are thought to be key players 
in mediating its beneficial effects. Moreover, given 
sufficient selective pressure to produce xenohormetic 
responses, integration of these adaptations into the 
existing Phase I and II responses would likely be the 
path of least resistance from an evolutionary point of 
view. Therefore a canonical xenobiotic stress response 
probably plays a role in the physiological changes 
induced by phytochemicals, but is unlikely to be the 
whole explanation. 
 

CONCLUSION 
 
 There is much that remains to be understood about 
the complex relationship between animals and the 
plants they consume. Throughout evolution, the flux of 
various phytochemicals in food sources would have 
provided a wealth of information to an animal capable 
of deciphering the signals. We argue that given the 
existence of such signals and selective pressure to adapt 
to environmental changes, xenohormesis likely occurs 
at some level. To what extent this phenomenon might 
contribute to the beneficial effects of specific 
phytochemicals, or fruits and vegetables in general, 
remains to be seen. If we are correct, then stressed 
plants may contain a host of potentially therapeutic 
molecules that have yet to be recognized. A further 
consideration is the timing of therapeutic effects. Direct 
stresses may induce protective hormetic responses early 
in life, but have diminished or even detrimental effects 
later in life. Similarly, there may be an optimal 
therapeutic window in which a protective xenohormetic 
response can be established. Elucidating the mechanism 
by which plant foods benefit human health has 
enormous potential to improve quality of life and 
prevent or treat major diseases. Progress toward this 
goal, including further testing of the Xenohormesis 
hypothesis, will be an important challenge in the 
coming years. 
 
Note added in proof: Since the submission of this 
review, two studies have shown that resveratrol 
treatment broadly mimics the transcriptional effects of 
caloric restriction (Barger et al., PLoS ONE, 3(6): 
e2264, 2008, Pearson et al., Cell Metabolism, in press, 
2008), strengthening the case that both might act 
through a common mechanism.  
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