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Abstract

It iswidely believed that calorie restriction (CR) can extend the lifespan of model organisms and
protect against aging-related diseases. A potential CR mimetic is resveratrol, which may have
beneficial effects against numerous diseases such as type 2 diabetes, cardiovascular diseases, and
cancer in tissue culture and animal models. However, resveratrol in its current form isnot ideal as
therapy, because even at very high doses it has modest efficacy and many downstream effects.
Identifying the cellular targets responsible for the effects of resveratrol and devel oping target-
specific therapies will be helpful in increasing the efficacy of this drug without increasing its
potential adverse effects. A recent discovery suggests that the metabolic effects of resveratrol may
be mediated by inhibiting cAM P phosphodiesterases (PDEs), particularly PDE4. Here, we review
the current literature on the metabolic and cardiovascular effects of resveratrol and attempt to shed
light on the controversies surrounding its action.
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Calorie restriction and lifespan

It issaid that in the 16th century, conquistador Juan Ponce de L eon searched for the fountain
of youth in what is now Florida. Although he may not have been successful in this endeavor,
our scientific understanding of aging, and possible strategies to extend lifespan, have
increased dramatically over the past decade (Box 1). The most robust means of extending
lifespan in mammalsis CR, which typically involves reducing caloric intake by 30-40%
while maintaining adequate nutrition [1]. CR not only extends the lifespan of awide range
of animals, but also protects against many aging-related diseases such as type 2 diabetes,
cardiovascular diseases, cancer and neurodegeneration in rodents. More importantly, studies
with rhesus monkeys indicate that long-term CR also decreases aging-related mortality and
diseases in non-human primates [2]. However, it is not known whether CR delays the aging
process in monkeys, because experimenta animals have not yet reached their maximal
lifespan. Despite these demonstrated benefits, CR is difficult to maintain for long periodsin
humans from western countries. Resveratrol [3], a polyphenol that is produced in plantsin
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response to stress and is present in many plant-based foods, has demonstrated properties that
mimic CR (Figure 1). Thisreview highlights the biological functions of resveratrol and its
implications for treatment of aging-related diseases.

Controversy regarding the role of Sirtl in longevity

Increased dosage of Sir2, a protein deacetylase that utilizes NAD* as a cofactor, extends
replicative lifespan in yeast [4]. Early reports suggested that CR-induced longevity in yeast
[5], worms [6], and flies[7] is Sir2-dependent. However, subsequent studies have
challenged the hypothesis that Sir2 mediates CR-mediated |ongevity. Sir2-null yeast respond
to CRif an additional mutation (fobl) isintroduced into it [8]. Moreover, when the genetic
background was standardized and appropriate controls were used, CR-mediated extension of
lifespan in both Caenorhabditis elegansand Drosophilawas Sir2-independent, and over-
expression of Sir2 increased lifespan in these organisms only modestly, if at al [9,10].
Increased dosage of Sirtl, the mammalian ortholog closest to Sir2, does not increase lifespan
but improves healthy aging in mice [11].

Discovery of resveratrol as a potential CR mimetic

With the premise that activating Sirt1 may improve healthy aging, small molecule activators
of Sirtl were identified. In theinitia screen, resveratrol was found to be the most potent
Sirtl activator [12]. The effect of resveratrol on the lifespan of lower eukaryotesis
controversial; some studies have reported that it extends lifespan in a Sir2-dependent
manner [12,13], whereas others report that resveratrol does not affect lifespan [14,15]. In
Notho-branchius furzeri, a short-lived species of fish, resveratrol extends lifespan and delays
cognitive decline [16]. In mice, long-term administration of resveratrol induces gene
expression patterns that resemble those induced by CR and delays aging-rel ated
deterioration, but does not extend lifespan when the mice are fed aregular diet [17,18].
Resveratrol does not mimic all aspects of CR, such as decreasesin heart rate and core body
temperature [19]. In fact, resveratrol increases metabolic rate and fasting body temperature
in mice fed ahigh-fat diet [20,21].

Resveratrol has antidiabetic effects in mice and humans

In micefed ahigh-fat diet, resveratrol protects against obesity, type 2 diabetes, and
premature death [20,22,23]. One of the most striking effects of resveratrol isinduction of
genes important for mitochondrial function, such as PGC-1a., a master regulator of
mitochondrial biogenesis, leading to an increase in mitochondrial content and function as
well as an increase in physical endurance]20,22,23]. Several clinical trials have been
conducted to study the metabolic effects of resveratrol [24—-26]. Although these trials have
used different subject groups (e.g., obese healthy, type 2 diabetics or older adults with
glucose intolerance) and different resveratrol doses (150 mg to 2 g per day), they suggest
that resveratrol may improve insulin sensitivity and mimic aspects of CR. However, the
therapeutic potential of resveratrol is diminished by the fact that it has only modest efficacy
and that it has a very promiscuous target profile [27]. For chronic diseases that require
lifelong treatment, such as type 2 diabetes or other aging-related diseases, lead compounds
with pleiotropic effects and/or targets are difficult to optimize, with regard to both
increasing efficacy and reducing adverse effects. Therefore, in order to trand ate resveratrol
biology into clinical application, it will be helpful to identify the cellular targets of
resveratrol that mediate the desired effects and devel op therapies specific for those targets.
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Resveratrol improves mitochondrial function and glucose tolerance in an
AMPK-dependent manner

Subsequent to the report that resveratrol isadirect Sirtl activator [12], it was discovered
that the results of the /n vitro screen might have been an artifact derived from the use of a
fluorescent substrate [27—30]. The Sirt1 dependency of some resveratrol effects [20,31,32]
suggested that resveratrol may indirectly activate Sirt1 as a downstream event of some
unknown pathway.

Evidence is mounting that a key mediator of the metabolic effects of resveratrol may be the
fuel-sensing AM P-activated kinase (AMPK), which is activated by conditions that increase
AMP/ATP and ADP/ATP ratios such as physical exercise, ischemia, and glucose
deprivation [33]. AMPK activity isincreased by CR [34,35] or the antidiabetic drug
metformin [36]. Resveratrol indirectly activates AMPK [23,37,38], and activation of AMPK
by other means has been shown to reduce fat accumulation and increase glucose tol erance,
insulin sensitivity, mitochondrial biogenesis, and physical endurance [33].

AMPK activity requires one of at least two AMPK kinases: LKB1 or calcium/camodulin-
dependent kinase kinase B (CamKKp), which phosphorylate T172 in the T-loop of AMPK
[33]. Activation of AMPK viaenergy depletion is thought to be dependent on LKB1 and
activation of AMPK viaincreased intracellular Ca2* is dependent on CamKKp [33].
Resveratrol-induced activation of AMPK provides a plausible mechanism for how
resveratrol could activate Sirt1 indirectly, because AMPK is known to increase the NAD™*
level, which promotes the deacetylation of Sirtl substrates [22,39-41]. This hypothesisis
strengthened by the observation that AMPK is required for resveratrol to produce metabolic
benefits such as increased metabolic rate and protection against diet-induced obesity and
type 2 diabetes, and to increase NAD™* levels and deacetylation of Sirtl substrates [22,41].

Resveratrol activates AMPK by inhibiting PDEs and increasing cCAMP

signaling

How does resveratrol, at a physiologically relevant concentration (low micromolar range),
activate AMPK, [42]? One obvious possibility isthat it may decrease ATP. Indeed,
resveratrol isaknown inhibitor of the FIFO-ATPase/ATP synthase [43]. Resveratrol has
been shown to decrease intracellular ATP levels and activate AMPK in an AMP/ ATP ratio-
dependent manner, but this has been demonstrated only at high concentrations (100-300
M) [44]. Thereis no consensus regarding this effect over alower concentration range. One
study found that resveratrol decreases ATP at 50 M but not at 25 uM [45], whereas others
found that resveratrol at 40-100 pM does not decrease ATP [46,47] (Park et &.,
unpublished). These inconsistencies among the groups may be due to differencesin cell type
and/or condition. Resveratrol, at both low and high doses, does not change ATP or AMP
levelsin mouse tissues [45] and can activate AMPK at concentrations of less than 10 pM
[37,48,49], at which thereis no evidence of changesin nucleotide concentrations. However,
the possibility that resveratrol can transiently change nucleotide concentrations thereby
contributing to its overall activation of AMPK cannot be excluded.

Because resveratrol mimics some aspects of CR, it is possible that CR and resveratrol trigger
similar pathways. Fasting and exercise release glucagon and catecholamines, which
stimulate adenylylate cyclases (ACs) and CAMP production (Figure 2). Indeed, resveratrol
increases CAMP levelsin myotubes at concentrations of less than 10 uM [21], which
corresponds to the concentration range effective for AMPK activation. In most cells,
intracellular cAMP signaling is mediated by two groups of effectors that bind CAMP:protein
kinase A (PKA) and the cAM P-regul ated guanine nucleotide exchange factors (CAMPGEFs)
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Epacl and Epac2 [50]. The role of the two cCAMP effectorsin resveratrol action depends on
the cell type and the conditions used. In Hel a cells, which do not express LKB1, resveratrol
activates AMPK in an entirely Epacl-dependent manner [21]. Epacl increases intracellular
Ca?* levels and activates the CaMKKB-AMPK pathway via phospholipase C and the
ryanodine receptor CaCa2* -release channel. In myotubes, which express both LKB1 and
CaMKKp, the Epac1-CaMKK pathway is required for resveratrol to fully activate AMPK.
In these cells, arole of PKA in resveratrol-mediated AMPK activation isalso likely, but
may be more complicated. PKA isknown to stabilize and increase the activity of LKB1 by
phosphorylating $431 [51]. However, $431 is not required for the ability of LKB1 to
activate AMPK when LKB1 is overexpressed [52] and it has been shown that PKA inhibits
AMPK in adipocytes [53].

Resveratrol is a cAMP phosphodiesterase inhibitor

Intracellular levels of CAMP are determined by the activities of adenyl cyclases (ACs) and
cyclic nucleotide PDEs [54], which hydrolyze cAMP or cGMP to AMP or GMP,
respectively. Resveratrol has no effect on AC activity, but inhibits the activity of PDEL,
PDES3, and PDE4 but not PDE2 or PDES5 [21]. The effect of resveratrol on the remaining six
PDE family membersis unknown. Photo-affinity crosslinking and analysis of the kinetics of
cAMP hydrolysisindicate that resveratrol inhibits PDEs by binding to the catalytic site and
competing with cAMP [21].

In myotubes, PDE4 constitutes most of the cAMP PDE activity [21]. Genetic evidence that
resveratrol activates AMPK by inhibiting PDEs comes from the observation that in
myotubes expressing an inhibitor-resistant mutant PDE4, resveratrol does not activate
AMPK [21]. If the metabolic effects of resveratrol are mediated by PDE inhibition, PDE4
inhibitors should replicate the metabolic effects of resveratrol in skeletal muscle. Indeed, the
PDE4-specific inhibitor rolipram activates AMPK and increases mitochondrial biogenesis
and function in skeletal muscle and improves physical endurance [21]. In mice fed a high-fat
diet, rolipram increases metabolic rate, protects against obesity, and improves glucose
tolerance [21].

Metabolic effects of PDE inhibition

Other studies using PDE inhibitors and PDE knockout (KO) mice also illustrate the
metabolic benefits of PDE inhibition. PDE3 and PDE4 inhibitors apparently affect distinct
CcAMP pools that control activation of AMPK in rodent adipocytes [55] and increase insulin
secretion from rat pancreatic islets and cultured INS-1 rat insulinoma cells [56]. Pancreatic
B-cell PDE3B is an important regulator of Ca2*- and cAMP-stimulated exocytosis of insulin
[57], and in pancreatic islets from wild-type (WT) and PDE3B KO mice, glucose, alone or
in combination with GLP-1 (Glucagon-like peptide-1), increased insulin secretion to a
greater extent from KO islets than from WT islets [58]. Rolipram increases plasma GLP-1
[21] and enhances glucose-induced release of GLP-1 from GLP-1-producing GLUTag cells
[59]. Compared with WT littermates, PDE4B KO mice are |eaner, and have smaller fat pads
and adipocytes and decreased serum leptin levels [60]. On a high-fat diet, KO mice exhibit
increased serum adiponectin, with reduced TNF-a expression and reduced macrophage
infiltration in white adipose tissue (WAT). Moreover, PDE4 inhibitors are potent anti-
inflammatory agents [61]. Although the mechanisms are not entirely clear, the anti-
inflammatory effect of PDE4 inhibition may be related to the ability of cAMP-induced
signals to inter-fere with the function of the proinflammatory transcription factor nuclear
factor-xB.[62] Given the current concept that obesity and type 2 diabetes reflect chronic
systemic inflammation [63], these results, taken together, suggest that, by inhibiting PDE4,
resveratrol may produce metabolic benefits partly by suppressing inflammation in WAT.
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Cardiovascular benefits of resveratrol

The leading cause of mortality in individuals with type 2 diabetes is cardiovascul ar disease.
Independent of its antidiabetic effects, there is extensive literature on the protective effects
of resveratrol against cardiovascular diseases [64] (Figure 3). For example, in patients with
existing coronary heart disease, acute resveratrol supplementation improves flow-mediated
vasodilation, and chronic treatment of patients with resveratrol has been shown to reduce
blood pressure [65]. Although the effects of resveratrol may be multifactorial, preclinical
work has shown that resveratrol stimulates endothelium-dependent relaxation [66,67] by
promoting the bioavailahility of nitric oxide (NO) to cause vasodilation as well as by
reducing expression of molecules that promote vasoconstriction. However, it is unknown
whether the AMPK-mediated vasodilation is due to the well-established fact that AMPK can
directly phosphorylate and activate endothelial nitric oxide synthase (eNOS) to increase NO
production or whether other mediators such as PKA are involved. However, inhibition of
AMPK prevents resveratrol-mediated improvements in endothelium-dependent vasodilation
in aortic rings [67], suggesting that AMPK is critical for the ability of resveratrol to increase
vasodilation.

In addition to preventing cardiac hypertrophy by reducing hemodynamic load [64], thereis
evidence that resveratrol can act directly on cardiomyocytes to lessen hypertrophic growth
[68], even in the presence of hypertension [69]. Although resveratrol has been shown to
inhibit cardiac hypertrophy via AMPK [68], others have shown that resveratrol prevented
left ventricular hypertrophy (LVH) in mice fed adiet high in fat and sucrose; this effect was
AMPK independent and may have been direct or secondary to the resolution of metabolic
abnormalitiesin these mice[70].

Resveratrol also improves post-ischemic functiona recovery [66] and reduces myocardial
infarct sizein model systems[71]. Similarly, resveratrol reduced infarct size and improved
cardiac function along with decreasing the incidence of ventricular arrhythmiasin rats
subjected to permanent |eft anterior descending artery occlusion /n vivo[72]. Moreover, in
rat models of both type 1 and type 2 diabetes, resveratrol significantly improved cardiac
function during reperfusion following ischemiain ex vivo perfused hearts [73,74].

Although considerable research effort has gone into defining the precise mechanism of
action of resveratrol on the cardiovascular system in various disease states, the effects of
resveratrol are likely to be pleiotropic and multiple cellular changes in various organs may
be involved. Nevertheless, these findings indicate that resveratrol may be beneficial for a
diverse array of cardiovascular diseases.

Does resveratrol activate Sirtl in vivo?

Resveratrol does not activate Sirtl against native substrates /n vitro, but it is generally
believed that it increases Sirt1 activity aboveits basal level /n vivo. However, thisnotion is
based solely on the observation that, in cells treated with resveratrol, Sirt1 substrates are less
acetylated[12,20]. The acetylation state of any protein is determined not only by the rate of
deacetylation (e.g., by Sirt1), but also by the rate of acetylation by an acetyl transferase such
as p300 [75]. However, because p300 is also inhibited by AMPK [76], it is possible that
resveratrol decreases acetylation of Sirtl substrates, at least in part or even entirely in some
contexts, by decreasing acetylation rather than by increasing Sirt1-mediated deacetylation
(Figure 4). The observation that the effects of resveratrol are diminished in Sirt1 KO or
knock-down models [3] may indicate that Sirt1 basal activity plays an important rolein the
effects of resveratrol, not necessarily that it is activated by resveratrol (Figure 2).
Developing a direct marker of Sirt1 activity will be required to answer this question.

Trends Céll Biol. Author manuscript; available in PMC 2013 October O1.
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AMPK-Sirtl hierarchy

Numerous groups have shown that the metabolic effects of resveratrol, including
deacetylation of Sirt1 substrates, do not occur in AMPK-deficient cells or mice, indicating
that AMPK is upstream of Sirtl [22,41,45]. It is generally assumed that AMPK increases
Sirtl activity [39,40], but the mechanism isunclear. + Although NAD levelsrisein response
to resveratrol in an AMPK-dependent manner[22,41], thisisrelevant + to Sirtl activity only
if the NAD level in the basal state israte limiting for Sirt1 activity, and this has not been
proven. Another manner by which AMPK may activate Sirt1 is by AMPK-dependent
dissociation of Sirt1 from itsinhibitor DBC1 [77].

Therole of Sirtl in the action of resveratrol has been difficult to study due to the severe
developmental abnormalities and early death of germline Sirt1 KO mice[78,79]. To
circumvent these problems, adult-inducible Sirtl KO mice that exhibit efficient deletion of
Sirtl in various tissues were generated [45]. Studies with these mice showed that, with low-
dose resveratrol (25-30 mg/kg/day), the increase in mitochondrial content and function in
obese mice is Sirtl dependent, but with high dose resveratrol (215-230 mg/kg/day) itis
Sirtl independent. Activation of AMPK with low-dose resveratrol is Sirtl dependent, but
with high-dose resveratrol it is Sirt1-independent [45]. Based on these findings, it has been
proposed that, at low dose, Sirtl is upstream of AMPK and activates AMPK in afeed-
forward fashion, possibly by deacetylating LKB1 [45,80,81]. Indeed, it has been reported
that resveratrol does not activate AMPK in LKB1-deficient mouse embryo fibroblasts [68]
or in HeLacells, which are LKB1 deficient [81]. However, others have shown that LKB1 is
not always required for resveratrol to activate AMPK, because resveratrol increases Ca2*
and activates AMPK via CaMKKp in HeLacells, even at alow dose (10 uM) [21,47]. In
addition, resveratrol activates AMPK in Sirtl KO mouse embryo fibroblasts [22]. These
discrepancies may be due to differencesin cell type or condition before resveratrol
treatment. Immortalized cell lines, particularly if they have been in a confluent state, often
have high basal AMPK activity and/or fail to respond to moderate doses of resveratrol.
Synchronizing cells with 0.2% fetal calf serum overnight before addition of resveratrol often
improves sensitivity to resveratrol [21].

Basal Sirtl activity may also play arolein AMPK activation without being upstream of
AMPK in the resveratrol response. Because Sirtl is an inhibitor of p300 [82] and p300isan
AMPK inhibitor [83], AMPK may bein asuppressed state in Sirt1 KO cells. Sirtl may also
play arolein AMPK activity in amoreindirect manner. For example, Sirtl regulates
secretion of AMPK-activating adipokines such as adiponectin [84], leading to the possibility
that Sirtl KO cells may have altered tissue crosstalk that regulates AMPK activity.
Additional work will be required to determine the significance of the dose-dependent effect
of resveratrol on AMPK activity.

The antidiabetic effect of resveratrol is AMPK dependent but Sirtl
independent

One of the primary indications for resveratrol istype 2 diabetes. Although overexpression of
Sirtl is known to improve glucose tol erance, the antidiabetic effect of resveratrol is AMPK
dependent [22] but Sirt1-independent [45] (Figure 5). Another primary indication for
resveratrol isfatty liver [23], a condition that is associated with obesity and can lead to
cirrhosis. Here again, overexpression of Sirtl is known to lower hepatic triglyceride, but
resveratrol-induced reduction in hepatic triglyceride is Sirt1 independent [45]. These
observationsindicate that Sirtl and resveratrol may act in a parallel but independent manner
for these indications (Figure 5). The observation that the glucose-lowering effect of
resveratrol is Sirtl independent even though the mitochondrial effects are Sirt1 dependent
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reflects the conflicted relationship between type 2 diabetes and skeletal muscle
mitochondrial function [85]. Increasing mitochondrial function by overexpressing PGC-1a
in skeletal muscle paradoxically worsens glucose tolerance in young obese mice [86], but
improves glucose tolerance in old mice [87].

Intracellular concentration of resveratrol

One conundrum in the biology of resveratrol isthat the /n vitro concentration of resveratrol
required for its diverse array of effectsis 5-50 M, yet the serum concentration of
unmodified resveratrol in animalsis no more than 3 M [42]. The serum level of
unmodified resveratrol islow because most resveratrol in serum is conjugated to
glucuronide or sulfate [88]. One possible explanation for the efficacy of resveratrol at such a
low serum concentration is that the intracellular levels of lipophilic compounds such as
resveratrol could be significantly higher than serum levels. Moreover, tissues such as
skeletal muscle can express glucuronidases [89], which can potentially remove the
conjugates and increase the tissue levels of resveratrol. The concentration of resveratrol to
which theliver is exposed before its hepatic metabolism may be significantly higher than
that in systemic circulation. Because the metabolic functions of almost all tissues are
affected by hepatic status (e.g., hepatic steatosis), it islikely that some of the effects of
resveratrol in peripheral tissues may be indirect effects of the resveratrol-induced changesin
theliver.

Concluding remarks

In addition to the metabolic and cardiovascular effects, resveratrol treatment has an array of
other benefits that may contribute to its overall CR-mimetic effects; most notably, anticancer
and anti-inflammation effects [3]. The targets that mediate these effects have not been
identified. However, PDE4 inhibition also induces expression of the cell cycle inhibitors p21
and p27 and has anticancer properties [90]. The well known anti-inflammatory effects of
PDEA4 inhibition [61] may play arolein the overall anti-inflammatory effects of resveratrol.
However, it is possible that numerous other potential resveratrol targets such as
cyclooxygenases 1 [91] and 2 [92], which catalyze the first step in the synthesis of
prostaglandins, may also be involved.

Since the beneficia effects of resveratrol were first recognized, much progress has been
made in our understanding of the underlying biology. However, fundamental questions such
as what targets mediate the effects of resveratrol and whether resveratrol affects Sirtl
activity remain controversial. The biochemical pathways that have been proposed to mediate
the beneficia effects of resveratrol are highly interconnected (Figures 2 and 4). Therefore,
traditional genetic strategies such as knock down or KO, which can lead to an array of
indirect effects, not only within acell but on tissue crosstalk, have limited utility in
pinpointing the role of resveratrol in each pathway. This means that the precise mechanism
of resveratrol action may be difficult to elucidate with absolute clarity. However, the timing
of Sirtl and AMPK activation may provide a clue to the AMPK-Sirt1 epistasis or hierarchy.
Although the timing differences between resveratrol-mediated activation of AMPK and
Sirtl have not been carefully analyzed, resveratrol-mediated increase in cAMP precedes
both [21].

The next chapter in resveratrol biology that may be more fruitful, at least for clinical
application, is to reconstruct the beneficial effects of resveratrol in humans with small
molecule inhibitors of proteins such as PDE4 that are directly targeted by resveratrol. This
new chapter may have already begun. Shortly after the finding that inhibiting PDE4
inhibition has an antidiabetic effect [21], it was reported that the PDE4 inhibitor roflumilast,
which was recently approved by the US FDA for treatment of chronic obstructive

Trends Céll Biol. Author manuscript; available in PMC 2013 October O1.
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pulmonary disease, unexpectedly lowered fasting glucose by more than 1 mM inindividuals

wi

th type 2 diabetes [93]. This provides a proof of principle that identifying, and selectively

targeting, the proteins that mediate resveratrolaction may be an effective therapeutic
strategy, not only for type 2 diabetes but also for other aging-related diseases.
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Box 1
Genetic models of whole-body Sirtl gain of function

Although Sirt1 overexpression studiesin tissue culture cells and transgenic mice
overexpressing Sirt1 in atissue-specific fashion provide valuable insight regarding Sirt1
activity, genetic models of whole-body Sirt1 gain of function are best suited to evaluating
the physiological effect of activating Sirtl with a small molecule. Three such models
have been generated thus far. Transgenic mice in which additional copies of the Sirt1
transgene are expressed from its own promoter have been reported by two independent
groups [11,84,94]. These transgenic mice, which have physiological patterns of Sirtl
expression, are more insulin sensitive partly due to increased adiponectin levels and
decreased hepatic steatosis in obese mice. They also have alower incidence of certain
types of tumors and higher bone density. However, they are also more prone to develop
atherosclerosis while on a pro-atherogenic diet [95]. Surprisingly, transgenic mice [84]
that are congenic in C57BL 6/J background have a reduced metabolic rate and body
temperature on a regular diet and have the same amount of fat despite eating less than
control mice. In Sirtl knock-in mice [96], the Sirt1 gene was inserted into the B-actin
locus. Unlike the transgenic mice, the knock-in mice had less fat and were more insulin
sensitive. One caveat with the knock-in mice isthat Sirt1 was overexpressed in fat but
not in muscle or liver. It is possible that overexpression of Sirt1 from the p-actin locus
impaired adipocyte differentiation during development [97].

Trends Céll Biol. Author manuscript; available in PMC 2013 October O1.




Chung et al. Page 14

Figure 1.
Resveratrol protects against awide range of aging-related diseases. Resveratrol blocks

pathological processes that contribute to aging-related diseases such as type 2 diabetes,
cardiovascular diseases, and neurodegenerative diseases including Alzheimer’ s diseases.
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Resveratrol mimics calorie restriction by inhibiting cAM P phosphodiesterases (PDES). Food
deprivation and exercise increase the levels of glucagon and catecholamines, which bind to
their receptors and increase CAMP production by activating adenylate cyclase. Resveratrol
increases CAMP levels, not by increasing cAMP production, but by inhibiting CAMP PDEs,
which hydrolyze cAMP to AMP. Protein kinase A (PKA) and Epac, two effectors of CAMP
signaling, activate parallel pathways that lead to AMP-activated kinase (AMPK) activation.
In addition, exercise can increase AMPK activity in skeletal muscle viaadecreasein ATP
and also via contraction-associated Ca2* release (not shown). Transcription factor CREB
(cAMP response element binding protein), which is activated by PKA phosphorylation,
induces transcription of PGC-Ia [98] and SirtZ[99], which are two important mediators of
the beneficial effects of resveratrol on mitochondrial function. In addition to improving
mitochondria function, activation of AMPK decreases glucose production in the liver and
increases glucose uptake in peripheral tissues such as skeletal muscle. Although PKA
signaling increases hepatic glucose production, it also inhibits SREBP-1c and, as aresult,
inhibits synthesis of triglyceride and development of hepatic steatosis, which may have a
dominant effect on insulin sensitivity in the obese state. This may explain why the metabolic
benefits of resveratrol arelargely limited to animals fed a high-fat diet.
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Resveratrol

Improve vascular function Blunt cardiac hypertrophy Reduce
Reduce hypertension Prevent heart failure ischemia/reperfusion injury
Figure 3.

Cardiovascular effects of resveratrol. Resveratrol and/or Sirtl/AM P-activated kinase
(AMPK) activation and/or phosphodiesterase (PDE) inhibition have been shown to improve
vascular function and reduce hypertension viaincreased nitric oxide (NO) production,
reduced atherosclerosis, decreased oxidative stress, and reduced apoptosis. Decreased
oxidative stress and reduced apoptosis also play arole in blunting cardiac hypertrophy and
preventing heart failure. Resveratrol aso lessens the severity of these cardiac syndromes by
reducing activation of nuclear factor of activated T cells (NFAT)-mediated and increasing
oxidative metabolism. Resveratrol and/or Sirt1 activation has also been shown to reduce
ischemialreperfusion injury by inducing angiogenesis, increasing NO production, and
decreasing oxidative stress.
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Understanding how resveratrol regulates AM P-activated kinase (AMPK) and Sirtl. The

acetylation state of a Sirtl substrate is determined not only by Sirt1 but also by acetyl

transferases such as p300. Sirt1, p300, and AMPK regulate each other, making knock-down
or knockout approaches difficult to interpret. (a) A model in which resveratrol activates

Sirtl before AMPK. (b) A model in which resveratrol activates Sirtl viaAMPK. (c) A

model in which resveratrol activates AMPK but does not activate Sirtl. In this model, basal

Sirtl activity is still required for resveratrol to have an effect.
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Proposed model of AMP-activated kinase (AMPK) dependence and Sirt1 independence of

the antidiabetic effects of resveratrol. Resveratrol increases adiponectin [100], CAMP

signaling [21], and AMPK activity [21], which contribute to the inhibition of SREBP-1

[101], the transcription factor [102] that promotes hepatic triglyceride synthesis and

development of hepatic steatosis, a known ingtigator of insulin resistance [103]. AMPK also
suppresses hepatic glucose production and stimulates glucose uptake in skeletal muscle [33].
It should be noted that protein kinase A (PKA) also increases hepatic glucose production
(dotted line). In aparallel manner, Sirtl also inhibits SREBP-1 [104] and stimulates AMPK

activity and adiponectin production [84].
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