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Abstract
Background—Advancements in gerontology have revealed key insights into the molecular and
biochemical aspects of the aging process. The sirtuin pathway, most notable for its association
with the anti-aging effects of calorie restriction, has received particular attention, and
pharmacologic or transgenic upregulation of the sirtuin pathway has demonstrated some very
promising results in laboratory models of aging. Alzheimer disease (AD), the leading cause of
senile dementia, is a devastating neurodegenerative condition that is imposing an increasing
burden on society. The lack of therapeutics currently available for the disease provides strong
incentive for the development of an effective treatment strategy and, interestingly, research has
uncovered a novel mechanism of action of the sirtuin pathway that offers significant potential as
such.

Recent Developments—Sirt1, one of the seven mammalian homologues of the sirtuin family
of NAD+-dependent deacetylases, has recently been demonstrated to attenuate amyloidogenic
processing of amyloid-β protein precursor (AβPP) in cell culture studies in vitro and transgenic
mouse models of AD. Mechanistically, Sirt1 increases α-secretase production and activity through
activation of the α-secretase gene ADAM10. Since α-secretase is the critical enzyme responsible
for the non-amyloidogenic cleavage of AβPP, upregulation of α-secretase shifts AβPP processing
to reduce the pathological accumulation of the presumptive toxic Aβ species that results from β-
and γ-secretase activity. Interestingly, a recent study of the spatial patterns of Aβ deposition in the
brain indicates a strong correlation with an increased utilization of aerobic glycolysis in those
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regions. Aerobic glycolysis depletes cellular levels of NAD+ (via decreased NAD+/NADH ratio),
and it is possible that a corresponding downregulation of the NAD+-dependent sirtuin pathway is
partly responsible for the amyloidogenic processing of AβPP.

Where Next?—The specific inhibition of Aβ generation by Sirt1 coupled with the link between
aerobic glycolysis, NAD+ depletion, and amyloidogenesis via the sirtuin pathway has translational
implications. On the one hand, the likely underlying role of the sirtuin pathway in AD onset and
development may enlighten our understanding of this devastating condition. On the other,
therapeutic upregulation of Sirt1 may provide opportunities for the amelioration of AD-type
neuropathology through an inhibition of amyloidogenesis, among other things (i.e., regulation of
cellular metabolism or inhibition of tau pathology — see below). Ultimately, further analysis into
both aspects is necessary if any progress is to be made.

Introduction
Aging is considered the manifestation of stochastic damages to the cell that accumulate over
many years, and the generation of reactive oxidative species (ROS), which naturally
coincides with respiration,1, 2 is believed to be significantly involved. ROS are produced as
unwanted byproducts in electron transport during oxidative phosphorylation. Despite the
presence of endogenous antioxidants, a significant portion of ROS go unsequestered within
mitochondria and eventually damage macromolecules, such as membrane phospholipids,
proteins, DNA, and RNA, rendering them impaired or entirely dysfunctional.3 Furthermore,
accumulating ROS within the mitochondria can trigger apoptosis through the release of
cytochrome c into the cytoplasm. The latter forms an apoptosomal complex with procaspase,
ATP, and Apaf-1 (an apoptotic, protease activating factor).4 Over time, biological tissue
succumbs to ROS-mediated damages; aging is thus traditionally viewed as a disorganized
and inevitable process.

Calorie restriction (CR) has provided an interesting glimpse into the mechanisms regulating
aging. Animals undergoing CR, a dietary regimen involving strictly reduced caloric intake
(approximately 30–40% compared to normal intake), exhibit lifespan extension and reduced
morbidity development with aging.5–8 These benefits have been demonstrated to be partly
mediated by a family of NAD+-dependent histone/protein deacetylases, called the sirtuins.9
Histone deacetylases (HDACs) function as epigenetic regulators of gene and protein activity
that act via catalytic cleavage of acetyl groups from lysine residues (Figure 1), and the
HDAC superfamily is comprised of over 45 enzymes identified in a wide variety of
eurkaryotes.10 HDACs are generally divided into three classes based on sequence
homologies of the catalytic domain, with the sirtuin family belonging to the class III, NAD+-
dependent HDACs.9

Sirt1, one of the seven mammalian homologues belonging to the sirtuin family, is a
regulator of proteins and genes involved in antioxidant response (FOXO3),11, 12 anti-
inflammatory response (NFκB),13 anti-apoptotic response (p5314 and FOXO3), insulin
response (IGF-1),15 and gene transcription (PGC-1).15 Sirt1 has also been demonstrated to
be a regulator of mitochondrial biogenesis,16 as well as an indispensible agent in synaptic
plasticity, learning, and memory.17, 18 The sirtuin pathway is thus important in cell survival
under stressful conditions, such as CR. Notably, laboratory investigations support the role of
Sirt1 in the proliferative, anti-aging effects of CR in a variety of mammals, and Sirt1
transgenic mice demonstrate phenotypes resembling those induced by CR.19 The remaining
members of the sirtuin family (i.e., Sirt2–7) are less well characterized, although studies also
indicate their relevance to cell survival and stress response. The seven sirtuin proteins and
their corresponding localization and activities are summarized in Table 1.
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Laboratory upregulation of the sirtuin pathway, via sirtuin-activating compounds like
resveratrol, has effectively reversed the aging process and its comorbidities in non-stressed
animals (i.e., those not experiencing environmental stressors that typically activate the
pathway, like CR).20 Even more, the correlation between aging and neurodegeneration has
led researchers to investigate the sirtuin pathway as it pertains to Alzheimer disease (AD),
and recent reports demonstrate that Sirt1 hyperactivity is capable of reducing AD
pathologies both in vitro and in vivo through upregulation of the ADAM10 gene. We here
discuss these results and their implications to the field.

Alzheimer disease
AD is an age-related neurodegenerative condition that affects 35 million people worldwide
and is the leading cause of dementia among the elderly.21 Specifically, the incidence of AD
is 15% among those 65 and older and close to 50% for those above age 85.21 The strong
correlation between AD and age is demonstrated by the similar phenotypes of the two
“conditions.” Most notably, normal aging involves the gradual decline in memory and
cognitive functions that are associated with neuronal networks of the mediotemporal lobe.
The neurons of the parahippocampal region and hippocampal formation are particularly
affected in the normally aged brain,22 and it is precisely these regions that are first affected
in AD.23 Moreover, AD is largely the result of years of accumulated oxidative damage and
mitochondrial malfunction21 and, as stated above, aging involves similar perturbations.
Importantly, our intention here is not to render AD and aging as a single, equal entity, but to
allude to the distinct similarities between the two.

At present, AD is therapeutically untreatable. It is pathologically characterized by
widespread oxidative stress, mitochondrial damage and altered distribution,
neuroinflammation, calcium dysregulation, metal dishomeostasis, neurofibrillary tangle
formation, and amyloid-β (Aβ) oligomerization and fibrillation.21 Although there are several
differing theories describing the molecular and temporal instigation of AD, the latter
phenomena (i.e., Aβ oligomerization/fibrillation), are certainly the most studied.

Aβ, the product of the proteolytic cleavage of the amyloid-β protein precursor (AβPP) into
38, 40, or 42 amino acid peptides, is generally viewed as a toxic mediator of AD,24 although
this is still debated.25 The generation of Aβ is orchestrated by the β- and γ-secretases in a
sequential manner such that inhibition of either secretase prevents Aβ generation. Although
Aβ has no known function within the cell, its oligomerization is toxic to neurons in vitro and
in vivo and produces synaptic dysfunction, calcium dysregulation, oxidative stress, and
neuroinflammation.26 Additionally, Aβ (specifically Aβ42) is the primary component of the
senile plaques that become deposited in the brains of AD and are a hallmark feature of the
disease.27

Alternate processing of AβPP, through α-secretase cleavage (followed by that of γ-
secretase), produces a soluble segment of AβPP that may be neuroprotective.28 This “non-
amyloidogenic” pathway deters the processing of AβPP through the β- and γ-secretases and
thus inhibits the formation of toxic Aβ species. Interestingly, recent evidence indicates that
Sirt1, along with its varied role in the regulation of aging, is also a key regulator of α-
secretase, and thus of amyloidogenic processing (see below).29 Sirt1 upregulation may
therefore provide an excellent therapeutic approach to a disease that is hereto untreatable.

Sirt1 and AD: Biomolecular Amelioration of the AD Phenotype
Evidence for the benefits of the sirtuin pathway in AD has chiefly stemmed from a focus on
the effects of Sirt1. In vitro Sirt1 overexpression, mediated by NAD+ or resveratrol, leads to
a reduction of oligomerized Aβ peptides in a concentration-dependent manner15 and
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ameliorates oxidative stress.30, 31 Of note, the effects of the former were mediated by a
switch to the non-amyloidogenic processing of AβPP due to increased α-secretase
activation.32 Overexpression of Sirt1 is also reported to prevent microglia-dependent Aβ
toxicity through an inhibition of NFκB signaling.33

Recent in vivo data has corroborated these findings, such that mutant mice overexpressing
both AβPP and Sirt1 (APPswe/PSEN1dE9 double transgenic crossed with Sirt1 transgenic)
exhibit a markedly reduced production of toxic Aβ species.29 Furthermore, the brain
pathology and behavioral deficits of the APPswe/PSEN1dE9 mice were exacerbated when
crossed with Sirt1 knockout mice.29 The anti-amyloidogenic effects of Sirt1 were
demonstrated to be mediated through upregulation of α-secretase transcription and
expression. Specifically, Sirt1 was shown to deacetylate and thereby activate the retinoic
acid receptor-β (RARβ) protein (i.e., Sirt1 removes an acetyl group from lysine residue(s) of
RARβ). RARβ stimulates transcription of the ADAM10 gene (which encodes α-secretase)
by binding to the ADAM10 promoter;34 therefore, Sirt1-induced activation of RARβ
increased ADAM10 transcription and α-secretase production. Notably, ADAM10 is also
known to initiate the Notch pathway via cleavage of the membrane-bound Notch receptor.35

This liberates an intracellular Notch domain that forms a transcription complex and
upregulates transcription of genes involved in neurogenesis.35, 36 The protective effects of
Sirt1 overexpression in these models may therefore result from a beneficial double effect of
Notch activation and α-secretase-induced non-amyloidogenic processing.

In p25 transgenic mice, which overexpress the cdk5-activating human p25 protein and
exhibit tau hyperphosphorylation and neurodegeneration,37 injection of the Sirt1-activating
polyphenol resveratrol resulted in less hippocampal degeneration, less cognitive deficit, and
reduced acetylation of Sirt1 substrates PGC-1α and p53.38 Similarly, when Sirt1 was
directly overexpressed in the hippocampus of these mice using a lentiviral vector, the effects
of resveratrol injections were reproduced. The AD-attenuating effects of Sirt1 in the
mammalian brain are summarized in Figure 2.

Sirt1 and AD: Possible Mechanistic Link to Disease Pathogenesis
As mentioned above, AD is a tremendously complex disorder characterized by numerous
biomolecular, genetic, and environmental aberrations. Despite our detailed knowledge of a
number specific cascades of neurodegeneration in AD, there has yet to be a global
understanding of its underlying causation or of its predictable and specific anatomic
distribution of pathology and cell death. As to the latter, AD is known to be principally a
disease of the parahippocampal region and the hippocampal formation of the mediotemporal
lobe.39 Specifically, neurons of the perforant path, connecting the entorhinal cortex to the
dentate gyrus, are first to be pathologically affected, and degeneration, thereafter, tends to
spread cortico-cortically, such that the subsequently affected neurons are those of the CA1
region of the hippocampal formation (which are innervated by the dentate gyrus),40

followed by the CA2/3 neurons, and ultimately those of the neocortex and beyond.23

Normally aged brains demonstrate similar distribution of neuronal degredation,22 and as of
yet, there is no explanation for this consistency. A recent study, however, has shed light on a
potential link between mediotemporal degeneration, glucose metabolism, and the sirtuin
pathway.

Using PET imaging, it was demonstrated that regions typically prone to Aβ plaque
deposition and neurodegeneration in AD are spatially similar to the regions that metabolize
glucose via aerobic glycolysis in normal, young brains.41 Utilization of aerobic glycolysis
involves the metabolism of glucose-6-phosphate to pyruvate and lactic acid despite the
presence of oxygen, and is important for proliferating cells as a quick source of ATP.42

Incidentally, aerobic glycolysis also involves a gradual depletion of NAD+ reserves within
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the cell via increased NADH production and decreased NAD+ regeneration (i.e., through
oxidative phosphorylation). The NAD+-dependent histone deacetylase Sirt1 is inhibited by
concomitant decreases in NAD+.43, 44 We therefore suggest that there may be a mechanistic
link between the use of aerobic glycolysis in the mediotemporal lobe of the brain and the
coincident spatial distribution of amyloid pathology in AD. That is, in the aforementioned
brain region, the reliance of neurons on aerobic glycolysis likely inhibits sirtuin activity
through the depletion of NAD+ pools and thus results in a shift in AβPP processing toward
the amyloidogenic pathway. Aβ oligomerization and fibrillation thus occur strictly in that
region and induce AD-type pathological cascades, neuronal dysfunction, and ultimately
cognitive decline (Figure 3). While theses notions have not been empirically tested, they
certainly merit some investigation.

Conclusions and future directions
The dysregulation of the sirtuin pathway likely has a key underlying role in the pathogenesis
of AD, although whether or not that role is causal is still uncertain. Nevertheless, the
therapeutic potential of Sirt1 upregulation has been repeatedly demonstrated in cell culture
and animal models of the disease, and its relevance to human dementia merits guarded
optimism. Current clinical trials monitoring the beneficial effects of resveratrol
administration to AD patients are underway,45–47 although it is not yet known whether late-
stage, oral doses of the Sirt1-activating compound will be sufficient to protect patients from
further neuronal decay. Ultimately, an efficient harnessing of the beneficial effects of the
sirtuin pathway will certainly be of great therapeutic importance in the general population,
where AD and aging both suffer a lack of preventative measures.

Search Strategy and Selection Criteria
References for this review were compiled through searches of PubMed. Search terms were
as follows: “Aging”, “Alzheimer’s disease”, “amyloid”, “amyloidogenesis”, “glycolysis”,
“longevity”, “perforant path”, “secretase”, and “sirtuin”. Only papers published in English,
and those published between 2005 through December 2010, were considered. The final
reference list was generated based on the relevance of the topics covered in each manuscript
to those of this review.
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Figure 1.
NAD+-dependent histone deacetylase (HDAC) activity in relation to gene transcription.
DNA is typically inaccessible to transcription complexes as it is tightly wound around
histone proteins. Once acetylated (usually by an acetylase enzyme that attaches an acetyl
group to a lysine residue on the histone protein), the DNA becomes physically available for
transcription, as noted in the figure by the larger gaps between the histones. NAD+-
dependent HDAC enzymes (Sirt1 shown here) effectively reverse this process by
catalytically removing acetyl groups from lysine residues, thereby tightening the DNA/
histone complexes. These enzymes require NAD+ and an acetylated lysine as cofactors for
activation. Therefore, the presence of NAD+ promotes enzyme activity, while the presence
of the cleavage product of the deacetylation reaction, nicotinamide (NAM), inhibits it. In the
case of protein activation, the NAD+-dependent HDAC acts by removing acetyl groups from
lysine residues directly from the protein. This may activate or inhibit the protein, depending
on the particular context (see Figure 2).
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Figure 2.
Sirt1 activity as it relates to AD etiology. Activation of Sirt1 enables the deacetylation of a
variety of proteins, resulting in a robust, protective cellular response. Of particular note is
the activation of RARβ by Sirt1 that confers the non-amyloidogenic processing of AβPP as
well as the instigation of notch signaling (both through ADAM10 promotion). Sirt1 is also a
regulator of proteins and genes involved in antioxidant response (FOXO3),11, 12 anti-
inflammatory response (NFκB),13 anti-apoptotic response (p53),14 and mitochondrial
biogenesis/ROS sequestration (PGC1-α).15 As noted in the figure, Sirt1 inhibits p53 and
NFκB, and activates FOXO3, RARβ, and PGC1- α. The net phenotype of a Sirt1-activated
cell displays reduced amyloid oligomerization, reduced oxidative stress, and increased
resistance to apoptosis/inflammation-induced toxicity.
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Figure 3.
Progression of amyloidogenesis in parahippocampal region and hippocampal formation of
mediotemporal lobe. The energy-demanding regions of the brain, most notably the
entorhinal cortex (EC) of the parahippocampal region, resort to aerobic glycolysis as an
alternate means of generating ATP. As a result, the NAD+ pool is reduced and the NAD+-
dependent deacetylase Sirt1 becomes hypoactive. As Sirt1 has been recently demonstrated
to increase α-secretase production (through RARβ deacetylation and subsequent ADAM10
transcription), the amyloidogenic phenotype becomes upregulated. That is, the reduced
processing of AβPP through α-secretase (due to the reduction in α-secretase synthesis) is
complemented by an increase in AβPP processing by β- and γ-secretases to yield Aβ
peptides. An eventual accumulation Aβ into senile plaques occurs along the network of
innervation as the degeneration spreads cortico-cortically.
*DG = Dentate Gyrus, EC = Entorhinal Cortex, Sub = Subiculum, PP = Perforant Path
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Table 1

Established biochemical and functional features of human sirtuins. (Adapted from Albani et al., 2010)9 and
reprinted with permission from IOS Press.

Sirtuin Cell Localization Activity/Key Targets

Sirt1 Nucleus Deacetylase/p53, FOXO3, RARβ, PGC1-α, PPAR-γ, NFκB, IGF-1, Histone H1, H3, H4

Sirt2 Cytoplasm Deacetylase/Histone H4, α-tubulin

Sirt3 Mitochondria Deacetylase and ART*/Ku70, Acetyl-CoA synthetase, Glutamate dehydrogenase, Isocitrate dehydrogenase

Sirt4 Mitochondria ART/Glutamate dehydrogenase

Sirt5 Mitochondria Deacetylase/Cytochrome-c

Sirt6 Nucleus Deacetylase and ART/Histone H3

Sirt7 Nucleus Deacetylase (?)/RNA PolI complex (?)

*
ART = ADP-ribosyltransferase activity
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