Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Vitlune 131 | Tosse & | Agrd] 2010 | 155N 00476374

Mgchanisms
of Ageing

oy
A Birkle, S Gonos B Johnasoo, TR Kikwood, ¥ Lin R Sohal DM Wilan 111

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Mechanisms of Ageing and Development 131 (2010) 261-269

Contents lists available at ScienceDirect

Mechanisms of Ageing and Development

journal homepage: www.elsevier.com/locate/mechagedev

Review
Resveratrol, sirtuins, and the promise of a DR mimetic

Joseph A. Baur*

Institute for Diabetes, Obesity, and Metabolism, Department of Physiology, University of Pennsylvania School of Medicine, Philadelphia, PA 19104, United States

ARTICLE INFO ABSTRACT

Article history:
Available online 26 February 2010

Dietary restriction (DR) delays or prevents age-related diseases and extends lifespan in species ranging
from yeast to primates. Although the applicability of this regimen to humans remains uncertain, a
proportional response would add more healthy years to the average life than even a cure for cancer or

Keywords: heart disease. Because it is unlikely that many would be willing or able to maintain a DR lifestyle, there
R?SV?fatFOI has been intense interest in mimicking its beneficial effects on health, and potentially longevity, with
Sirtuins . drugs. To date, such efforts have been hindered primarily by our lack of mechanistic understanding of
?;Etgagitr;smcnon how DR works. Sirtuins, NAD*-dependent deacetylases and ADP-ribosyltransferases that influence
Mimetic lifespan in lower organisms, have been proposed to be key mediators of DR, and based on this model, the

sirtuin activator resveratrol has been proposed as a candidate DR mimetic. Indeed, resveratrol extends
lifespan in yeast, worms, flies, and a short-lived species of fish. In rodents, resveratrol improves health,
and prevents the early mortality associated with obesity, but its precise mechanism of action remains a
subject of debate, and extension of normal lifespan has not been observed. This review summarizes

recent work on resveratrol, sirtuins, and their potential to mimic beneficial effects of DR.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Although genetic manipulations that extend rodent lifespan are
being reported with increasing frequency, none have yet exceeded
the benefit of dietary restriction (DR), a simple reduction in caloric
intake in the absence of malnutrition. This regimen was first
described as a means to extend lifespan by McCay and colleagues
in 1935 (McCay et al., 1935). By way of comparison, single-gene
mutations were first shown to extend lifespan in worms in 1988
(Friedman and Johnson, 1988), and in rodents in 1996 (Brown-Borg
et al., 1996). Whereas most genetic manipulations in rodents have
been tested only once, with limited phenotypic assessment, the
effects of DR have been tested in hundreds of labs, and its effects on
nearly every age-related change have been documented (Baur,
2009; Masoro, 2005; Weindruch and Walford, 1988). The
overwhelming conclusion is that DR affects something very
fundamental to the aging process, as determined by its effects
on disparate age-related diseases, as well as detailed analyses of
mortality rates (Yen et al., 2008). Among DR’s beneficial effects are
the delay or prevention of major causes of morbidity and mortality
such as cancer, heart disease, neurodegenerative diseases,
sarcopenia (age-related loss of muscle mass), and diabetes. While
there are some initial trade-offs in terms of fertility and bone
density, and nagging questions about the ultimate effects on the
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immune system (Ritz et al., 2008), the available evidence suggests
that there may be some long-term benefits even on these
parameters (Dixit, 2008; McShane and Wise, 1996; Tatsumi
et al., 2008). In contrast, there is little information available, and
much reason to be concerned about potential trade-offs in long-
lived genetically manipulated mice. For example, Snell dwarf mice,
which carry a recessive mutation in the Pit-1 gene that affects
anterior pituitary development, are long-lived. However, these
mice also develop increased adiposity (Flurkey et al., 2001) that
might be harmful in humans, and are quite frail, to the point where
lifespan is shortened if special care is not taken to provide a
protective environment (Flurkey et al., 2002). Similarly, telome-
rase-overexpressing mice are long-lived on a tumor-suppressing
background (Tomas-Loba et al., 2008), but in wild type mice this
manipulation increases early cancer-related deaths (Gonzalez-
Suarez et al., 2005). Because of examples like this, the study of DR
remains the most promising approach to discovering a safe and
effective way to slow age-related decline in humans.

Studies in monkeys and humans have shown that DR improves
parameters relevant to health (Anderson and Weindruch, 2006;
Lefevre et al., 2009), and in monkeys this translates into a delay in
age-related mortality (Colman et al,, 2009). Although there are
theoretical arguments to suggest that effects on human longevity
will be smaller based on evolutionary forces (Phelan and Rose,
2005), or on comparisons between populations with different
caloric intakes (Everitt and Le Couteur, 2007), the potential effect
of DR is enormous as compared to other factors that can influence
lifespan (Fig. 1). Moreover, the effects on health that have already
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Fig. 1. Estimates of the effects of various interventions on human life expectancy. Note that data from unrelated studies on different populations are combined in this figure.
The indicated effect for smoking is based on quitting at the age of 30, although there is a significant benefit to quitting even at advanced ages (Doll et al., 2004; Taylor et al.,
2002). The estimated effects of body mass index (BMI) are based on observational studies, and may not accurately reflect the consequences of deliberate weight loss (Whitlock
etal., 2009). The effect of exercise compares the highest tertile of physical activity to the lowest based on assessments conducted after the age of 50 years (Franco et al., 2005;
Jonker et al., 2006). Vitamins A and E may actually be associated with increased mortality (Bjelakovic et al., 2008). Light wine consumption was defined as less than half a glass
per day (Streppel et al., 2009). Only males were included in the study, and life expectancy was calculated at age 50. Of the 5-year increase, 2 years were attributed to alcohol
per se, while 3 years were attributed to other components of wine, such as polyphenols (including resveratrol). Effects of disease cures are the estimates of Olshansky et al.
(1990). Extrapolation of the effect of dietary restriction was based on a 30% increase in mean lifespan, which is typical of rodent studies (Weindruch et al., 1986), and the
current Centers for Disease Control (CDC) estimate of life expectancy in the US, 77.7 years. The influence of exercise appears to be greater in rodents than in humans, and this
could reflect an inherent difference in the plasticity of lifespan between species. Therefore an alternate approach to estimating the effect of DR in humans is to assume it will
be ~2.1 times as effective as exercise, as was the case for rats, albeit at a sub-optimal level of DR (Holloszy et al., 1985). Note that lifestyle changes, particularly the effects of
smoking and obesity, are relevant to only a subset of the population. Thus, the changes in individual life expectancy presented here overestimate the potential impact of these
interventions on average human lifespan.

been demonstrated could significantly improve the quality of life (Anisimov et al., 2005). Although the effects of metformin on
for many individuals (Lefevre et al., 2009; Weiss et al., 2006). oxidative metabolism are complex and incompletely understood
Because it is viewed as unlikely that a large proportion of the (Leverve et al., 2003), activation of AMP-activated protein kinase
population would be willing or able to maintain a DR lifestyle, (AMPK), a sensor of energy stress, is thought to play a central role

there has been growing interest in mimicking the effects of DR (Zhou et al., 2001). In addition, a related compound, phenformin,
with drugs (Ingram et al., 2006). These efforts raise important was shown in 1980 to extend mouse lifespan, albeit in a tumor-
questions about the nature of the DR effect and highlight our prone strain (Dilman and Anisimov, 1980). However, the precise
ignorance of the mechanisms involved. For example, if one role of AMPK in DR has been debated (Gonzalez et al., 2004), and
proposes the simple passive hypothesis that caloric input drives phenformin has been pulled off the market as a human drug due to
metabolic rate, which determines the amount of damage, which is fatal cases of lactic acidosis (Kwong and Brubacher, 1998). While

the cause of aging, then it would seem that reproducing the effect metformin remains an interesting candidate DR mimetic (and as an
without manipulating caloric intake would not be possible. anti-diabetic, remains one of the most widely prescribed drugs), it
However, this model is clearly not correct, since a number of is clear that the rational design of interventions to mimic DR will
mutations block the ability of caloric intake to influence lifespan require a better understanding of the underlying mechanisms.
(Anderson et al., 2003; Bonkowski et al., 2006; Panowski et al.,

2007), indicating the involvement of an active signaling mecha- 2. Sirtuins as mediators of DR in lower organisms

nism. Moreover, the assertion that long-term DR decreases

metabolic rate (e.g. Sohal et al., 2009) has been called into In 2000, Lin et al. proposed that sirtuins, homologues of the
question (Hempenstall et al., 2010), and some interventions, such yeast Sir2 protein, are critical mediators of the effects of DR. This
as fat-specific deletion of the insulin receptor (Bluher et al., 2003), hypothesis was based in part on the observation that SIR2 copy
appear to simultaneously increase longevity and metabolism. To number determines yeast lifespan, but was prompted most
side-step many of these issues, Lane et al. (1998) selected 2- directly by the discovery that the enzymatic activity of all sirtuins

deoxyglucose, a glycolysis inhibitor, as the first candidate DR is dependent on the co-substrate nicotinamide adenine dinucleo-
mimetic. Impressively, this relatively non-specific approach to tide (NAD") (Imai et al., 2000; Smith et al., 2000). Since the reduced
mimicking energy stress recapitulates the increase in insulin form of the molecule, NADH, is a competitive inhibitor of sirtuins, it
sensitivity and decrease in core body temperature observed in DR was suggested that an increase in the NAD*:NADH ratio, driven by
animals. However, toxicity near the therapeutic doses has a shift to oxidative metabolism, could account for increased sirtuin
prevented studies on longevity, or further development of the activity, and subsequently lifespan extension, in yeast subjected to
molecule for use in humans. A second approach was based on the DR (Lin et al., 2004). In support of this hypothesis, deleting the SIR2
ability of metformin to promote insulin sensitivity, which is a gene in wild type yeast completely blocks the ability of glucose
hallmark of DR (Roth et al., 2001). Strikingly, metformin mimicks a restriction (i.e. yeast DR) to extend lifespan (Lin et al., 2000).
large proportion of the transcriptional changes induced by DR in Further, lifespan extension in eat-2 mutant worms, considered a
liver (Dhahbi et al., 2005), and inhibits tumor development model of DR due to a defect in pharangeal pumping, is dependent
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on the Sir2 homolog in that organism (Wang and Tissenbaum,
2006), and lifespan extension by DR has been shown to require a
Sir2 homolog in flies (Rogina and Helfand, 2004).

As new data have emerged, it has become clear that the Sir2
story is more complex than it at first appeared. It has been
suggested that the concentration of the product inhibitor
nicotinamide, rather than NAD":NADH ratio, is the primary
determinant of sirtuin activity (Anderson et al., 2003), and the
relative contributions of these two factors have never been fully
resolved. In addition, it has been shown that DR can extend yeast
lifespan even in respiration-deficient yeast, raising additional
questions about how Sir2 activity is linked to DR (Kaeberlein et al.,
2005a). More alarming, however, is the observation that a second
mutation (fob1) can be introduced into sir2 null yeast to correct the
genomic instability that limits lifespan, and the resulting strain is
able to respond to DR (Kaeberlein et al., 2004 ). Whether the basis of
this response is an unrelated mechanism, or compensation by Sir2
homologues has been debated (Lamming et al., 2005; Tsuchiya
etal., 2006). Further, it has become clear that multiple protocols for
“DR” in worms extend lifespan through independent signaling
pathways, and several of these work in the absence of the closest
Sir2 homolog (Greer et al., 2007). These findings make it clear that
the response to DR is more complicated than was initially
appreciated, even in lower organisms.

3. Resveratrol in lower organisms and in vitro

Based on the hypothesis that sirtuins are critical mediators of
DR, Howitz et al. (2003) performed an in vitro screen for small
molecule activators of the closest mammalian Sir2 homolog, SIRT1.
Their most potent hit was resveratrol, a small polyphenol that was
already suspected to be cardioprotective and have cancer
chemopreventive activity, supporting the hope that compounds
identified in this manner would mimic beneficial aspects of DR.
Subsequently, resveratrol was shown to extend yeast, worm, and
fly lifespan in a sirtuin-dependent manner (Howitz et al., 2003;
Wood et al., 2004). Notably, the benefits of resveratrol have been
disputed (Bass et al., 2007; Kaeberlein et al., 2005b), but also
reproduced (Bauer et al., 2004; Greer et al., 2007; Jarolim et al.,
2004; Viswanathan et al., 2005; Yang et al., 2007), in all three
organisms. In addition, resveratrol extends lifespan and delays
cognitive decline in N. furzeri, a short-lived species of fish
(Valenzano et al., 2006), however, it has not yet been possible
to assess the dependence of its effect on sirtuins in this organism.

In addition to the effects discussed above, resveratrol has
proven to be a valuable tool for mammalian cell culture, where it
has consistently been shown to produce SIRT1-dependent effects
(for example, see (Csiszar et al., 2009; Picard et al., 2004)). It
therefore created considerable confusion when two groups
reported that in vitro activation of SIRT1 by resveratrol is
dependent on the use of a fluorescent substrate (Borra et al.,
2005; Kaeberlein et al, 2005b). This has alternately been
interpreted to mean that resveratrol does not activate sirtuins at
all, that activation of sirtuins by resveratrol proceeds through an
indirect mechanism, or that the fluorescent assay recapitulates an
important aspect of in vivo biology more accurately than the non-
fluorescent version. The most obvious way in which this last
possibility might occur is that the addition of a bulky, hydrophobic
molecule to the peptide substrate could better mimic the steric
constraints experienced by endogenous proteins that SIRT1
targets. In support of this possibility, SIRT1 has a much lower
K. for unconjugated peptide substrates (Borra et al., 2005;
Kaeberlein et al., 2005b). However, Pacholec et al. (2010) have
recently challenged this argument by showing that resveratrol
does not activate SIRT1 even against full-length protein substrates
in the absence of a fluorophore. There is now abundant evidence

that resveratrol has SIRT1-dependent effects in mammalian cells,
but resolving whether this occurs through a direct or indirect
mechanism is likely to require a structural explanation, or
identification of the putative upstream pathway. In the meantime,
testing the hypothesis that resveratrol will ultimately mimic
beneficial aspects of DR in mammals requires the consideration of
additional factors, such as off-target effects (discussed in more
detail below) and pharmacokinetic parameters, which must be
examined in vivo.

4. Does resveratrol mimic dietary restriction in rodents?

At the phenotypic level the assertion that resveratrol mimics DR
in lower organisms relies heavily on lifespan extension. This raises
an important question about what constitutes a DR mimetic. In the
broadest sense, a DR mimetic could be considered any compound
that produces a beneficial effect of DR through the same
mechanism without the need to restrict energy intake. By this
definition, lifespan extension in lower organisms makes resvera-
trol a DR mimetic, as long as activation of Sir2 (or any other
common process) is the mechanism in both cases. In mammals, DR
has many well-documented effects, affording an opportunity to
ask first whether resveratrol has similar benefits, and second,
whether these effects are mechanistically related to DR.

A significant body of work on resveratrol existed even prior to
the suggestion that it might be a DR mimetic, largely because of a
1997 report showing that it inhibits carcinogenesis in rodents
(Jang et al, 1997). Following that report, resveratrol was
convincingly shown to protect against additional tumor types,
various aspects of heart disease and stroke, and inflammatory
conditions (for a review, see Baur and Sinclair, 2006). These
findings are all consistent with the suggestion that resveratrol
might act as a DR mimetic, and have inspired further efforts to test
parameters more directly relevant to DR. We and others have since
shown that resveratrol prevents insulin resistance, enhances
mitochondrial biogenesis, and restores normal longevity in obese
mice, while inducing transcriptional profiles that resemble those of
animals consuming fewer calories (Barger et al., 2008; Baur et al.,
2006; Lagouge et al., 2006; Pearson et al., 2008). At the same time,
itis clear that resveratrol fails to mimic other aspects of DR, such as
slowing heart rate and decreasing core body temperature (Mayers
et al., 2009), or thus far, extending lifespan in non-obese animals
(Pearson et al., 2008).

Interestingly, the effects of resveratrol on insulin sensitivity and
longevity have thus far been observed only in the context of obese,
insulin resistant animals. While the effect of a DR mimetic in the
context of obesity is complicated to predict, improved glucose
tolerance and longer survival are generally encouraging, and
consistent with previous evidence that the positive effects of DR
can trump detrimental effects of adiposity (Harrison et al., 1984).
However, DR further enhances insulin sensitivity and longevity in
normal mice, and resveratrol has not been shown to possess this
property, suggesting an important difference between the two. In
terms of longevity, this comparison may not be entirely fair, since
resveratrol has been tested only beginning at one year of age, a
point at which the ability of DR to extend life is significantly
diminished, for reasons that are not yet clear (Weindruch and
Walford, 1982). Nevertheless, taking the existing data at face value,
it is tempting to suggest that resveratrol confers a subset of the
beneficial effects of DR, most directly related to fat metabolism and
cardiovascular health. In fact, necropsy data from our studies
supports the conclusion that lifespan extension in the obese groups
was almost entirely due to the prevention of deaths associated
with “fatty changes in the liver, with severe congestion and edema
in the lungs”, a syndrome that does not occur in lean mice (Pearson
et al., 2008). It is also worth noting that while in our studies,
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cardiovascular complications are not a significant cause of
mortality in C57Bl/6 mice fed a standard diet, they are a very
significant cause of mortality in humans.

The improvements in physiology induced by resveratrol are
accompanied by an increase in the mitochondrial content of liver,
skeletal muscle, and other tissues (Baur et al., 2006; Lagouge et al.,
2006), which is intriguing since an increase in mitochondrial
biogenesis has been observed in liver, white and brown adipose,
brain, and heart tissue from mice (Nisoli et al., 2005), and skeletal
muscle from humans (Civitarese et al., 2007), during DR. The extra
mitochondria induced by resveratrol treatment may have impor-
tant roles in liver (Baur et al., 2006), endothelium (Csiszar et al.,
2009), and brain (Robb et al., 2008), and appear to have dramatic
consequences in skeletal muscle, since resveratrol-treated mice
display an approximately 2-fold increase in endurance (Lagouge
et al., 2006). Resveratrol increases the mitochondrial content of
tissues even in lean mice, which do not show any benefit in terms
of longevity. This might be taken to mean that the increase in
mitochondrial mass observed during DR is not a critical determi-
nant of lifespan; however, lifespan-extending DR has a more
dramatic effect than resveratrol in brain (50-200% increase in
various mitochondrial markers for DR vs. ~10% increase in citrate
synthase activity following resveratrol treatment), and DR
increases the mitochondrial content of heart and adipose tissue,
while resveratrol does not (Pearson et al., 2008). In fact, resveratrol
appears to repress mitochondrial biogenesis in adipose, raising the
possibility that positive and negative effects on different tissues
could offset each other. In support of the potential relevance of
adipocyte mitochondria to longevity, increased transcription of
mitochondrial genes in adipose has been reported as one of the
most intriguing phenotypes of long-lived fat-specific insulin
receptor knockout (FIRKO) mice (Katic et al., 2007).

At the behavioral level, resveratrol improves the ability of mice
to balance on a rotating rod (rotarod), which is most often
described as an assay of “motor coordination” (Baur et al., 2006;
Lagouge et al., 2006). This may be related to the improvements in
endurance and strength, but could also have a cognitive compo-
nent. In support of this hypothesis, resveratrol has been shown to
prevent cognitive decline in a number of disease models, and to
reduce neurodegeneration in vivo (Kim et al., 2007; Sharma and
Gupta, 2002). However, rigorous assessments of resveratrol’s
effects on normal cognitive function and age-related cognitive
decline in rodents remain to be performed.

In addition to the results discussed above, resveratrol appears
to have many other benefits, including improvements in vascular
function in concert with a decrease in oxidative stress and
apoptotic index, reduction of cataracts, improvements in kidney
function, and the enhancement of bone maintenance (Pearson
et al., 2008; Su et al., 2007). While all of these findings suggest that
resveratrol can have a positive impact on health, the question of
whether the effects are specifically the result of DR mimicry is
more difficult to address. One approach to this has been the use of
microarrays to detect global patterns of transcriptional changes in
multiple tissues. Using this technique, Barger et al. (2008) and our
group (Pearson et al., 2008) have independently come to the same
conclusion that resveratrol broadly mimics the transcriptional
changes associated with DR. A concern in the interpretation of
these studies is that a large number of transcriptional changes
could be secondary to a single common effect, such as weight loss.
In this regard, it is important to note that no significant weight loss
was observed in the resveratrol-treated group from either study.
Since resveratrol did not extend life in non-obese mice, despite
these transcriptional changes and improvements in health, these
findings also raise the possibility that a small number of
transcriptional pathways affected by DR, but not by resveratrol,
account for changes in longevity. However, another strong

possibility is that the response to resveratrol is “uncoordinated”
in that many transcriptional changes go in the right direction, but
to varying degrees, mimicking some of the beneficial aspects of DR,
but not others. It should also be borne in mind that some of the key
events in DR may simply have no obvious transcriptional signature
in the tissues or metabolic state examined. Overall, the available
data suggest that resveratrol influences many of the same signaling
pathways as DR, and that these changes can be induced in the
absence of a decrease in energy intake or body weight.

One of the more surprising aspects of this work, given the
existing literature on resveratrol, is that deaths related to cancer
were not significantly reduced in the treated groups. As noted
above, the therapeutic value of resveratrol against a variety of
induced and implanted tumors has been reproducibly demon-
strated (Baur and Sinclair, 2006), although it is clear that some
tumors are not susceptible or show discrepancies between in vitro
and in vivo results (Bove et al., 2002; Gao et al., 2002). Most of the
cancer-related deaths in our mice (~50% of all deaths) were due to
spontaneous lymphomas, and the studies were severely under-
powered to make conclusions about other tumor types. In fact,
there is little evidence that resveratrol prevents leukemias or
lymphomas in any in vivo setting, with the exception of one study
in which a lymphoma cell line was implanted subcutaneously (Li
et al, 2007). In irradiated p53*~ mice, resveratrol at a dose
sufficient to decrease the incidence of characteristic thymic
lymphomas had no effect on other lymphomas or leukemias
(Oberdoerffer et al., 2008). Therefore, it remains unclear whether
our results indicate a lack of effect on most lymphoid tumors, or a
lack of effect on spontaneous tumors in general. In either case, DR
clearly does prevent spontaneous lymphomas in C57Bl/6 mice
(Volk et al., 1994), and reproducing this effect will be an important
goal in the future development of DR mimetic drugs.

5. Is SIRT1 the critical target of resveratrol in vivo?

Resveratrol treatment leads to deacetylation of SIRT1 targets in
vivo, supporting its proposed mechanism of action (Baur et al.,
2006; Lagouge et al., 2006). In some cases, these effects have the
potential to directly explain observed changes in physiology. For
example, SIRT1 deacetylates PGC-1a (Rodgers et al., 2005), which
directly activates mitochondrial biogenesis and most likely
explains the increase in mitochondria observed in resveratrol-
treated animals. However, resveratrol has many other effects in
mammalian cells, including direct inhibition of many kinases
(Shakibaei et al., 2009), cyclooxygenases (Jang et al., 1997), and
quinone reductase 2 (Buryanovskyy et al., 2004), signaling through
the estrogen receptor (Gehm et al., 1997) and the aryl hydrocarbon
receptor (Ciolino et al., 1998), and activation of AMP-activated
protein kinase (AMPK) in cells and in vivo through an unknown
mechanism (Baur et al., 2006; Zang et al., 2006). Although SIRT1
can contribute to AMPK activation through deacetylation of the
upstream kinase, LKB1 (Lan et al., 2008), this pathway does not
appear to be required for resveratrol to have an effect (Dasgupta
and Milbrandt, 2007). AMPK activation by resveratrol is intriguing
since it could independently account for an increase in mitochon-
drial biogenesis and fatty acid oxidation, and potentially SIRT1
activation as a downstream consequence (Fulco et al., 2008). In
fact, Um et al. (2009) have recently suggested that this is the case,
based on their observation that resveratrol fails to increase glucose
tolerance, mitochondrial biogenesis, or endurance in AMPK null
mice. However, it is difficult to formally exclude the possibility that
SIRT1 might act upstream of AMPK, or to be confident that the
metabolic disruption in these animals is not simply too severe to be
rescued. The existing data on resveratrol treatment can therefore
be said to be broadly consistent with the proposal that SIRT1 is the
key mediator of its beneficial effects, but other plausible
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Fig. 2. Structures of resveratrol and SRT1720. Resveratrol is a natural product found
in grapes and medicinal plants that activates SIRT1 (Howitz et al., 2003) and
influences a number of other mammalian enzymes. SRT1720 is a novel SIRT1
activator described by Sirtris Pharmaceuticals (Milne et al., 2007), which is not
thought to share off-target effects with resveratrol, with the possible exception of
the norepinephrine transporter (Pacholec et al., 2010).

resveratrol SRT1720

mechanisms remain, and it is almost certain that multiple targets
contribute to some degree.

The specific effects of increased SIRT1 activity have been
studied both by overexpression of the enzyme and by treatment of
animals with a novel activator, designated SRT1720 (Fig. 2). It
should be borne in mind that despite the lack of a structural
relationship between the two, SRT1720 suffers from the same
caveat as resveratrol, in that it only activates SIRT1 against
fluorescent substrates (Pacholec et al., 2010). Interestingly, both
SRT1720 and SIRT1 overexpression improve glucose homeostasis,
decrease body weight (which occurs at high doses of resveratrol),
prevent fatty liver, and improve rotarod performance, providing
support for the assertion that SIRT1 mediates salient effects of
resveratrol (Bordone et al., 2007; Feige et al., 2008; Milne et al.,
2007; Pfluger et al., 2008). Notably, Pacholec et al. (2010) have
reported that SRT1720 does not lower glucose and may exhibit
toxicity in leptin-deficient (ob/ob) mice. This contradicts a
previous report (Milne et al., 2007), but is intriguing in light of
the fact that resveratrol fails to activate mitochondrial biogenesis
in the muscles of ob/ob mice (Mayers et al., 2009), and SIRT1
overexpression tends to increase, rather than decrease, body
weight in leptin receptor deficient (db/db) mice (Banks et al.,
2008), suggesting a potential interaction between SIRT1 and leptin

Table 1
Phenotypes of SIRT1 overexpressing mice.

265

signaling. Like resveratrol, SRT1720 increases mitochondrial
capacity and endurance in wild type mice, although in skeletal
muscle this may be due almost exclusively to fiber type switching,
without the more dramatic increase in mitochondrial density that
is observed after resveratrol treatment (Feige et al., 2008). In
microarray experiments, SRT1720 has been shown to mimic many
of the effects of DR in liver, and to produce a transcriptional profile
that closely resembles the effect of resveratrol treatment (Smith
et al., 2009). Importantly, SRT1720 is devoid of the ability to
acutely activate AMPK, suggesting that direct action on SIRT1 is
sufficient to initiate the changes in physiology that are observed
(Feige et al., 2008). Data on mitochondrial content and global
transcriptional effects following SIRT1 overexpression have not
been reported, but will provide important insight into the
specificity of small molecule activators.

The metabolic effects of SIRT1 overexpression have been
studied in a number of independently derived strains, in some
cases with conflicting results (Table 1). Beta cell-specific over-
expression of SIRT1 (the BESTO mouse) was reported to enhance
glucose-stimulated insulin secretion and improve glucose toler-
ance (Moynihan et al., 2005), although the effect was lost at
advanced ages (Ramsey et al., 2008). Bordone et al. (2007) reported
that overexpression of SIRT1 from the -actin locus resulted in
increased protein expression in white and brown adipose tissue, as
well as brain, but not liver or skeletal muscle. These mice had
decreased body weight and increased insulin sensitivity relative to
wild type littermates, even on a standard diet, and manifested
additional phenotypes resembling DR. However, a number of
questions remained unanswered since liver and skeletal muscle
are thought to play critical roles during DR, and adenoviral
overexpression of SIRT1 in the liver decreases glucose tolerance
(Rodgers and Puigserver, 2007), implying a potentially detrimental
consequence of overexpression in hepatocytes. To better assess the
effects of increased SIRT1 activity in the whole body, two groups
independently generated bacterial artificial chromosome (BAC)
transgenics expressing an extra copy of SIRT1 under the control of
its native promoter (Banks et al., 2008; Pfluger et al., 2008). In both
cases, glucose tolerance was not affected under standard diet
conditions, but was dramatically improved in the context of

Knock-in BAC transgenic BAC transgenic (Banks et al.,
at p-actin (Pfluger et al,, 2008)
locus 2008)
(Bordone
etal,
2007)
Context chow chow | 45% fat chow 60% fat | db/db chow
Glucose
tolerance ? - ‘W ﬁ ‘Q
Body weight l pr— _‘_ — — o
Adiposity l = e - — I
Food intake/
body weight ﬂ. - T l’ = =
Energy
expenditure ? - L) l’ - =
Locomotor l
e — — — —-— —
activity

Fat percentages are based on energy content of the diet. Dashes indicate that the parameter was
measured, but no significant effect was reported. Faded arrows indicate trends that were not
statistically significant. The smaller blue arrow indicates that body weight was increased in db/db
transgenics only at the latest timepoints measured. *Adiposity was assessed prior to the emergence of
a difference in body weight. (For interpretation of the references to color in this table, the reader is

referred to the web version of the article.)
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obesity. Surprisingly, the improvement was due primarily to an
increase in hepatic insulin sensitivity and the resulting suppres-
sion of hepatic glucose output. Despite the agreement on this
critical finding, the two groups analyzing BAC-transgenics found
disparate results on body weight, food intake, and energy
expenditure, and attributed the improvement in hepatic insulin
sensitivity to different mechanisms. Banks et al. (2008) showed an
increase in the circulating level of adiponectin, which has been
shown to promote insulin sensitivity, while Pfluger et al. (2008)
reported a decrease in inflammation related to NFkB-dependent
pathways and no effect on adiponectin.

Overall, the effects reported in mice overexpressing SIRT1
generally support the idea that it could mediate key effects of
resveratrol, however much remains to be clarified. For example,
both resveratrol and SRT1720 improve peripheral glucose uptake,
while SIRT1 BAC-transgenics show only an improvement in
hepatic insulin sensitivity. On the other hand, the transgenic
animals created by Bordone et al., which do not overexpress
hepatic SIRT1 at all, still show improved glucose tolerance,
suggesting that peripheral glucose uptake is increased, hepatic
insulin sensitivity is improved indirectly, or both. One factor that
may contribute to discrepancies in results between various
experiments is the apparent sensitivity of SIRT1 to dosage effects.
For example, moderate (up to 7.5-fold) overexpression of SIRT1 in
the heart is protective, while higher (12.5-fold) overexpression
leads to cardiomyopathy (Alcendor et al., 2007). In addition, a low
dose of resveratrol can actually increase body weight (Pearson
et al,, 2008), while a higher dose has no effect, and a still higher
dose decreases body weight. Mice lacking SIRT1 or overexpressing
SIRT1 are born at submendelian ratios (Bordone et al., 2007;
McBurney et al., 2003), and increasing the gene dosage further
does not result in viable pups, suggesting an optimal window for
SIRT1 activity during development. Although expression of SIRT1
from its native promoter might be hypothesized to produce similar
effects to systemic treatment with an activating drug, resveratrol is
not likely to penetrate all tissues, or even subcellular compart-
ments, equally. In fact, concentrations up to 30-fold higher than
serum levels have already been reported in the small intestine
(Sale et al., 2004), as well as significant enrichments in other
tissues. The susceptibility of SIRT1 to activation by resveratrol
could also depend on many other factors that vary between tissues
and, at least in worms, it appears that resveratrol may actually
change the substrate specificity of sirtuins (Viswanathan et al.,
2005), a possibility that has not been addressed in mammals. All of
these factors contribute to the complexity of comparing the effects
of drugs and protein overexpression in vivo.

Perhaps the most important question that must be addressed
experimentally is what resveratrol does in the absence of SIRT1 in
mice. Unfortunately, the developmental defects, poor viability, and
altered metabolism of constitutive knockout animals make such
experiments technically challenging. These limitations have been
overcome to show that DR does not induce an increase in activity
level, and may not affect longevity in SIRT1 null mice (Chen et al.,
2005; Li et al., 2008), and recently, it was shown that the
chemopreventive effect of resveratrol is also compromised in
SIRT1 null animals (Boily et al., 2009). However, the interpretation
of such experiments remains controversial (Pani et al., 2006),
highlighting the need for better models. Liver-specific SIRT1
knockout mice have been described, and are grossly normal, but
were reported to display a surprising protection from high fat diet
that would pre-empt the demonstration of protection by resvera-
trol (Chen et al., 2008). More recently, another group reported diet-
induced hepatic steatosis in liver-specific SIRT1 knockout animals,
reviving the possibility of testing for protective effects of
resveratrol in this system (Purushotham et al., 2009). However,
even if resveratrol improves metabolism in the absence of hepatic

SIRT1, the effects could be attributed to activation of SIRT1 in the
brain or other tissues. Ideally, it will be possible to delete SIRT1 in
the whole animal following normal development, allowing a more
definitive test of its involvement in the protective effects of
resveratrol and DR.

6. Other sirtuins

Another important question is whether other mammalian
sirtuins (SIRT2-7) are critical mediators of DR. While SIRT1 is the
closest mammalian homolog to the enzymes associated with
lifespan in lower organisms, and has been the focus of drug
discovery efforts, other sirtuins also use NAD" as a co-substrate and
may respond to DR. Resveratrol is thought to act mainly on SIRT1,
but may also activate SIRT7 (Vakhrusheva et al., 2008), while
SRT1720 is currently considered to be specific for SIRT1, based on
its failure to activate the closest homologues, SIRT2 and SIRT3
(Milne et al., 2007). However, either one could conceivably
influence other sirtuins as well, given the correct substrates and
conditions. A complete discussion of all seven sirtuins is beyond
the scope of this review, and has been adequately covered
elsewhere (for example, see Dali-Youcef et al., 2007), however
some specific observations have been reported that pertain to DR
and longevity. SIRT6 null mice are extremely short-lived, have a
defect in base excision repair, and show phenotypes resembling
premature aging (Mostoslavsky et al., 2006). Suppression of NFkB
signaling partially restores lifespan (Kawahara et al., 2009),
implying that a normal function of SIRT6 is to limit inflammation,
and broad suppression of inappropriate age-related inflammatory
responses, including those mediated by NFkB, is an important
feature of DR (Chung et al., 2002). SIRT4 and SIRT5 have been
shown to regulate amino acid stimulated insulin secretion (Haigis
et al, 2006) and ammonia disposal (Nakagawa et al., 2009),
respectively, during DR, suggesting additional changes in physiol-
ogy that would not be recapitulated by activation of SIRT1 alone.
SIRT7 null mice are short-lived, with a degenerative phenotype in
cardiomyocytes, indicating that it may promote stress-resistance
in that organ (Vakhrusheva et al., 2008). Although SIRT2 and SIRT3
have not been clearly linked to specific functions during DR, or to
mouse longevity, an allele of SIRT3 is associated with longevity in a
human population (Rose et al., 2003), hinting that much about
these enzymes remains to be discovered. It is therefore likely that
multiple sirtuins, in addition to other factors that remain to be
identified, contribute to the range of beneficial effects induced by
DR.

7. Conclusion

There is compelling evidence that resveratrol can ameliorate
many of the negative health consequences associated with
obesity in rodents, and provides some benefit even in lean
animals. Overexpression studies, and novel small molecule
activators support a role for SIRT1 in many of these effects,
however the poor phenotype of SIRT1 null mice has thus far
precluded a more definitive experiment. Based on transcriptional
profiling, resveratrol mimics a striking number of the changes
induced by dietary restriction, arguing that the effort to mimic
salient effects of DR with a small molecule has been at least
partially successful. However a number of critical aspects of the
normal DR response, such as the prevention of spontaneous
lymphomas, and ultimately extension of lifespan in normal mice,
have not yet been achieved. These observations highlight the need
for continued efforts to elucidate the signaling pathways that
mediate the response to DR in mammals, in order to fully harness
their potential toimprove human health and delay or prevent age-
related diseases.
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