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Abstract

Silent Information Regulator 1 (SIRT1) is a NAD+ -dependent histone deacetylase that represses
gene expression and plays a role in longevity. SIRT1 responds to diverse stress conditions and
regulates metabolism in nutrient deficiency conditions, therefore it is involved in adaptive pathways
to better fulfill tissue needs in a disturbed environment. SIRT1 overexpression or activation is
protective in neurodegenerative diseases. Its role in acute nervous system injury, such as brain
ischemia, is emerging but whether SIRT1 activation improves stroke outcome is still a matter of
controversy. In the present review, we will document present knowledge about the contribution of
SIRT1 in death/survival in cell and animal models of brain ischemia and discuss whether SIRT1

could be a valuable target for therapeutic intervention in human stroke.
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Introduction

Stroke is a cerebrovascular disease leading to death or disability and it has high prevalence among the elderly
population. The occlusion of a cerebral artery can cause devastating effects in brain function since neurons are deprived
of oxygen and energy resources in minutes. As a consequence of energy depletion, the cells become unable to maintain
the ionic gradient across the membrane and excitatory neurotransmitters are released causing neuronal death by
excitotoxicity. Following this early phase of necrosis, the formation of free radicals, changes in gene expression,
apoptosis and inflammation contribute to the delayed phase of tissue damage. This means that sooner or later, the
vulnerable neurons are committed to death. Different degrees of regional blood flow reduction cause the formation of
two main territories: the core in which cells die very fast and the penumbra encompassing areas in which neurons
cannot sustain their electrical activity but maintain their membrane ionic gradient. Neurons in the latter situation can be
rescued if appropriate blood reperfusion occurs.

Yet, spontaneous recovery is not unusual and may be related to epigenetic mechanisms. The phenomenon of protection
after sublethal ischemia is known as ischemic preconditioning (IPC) and develops brain tolerance to a second severe
ischemic event. In animal models, preconditioning studies provided clues to identify emergency pathways that are
turned on to save the damaged tissue [1]. Also, some studies in humans support that transient ischemic attacks in
patients can offer some protection against severe stroke [2, 3]. Therefore, it is worth investigating the endogenous
defense pathways and generating tools to arouse them in order to develop efficient therapeutic strategies. Among the
potential cell rescuers, sirtuins in general and SIRT1 in particular warrant a special interest, as they can modulate gene
expression and adapt cell metabolism to new requirements in response to the tremendous cellular stress produced by
cerebral ischemia.

SIRT1 is the mammalian homolog of yeast Sir2 and its role in expanding lifespan was first described in this organism,
then in Caenorhabditis elegans and in Drosophila. Though, SIRT1 did not increase lifespan in mammals, transgenic
mice with moderate increased levels of SIRT1 age healthier than wild-type counterparts with a lower risk to develop
cancer and metabolic syndrome, and they present reduced levels of aging markers [4].

SIRT1 function in peripheral organs has been extensively studied and can be consulted in other reviews [5].

Severe brain nutrient depletion after stroke makes the SIRT1 system an excellent candidate for modulation in view of
therapeutic intervention. Here, we will briefly outline the functions of SIRT1 that may be more relevant to stroke and

then sum up the studies that tried to unveil the putative contribution of SIRT1 in post-ischemic neuronal fate.

Description/enzymatic activity

SIRT1 is a member of the sirtuin enzyme family comprising 7 proteins in mammals, SIRT1-7, and it belongs to the
class III histone deacetylase (HDAC). The sirtuins are distributed in different cellular compartments: nucleus,
cytoplasm and mitochondria according to their substrates and functions [6]. Excepting SIRT4, which is an ADP-

ribosyltransferase, all sirtuins are deacetylases. Conversely to class I and class I HDAC, the sirtuins require NAD+ as a
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co-substrate. SIRT1 hydrolyzes NAD+ to remove the acetyl group of substrates with acetyl-lysine to generate the
deacetylated substrate, nicotinamide (NAM) and 2'-O-Acetyl-ADP-Ribose (Figure 1). Nicotinamide
phosphoribosyltransferase (Nampt) then converts NAM to nicotinamide mononucleotide (NMN), which in turn
generates NAD, a reaction catalyzed by NMN adenylyl transferase (Nmnat). NAM is an inhibitor of all sirtuins and
trichostatin A (TSA) is a general inhibitor of class I and class Il HDAC [5, 7]. Of special note, Nampt is the limiting
enzyme in the salvage pathway to generate NAD, therefore changes in NAD+ availability due to imbalance in the

NAD/NADH ratio, Nampt dysfunction or alteration in the energetic state of the cell will condition SIRT1 activity.

Subcellular localization

SIRT1 is mainly localized in the nucleus, where it deacetylates histones and transcription factors, but it can also be
present in the cytoplasm under certain conditions. For instance, differentiation leads to changes in SIRT1 distribution.
In embryonic cardiomyoblasts, SIRT1 is predominantly nuclear, whereas in differentiated cardiomyocytes, SIRT1 is
present in the cytoplasm. Studies in normal and transformed fibroblast, lung and prostate cells showed that while SIRT1
is localized in the nucleus of normal cells, it is predominantly cytoplasmic in cancer cells [8]. The activation of the
IGF1/PI3K pathway leads to the accumulation of SIRT1 in the cytoplasm.

Oxidative stress-induced apoptosis in myocytes leads to the nucleo-cytoplasmic shuttling of SIRT1 and overexpression
of nuclear but not cytoplasmic SIRT1 is anti-apoptotic [9, 10]. Nuclear targeting of SIRT1 is dependent of Akt [9] and
SIRT1 activity seems to be affected by its phosphorylation state. Site-directed mutagenesis demonstrated that SIRT1

contains two nuclear localization signal and two nuclear export signal sequences [9].

Function

Acetylation is a post-translational modification that similarly to phosphorylation, SUMOylation or ubiquitination
regulates protein function [11]. Histones, but also transcription factors and cytoplasmic proteins undergo lysine
acetylation. SIRT1 was initially described as a histone deacetylase, that could promote the formation of repressive
chromatin [12]. Histone acetylation loosens the chromatin structure and facilitates transcription, whereas histone
deacetylation by SIRT1 and other HDACs promotes chromatin compaction hampering the accession of transcription
factors to some promoter binding sites, thereby conveying a general gene silencing. SIRT1 also deacetylates non-
histone proteins, mainly transcription factors such as forkhead box (FOXO), p53, peroxisome proliferator-activated
receptor y coactivator-la (PGC-1a) and p65 [13]. Acetylation of the tumor repressor transcription factor p53 stabilizes
it, whereas deacetylation of the human Lys382 residue of p53 by SIRT1 precludes p53 nuclear translocation and the
transcription-dependent pro-apoptotic effect of p53 [14].

SIRT1 is ubiquitous and its pivotal role in the regulation of lipids and glucose metabolism through deacetylation of
PGC-1a, as well as its involvement in apoptosis, embryogenesis and inflammation has been extensively studied in
peripheral organs. However, the role of SIRT1 in the brain requires deep exploration. Below, we recapitulate some of

the SIRT1 functions (Figure 2) that may have a significant impact in the infarcted brain.



SIRT1 in the stress response

A good evidence demonstrating SIRT1 involvement in the adaptive response to stress conditions relies on calorie
restriction experiments, in which starvation leads to a decrease in the NAD+/NADH ratio and SIRT1 activation [15].
Calorie restriction (CR) constitutes a mild stress that conveys several benefits to the whole body. Indeed, CR turns on
fatty acid oxidation, regulates glucose homeostasis and induces mitochondrial biogenesis to produce energy in a nitric
oxide-dependent manner [5]. Animals deficient in SIRT1 do not bear full adaptive changes when subjected to calorie
restriction [15], whereas SIRT1 overexpression mimicks some aspects of the CR response such as the improvement of
glucose tolerance, reduced blood levels of insulin, glucose and cholesterol, and enhanced oxygen consumption [16].
Apart from the metabolic aspect, CR induces the expression of chaperones and neuroprotective factors that help cells to
cope with lethal injuries, such as stroke. Indeed, a straightforward study demonstrated that intermittent feeding triggers
the expression of brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF), heat shock protein
70 (Hsp70), the anti-oxidant heme oxygenase-1 (HO-1) and glucose regulated protein (Grp78) and reduces infarct
volume in young mice subjected to transient middle cerebral artery occlusion (tMCAO) [17]. Resveratrol (RSV), a
polyphenol present in grape skin and red wine was identified as an activator of SIRT1 that turns on energy production
and exhibits anti-oxidant, anti-apoptotic and anti-inflammatory properties [18]. Later on Dasgupta et al. [19] among
others demonstrated that stimulation of SIRT1 by resveratrol was indirect and occurred through the activation of AMPK
[19]. AMPK is an energy sensor that is activated by phosphorylation when the AMP/ATP ratio is low. In these
conditions, AMPK promotes the generation of NAD+ to fuel the production of ATP. The resultant NAD+ increase
enhances SIRT1 activity [20].

Anti-oxidant and anti-apoptotic properties of SIRT1

The anti-oxidant properties of SIRT1 rely basically on targeting the FOXO transcription factors. FOXO3 and FOXO04
are involved in apoptotic processes but SIRT1 overexpression modifies their activity and subcellular localization. For
instance, FOXO3 is deacetylated by SIRT1 in neurons exposed to hydrogen peroxide [21] and deacetylated FOXO3a
induces the expression of catalase and MnSOD that reduce radical oxygen species [22].

SIRT1 targets several transcription factors: p53, p65, HIF-la, HIF-2a, that participate in pro- or anti-apoptosis
pathways [6]. Deacetylation of p53 by SIRTI precludes death in cultured neurons challenged with camptothecin, a
DNA damaging agent [23] and pharmacological activation of SIRT1 with RSV increases expression of Bcl-2 and Bcl-
xL [24, 25]. In the same line, overexpression of SIRT1 prevents apoptosis induced by low potassium in cerebellar

granule neurons [26].

Anti-inflammatory effect of SIRT1

SIRT1 reduces inflammation in many tissues, such as lung and adipose tissue and in autoimmune diseases (reviewed in
[27, 28]). Yeung et al. [29] demonstrated for the first time that SIRT1 deacetylated p65 and regulated the transcriptional
activity of NFkB. In RAW 264.7 macrophages, RSV inhibits LPS-induced production of nitric oxide, TNF-o. and
prostaglandin E2 through Akt activation, AMPK phosphorylation and SIRT1 upregulation [30]. In a model of
inflammation in mice, activators of SIRT1 abrogated NFxB-mediated transcription and attenuated LPS-induced
production of the pro-inflammatory cytokines TNF-a and IL-12 [31]. AP-1 is another substrate of SIRT1 and

overexpression of the latter reduced the expression of Cox-2 a target gene of AP-1 [28].



SIRT1 in the normal and aging brain, and in neurodegenerative diseases

In the normal brain, SIRT1 participates to the control of circadian rhythms that can be modified according to changes in
the diet [32] and is involved in neuronal differentiation [33]. SIRT1 is abundant in neurons from areas such as
hypothalamus that sense fluctuations in nutrients levels and regulate the metabolism, as determined by in situ
hybridization. In addition, high mRNA expression was detected in the cerebellum, the hippocampus and the piriform
cortex [34].

Aging is the major risk factor for neurodegenerative disorders. Since on the one hand SIRT1 levels and activity
decrease with aging and on the other hand SIRT1 slows down cellular senescence [35, 5], extensive research has
focused on SIRT1 and a great effort was dedicated to design molecules that increase SIRT1 activity. The beneficial
effect of sirtuins in neurodegenerative pathologies has been reviewed in several papers [36, 37]. Among others, SIRT1

is able to improve neuronal survival in brain disorders involving protein aggregates and axon dysfunction.

Alzheimer disease (AD).
In transgenic mice that develop AP plaques and learning and memory deficits, overexpression of SIRT1 in the brain,
results in lower production of toxic AP and increased activity of a-secretase indicating that SIRT1 induces a shift of
APP processing, thereby preventing the formation of amyloidogenic peptides [38] and also improves behavioural
deficits. The deacetylation of the retinoic acid receptor § by SIRT1 underlies the enhanced transcription of the gene
encoding for a-secretase. Tau hyperphosphorylation and accumulation is another hallmark of AD. Acetylation of tau
was shown to increase its stability and to prime its phosphorylation. SIRT1-mediated tau deacetylation promotes the

degradation of phosphorylated tau [39].

Huntington disease

Parker et al. [40] showed for the first time that SIRT1 overexpression decreased the toxicity of a mutant huntingtin with
128 polyQ repeats in C. elegans and RSV reproduced this effect in neurons derived from HdhQ111 expressing mice.
Two independent studies [41, 42] using different mice models of HD nicely showed that SIRT1 deficiency brought
forward the onset of the disease, whereas SIRT1 overexpression decreased the toxicity of the mutant hungtintin,
reduced brain atrophy and compensated the BDNF deficit, a typical feature of HD [41]. SIRT1 deacetylated TORCI, a
coactivator of CREB, thereby increasing the binding of the CREB-TORCI1 complex to the BDNF promoter and
potentiated BDNF transcription [41]. In addition, SIRT-1 neuroprotection is also dependent of FOXO3a deacetylation
[42].

Parkinson disease
A transgenic mouse that expresses the human a-synuclein with the A53T mutant responsible for early-onset Parkinson
disease is a model of synucleopathy. This animal model develops a-synuclein aggregates but no loss of dopaminergic
neurons. When SIRT1 is overexpressed, life span was extended and less aggregates were formed, whereas deficiency of
SIRT1 had the opposite effect. In cultured cells, the mutant a-synuclein induced acetylation of the heat shock factor 1
(HSF-1) transcription factor and high levels of SIRT1 deacetylated HSF-1 and induced the expression of the chaperone
Hsp70 only in mutant cells. Silencing of either SIRT1 or hsp70 enhanced cell death [43].



Conversely, in MPP+ injected mice, overexpression of neuronal SIRT1 had no effect on nigral neuron loss [44] and in
SH-SYS5Y challenged with MPP+, SIRT1 silencing reduced cell death [45]. Therefore, results are still contradictory to

draw conclusions about the benefit of SIRT1 in Parkinson disease models.

SIRT1 in stroke models (in vivo and in vitro)

Acetylation/deacetylation after stroke

Several stress stimuli alter the acetylation status of proteins thereby modifying their activation state [6]. Over-
deacetylation of histones occurs after brain ischemia mainly due to a global decrease in histone acetyltransferase
activity (HAT) because the energy resources are deficient and less acetyl-CoA is produced [46, 47]. Deacetylation has
also been described after excitotoxicity in cortical neurons [48]. To circumvent low lysine-acetylation, specific or broad
spectrum HDAC inhibitors were employed in cell and animal models of ischemia and most of the studies showed a
protective effect of these inhibitors mediated among others by the induction of chaperones [7, 49, 50, 24]. However,
Lanzillotta et al. [24] pointed that general lysine acetylation is not a warranty for neuroprotection. For instance, the
combined administration of MS-275, an HDACI1-3 inhibitor, with RSV reduced post-ischemic brain injury. In this case,
the deacetylation of the lysine residue 310 of NFxB p65 by SIRT1 controlled NF«B transcriptional activity [24, 51].

Changes in SIRT1 expression after stroke

Transient MCAO that causes extended damage in the cortex and the striatum, as well as prolonged oxygen and glucose
deprivation (OGD) and excitotoxicity reduce SIRT1 expression [52, 25]. In contrast, short OGD and moderate ischemic
insults do not modify SIRT1 protein levels [53]. However, all these lethal stimuli (mild or severe) lead to an early

reduction in intracellular NAD+ levels and this will impair SIRT1 and PARP-1 activities.

Regulation of SIRT1 activity/levels

Perez-Pinzon’s group was the first one to describe the positive effect of SIRTI in cerebral ischemia/IPC models. As
indicated earlier, IPC is highly protective. Among the different neuroprotective mediators, SIRT1 was shown to
contribute to the beneficial effect of different PC treatments [13]. For instance, ischemic or hyperbaric oxygen (HBO)
preconditioning reduced cell death induced by tMCAO and OGD in cortical neurons [25, 53] and the protective effect
was abolished by pre-treatment with the SIRT1 inhibitors sirtinol or EX527. Similarly, the pro-survival effects of
ischemic preconditioning in organotypic hippocampal cultures exposed to OGD or IPC before cardiac arrest were
impaired by sirtinol [54, 55].

The administration of RSV by different ways (i.p., i.c.v., or p.o.) daily for 3 days, 15 days before tMCAO [25, 53], or
at the beginning of the reperfusion [24] in a tMCAO model reduced the infarct volume and improved the neurological
score. In a model of global ischemia, RSV preconditioning for 48h before cardiac arrest prevented the
neurodegeneration of the CA1 hippocampal neurons [55]. RSV applied 3h before OGD in cortical neurons [53] or 48h
prior to OGD in organotypic hippocampal cultures mimicked the protective effects of preconditioning [54]. Moreover,
sirtinol or EX-527 abrogated the protective effect of RSV [54, 25, 53].

The piece of evidence confirming the prominent role of SIRT1 in post-ischemic survival was provided recently by

targeting SIRT1 expression. Indeed, overexpression of SIRT1 with viral vectors and SIRT1 silencing with siRNA
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demonstrated that changes in the SIRT1 protein levels significantly influenced post-ischemic recovery [25, 53]. SIRT1
silencing blocked the neuroprotective effect of HBO preconditioning and of RSV [25, 53].

However, two studies are in disagreement with a benefit of SIRT1 stimulation in stroke models. Liu et al. [52] reported
that nicotinamide and sirtinol prevented cell death induced by tMCAO and excitotoxicity in cortical neurons. The
authors of the study argued that enhanced SIRT1 activity may exacerbate the NAD+ depletion induced by the injuries.
However, nicotinamide is an inhibitor of all the sirtuins and also a NAD+ precursor. Therefore this compound is not the
most appropriate to discriminate between the effects of SIRT inhibition and those of NAD+ production. NAD supply
was shown to prevent excitotoxic and ischemic damage [56, 48].

Furthermore, transgenic mice overexpressing human SIRT1 under the control of a neuron specific promoter were not

protected against ischemic injury induced by tMCAO and presented memory deficit [44].

Mechanism of action

SIRT1 beneficial to stroke

Though most of the studies concluded that SIRT1 is advantageous in stroke, the underlying molecular mechanisms are
still poorly understood. The demonstrated effects of SIRT1 are recapitulated below.

RSV preconditioning reduced the levels of the mitochondrial uncoupling protein 2 (UCP-2) and increased
mitochondrial oxidative phosphorylation [55]. SIRT1 binds to the UCP-2 promoter and regulates UCP-2 transcription
[57]. UCP-2 decreases the mitochondrial membrane potential and interferes with ATP production. SIRT1 is involved in
the RSV effect since sirtinol restores UCP-2 expression and abolishes the protection afforded by RSV.

Lanzillotta et al. [S1] discovered that ischemia leads to disturbances in NFkB acetylation. Particularly, the lysine residue
K310 of p65, which is a SIRT1 substrate, was acetylated after tMCAO, in spite that this condition induced general
deacetylation at other residues of p65. Under this specific lysine acetylated form, p50/p65 dimers induced the
expression of the pro-apoptotic protein Bim. The combined use of MS-275, an inhibitor of HDACI1-3 and RSV
promoted the acetylation of the H3 histone and the deacetylation of p65 K310. This status switches the NF«kB binding to
the Bim promoter for the Bcl-x; promoter, thereby regulating the transcription of two proteins inversely involved in
apoptosis in favor of a pro-survival outcome [24]. In line with these data, the overexpression of SIRT1 prevented the
loss of Bcl-2 expression and caspase-3 cleavage induced by OGD in cortical neurons [25].

Ischemia leads to NAD+ depletion, an effect reversed by IPC and RSV [53]. Increased levels of NAD+ activate SIRT1
that, among other actions, preserves the axons from injury in the Wallerian degeneration slow (wlds) mice [58] and
promotes axogenesis through Akt deacetylation and activation [59]. Though NAD+ is indispensable for SIRT1 catalytic
activity, it is also a substrate for the six additional sirtuins and other enzymes: mono-ADP-ribose transferases, poly
ADP-ribose polymerases, cyclic-ADP-ribose synthases [60]. Therefore, only silencing or pharmacological blockade of

SIRT1 can discriminate between SIRT1-specific effects and the broad effects of NAD supply.

It is certainly worth pursuing the exploration of SIRT1 mechanism of action in the ischemic brain.
SIRT1 was shown to mediate the neuroprotective effect of Nampt. As indicated earlier, Nampt is the rate-limiting
enzyme in the salvage pathway to synthesize NAD+ in brain [60]. However, Nampt was found in neurons and

astrocytes in culture and tMCAO in mice upregulated it at 24h reperfusion and 12h after OGD [61]. Nampt
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overexpression dramatically reduced infarct volume and OGD toxicity in a SIRT1-dependent manner. In this case,
SIRT1 activates AMPK and the protective effect of Nampt is abolished by SIRT1 and AMPKa-2 silencing [61]. SIRT1
was involved in the activation of autophagy promoted by Nampt overexpression [62]. Furthermore, overexpression of
SIRT1 activated autophagy and prevented prion toxicity in cultured neurons [63].

Autophagy can also be triggered by the blockade of the mammalian target of rapamycin C1 (mTORC1), a target of
SIRT1 and another important master regulator of cell metabolism. SIRT1 overexpression in cultured cortical and
hippocampal neurons abrogated the phosphorylation and subsequent activation of mTORCI, promoted neurite
outgrowth and prevented neuronal death induced by nutrient deprivation [64]. Rapamycin mimicked the effect of
SIRT1 and reverted the impairment of neurite outgrowth in neurons transfected with SIRT1 siRNA. Therefore, SIRT1
seems to be located at the crossroad of multiple metabolic pathways with mutual interactions and it also promotes
organelle recycling.

SIRT1 deacetylates the DNA repair protein Ku70 that sequesters Bax, thereby blocking its pro-apoptotic promoting
effect. This effect was demonstrated in the mechanism underlying polyglutamine toxicity in neuroblastoma [65]. Ku70
is reduced after tMCAO [66] but whether reduced levels of SIRT1 after cerebral ischemia impair DNA repair by
maintaining Ku70 acetylation has not been explored. Ischemia triggers apoptosis by the intrinsic and extrinsic pathways
[67]. The tumor suppressor transcription factor pS3 is upregulated after cerebral ischemia and its inhibition reduces
apoptosis [68, 69]. Changes in acetylated p53 after treatment RSV or SIRT1 overexpression have not been reported so
far.

Hypoxia and cerebral ischemia induce the stabilization of the transcription factor HIF-loo and the subsequent
expression of genes involved in neuroprotection and angiogenesis [70]. Changes in acetylation and transcriptional
activity of HIF-1 have not been explored in cerebral ischemia and the relationship between SIRT1 and HIF1 certainly
deserves interest, since target genes of HIF1, such as the vascular endothelial growth factor (VEGF) play a role in
neurovascular plasticity after ischemic stroke [71]. SIRT1 interacts with and deacetylates HIF-1a in cancer cells
subjected to hypoxia, however there is a discrepancy about the transcriptional efficiency of the acetylated HIF-1. In
cultured human fibrosarcoma cells hypoxia caused the loss of NAD+, the slow decline in SIRT1 and the induction and
acetylation of HIF-1a with the enhanced expression of VEGF [72]. Conversely, in a hepatocellular carcinoma cell line,
hypoxia led to the stabilization of HIF-1a but did not alter SIRT1 expression, and the knockdown or inhibition of
SIRT1 led to HIF-1a acetylation but reduced the accumulation and transcriptional activity of HIF-la induced by
hypoxia [73]. Therefore the regulation of the transcriptional activity of HIF-1a by SIRT1 under ischemic conditions is

complex and seems to depend on the cell type and on the metabolic and redox state of the cell.

Potential detrimental effects of SIRT1 in stroke

Detrimental effects of SIRT1 in the brain have also been reported.

Among the undesirable effects of exacerbated SIRT1 functioning in the post-ischemic brain, SIRT1 may impair the
transcription of protective genes such as grp78 and gadd34 through deacetylation of XBP-1, a transcription factor
activated during the unfolded protein response (UPR) following endoplasmic reticulum stress [74]. In this paper, it was
shown that SIRT1-/- MEF were more resistant to ER stress than SIRT1+/+ MEF.

As indicated earlier, SIRT1 binds TSC2 that inhibits mTOR, which in turn phosphorylates several proteins involved in
the control of global protein synthesis, such as p70S6 kinase and the eukaryotic translation factor 4E-BP. The
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phosphorylation of 4E-BP1 impedes the sequestration of eIF4E and enables global protein synthesis. Sustained SIRT1
inhibition or SIRT1 deletion increased the protein synthesis rate [75], an action extremely significant for neuronal
survival. Indeed, ischemia causes the transient inhibition of translation, partly due to changes in the phosphorylation of
several translation factors (elF2a and 4E-BP). The recovery of protein synthesis during the reperfusion is essential to
neuron survival whereas the persistent blockage of translation is lethal [76-78].

SIRT1 inhibition with NAM or sirtinol, as well as SIRT1 silencing, prevented cell death in cultured neurons subjected
to oxidative stress [79] through reducing the IGF-1/Erk1/2 signaling pathway. Surprisingly, the same treatments
increased the resistance of differentiated neurons challenged with compounds that induce ER stress or DNA damage, by

promoting IGF-1 secretion and subsequent activation of the Akt and Erk1/2 pro-survival pathways [80].

Points to discuss
Enzymatic versus non-enzymatic activity of SIRT1

Many of the approaches in the studies that tackled the neuroprotective effect of SIRT1 are based on the use of
pharmacological compounds that activate or inhibit the deacetylase activity. The non-catalytic effects of SIRT1 have
hardly been explored but they certainly warrant further investigation. A clear example of it was provided by a study in
which overexpression of SIRT1 blocked apoptosis induced by low potassium in cerebellar granule cells [26]. The
overexpression of two mutants without catalytic activity reproduced the protective effects of full-length SIRT1 whereas
pharmacological activators and inhibitors of SIRT1 were unable to modify SIRT1 effect [26]. SIRT1 interacts with
TSC2 and reduces mTOR phosphorylation. However, acetylated TSC2 has not been detected [75]. Therefore, some
deacetylase-independent SIRT1 functions remain to be unveiled to explain some unexpected observations or possible

discrepancies between the effects of the regulation of SIRT1 enzymatic activity and changes in SIRT1 protein levels.

SIRT1 regulation
Milner [81] recently reviewed the mechanisms involved in the modifications of SIRT1 expression and activity. So
additional questions about the regulation of SIRT1 have to be posted in the context of stroke:
- AROS and DBC-1 are the physiological activator and inhibitor of SIRT1 respectively. Whether these SIRT1
regulators are involved in changes in SIRT1 levels/activity after stroke is currently unknown.
- The SUMOylation of human SIRT1 regulates its enzymatic activity [81]. However, it has not been reported whether
SIRT1 undergoes post-translational modifications (phosphorylation, SUMOylation) or proteolytic cleavage that affect
its activity after stroke.
- It is not known either whether glial SIRT1 plays a role in ischemic damage.
- SIRT1 levels decrease after an ischemic insult. Therefore it is quite surprising that the indirect stimulation of residual
levels of the enzyme with RSV have such a potent effect on survival, unless the enzyme is modified by the stress, a
possibility that deserves further studies. Another explanation would be that RSV supports many SIRT1-independent
benefits. In the same line of reasoning, whether SIRT1 can function properly when NAD+ levels are depleted needs to

be unraveled.



SIRT1 polymorphism in humans

Two binding sequences for p53 are present in the SIRT1 promoter. The sequence most proximal to the initiation codon
represses SIRT1 transcription while the second consensus sequence stimulates SIRT1 expression under nutrient
deficiency. Interestingly, the latter has a single nucleotide polymorphism (SNP) C/T. The C allele significantly
diminishes the promoter activity in nutrient depletion conditions [82]. In humans, 5 different SIRT1 SNP have been
reported so far but no association between a specific allele and exceptional longevity was observed [83, 84]. Whether

these polymorphisms influence stroke risk or stroke outcome has not been investigated.

Concluding remarks

Despite the fact that most of the reports point to a benefit of targeting SIRT1 to promote neuronal survival, there is a
debate on whether it is important to increase SIRT1 level, to stimulate its activity, or whether SIRT1 activity should be
blocked since it exacerbates energy depletion. Additional studies overexpressing/suppressing SIRT1 expression/activity
in the different brain cell types are necessary to draw more convincing conclusions.

Since the energy status of the brain is critical after stroke, combined therapies stimulating SIRT1 activity and
simultaneously either supporting energy supply or lowering energy demand deserve exploration as strategies to enhance

the putative beneficial effects of SIRT1 in stroke while preventing its possible deleterious actions.

Acknowledgments

Authors would like to thank Dr Nuria de Vera for careful reading of the manuscript and to acknowledge the financial

support from the Fundacié Marato TV3 (110431) and the MICINN (SAF2011-30492).

Compliance with Ethics Requirements
Valérie Petegnief declares that she has no conflict of interest. Anna M. Planas declares that she has no conflict of
interest.

This article does not contain any studies with human or animal subjects.

References

1. Brand D, Ratan R. Epigenetics and the Environment: In Search of the “Toleroasome” Vital to Execution of Ischemic
Preconditioning. Transl Stroke Res. 2013;4(1):56-62.

2.Fu Y, Sun JL, Ma JF, Geng X, Sun J, Liu JR, et al. The neuroprotection of prodromal transient ischaemic attack on
cerebral infarction. European Journal of Neurology. 2008;15(8):797-801.

3. Schaller B. Ischemic preconditioning as induction of ischemic tolerance after transient ischemic attacks in human
brain: its clinical relevance. Neuroscience Letters. 2005;377(3):206-11.

4. Herranz D, Serrano M. SIRT1: recent lessons from mouse models. Nat Rev Cancer. 2010;10(12):819-23.

5. Imai S-i, Guarente L. Ten years of NAD-dependent SIR2 family deacetylases: implications for metabolic diseases.
Trends Pharm Sci. 2010;31(5):212-20.

10



6. Rajendran R, Garva R, Krstic-Demonacos M, Demonacos C. Sirtuins: Molecular Traffic Lights in the Crossroad of
Oxidative Stress, Chromatin Remodeling, and Transcription. J Biomed Biotechnol. 2011;2011:1-17.

7. Chuang D-M, Leng Y, Marinova Z, Kim H-J, Chiu C-T. Multiple roles of HDAC inhibition in neurodegenerative
conditions. Trends Neurosci. 2009;32(11):591-601.

8. Byles V, Chmilewski LK, Wang J, Zhu L, Forman LW, Faller DV, et al. Aberrant cytoplasm localization and protein
stability of SIRT1 is regulated by PI3K/IGF-1R signaling in human cancer cells. Int J Biol Sci. 2010;6(6):599-612.

9. Tanno M, Sakamoto J, Miura T, Shimamoto K, Horio Y. Nucleocytoplasmic Shuttling of the NAD+-dependent
Histone Deacetylase SIRT1. J Biol Chem. 2007;282(9):6823-32.

10.Jin Q, Yan T, Ge X, Sun C, Shi X, Zhai Q. Cytoplasm-localized SIRT1 enhances apoptosis. J Cell Physiol.
2007;213(1):88-97.

11. Yang X-J, Seto E. Lysine acetylation: codified crosstalk with other posttranslational modifications. Mol Cell.
2008;31(4):449-61.

12. Vaquero A, Scher M, Lee D, Erdjument-Bromage H, Tempst P, Reinberg D. Human SirT1 interacts with histone H1
and promotes formation of facultative heterochromatin. Mol Cell. 2004;16(1):93-105.

13. Morris KC, Lin HW, Thompson JW, Perez-Pinzon MA. Pathways for ischemic cytoprotection: Role of sirtuins in
caloric restriction, resveratrol, and ischemic preconditioning. J Cereb Blood Flow Metab. 2011;31(4):1003-19.

14.YiJ, Luo J. SIRT1 and p53, effect on cancer, senescence and beyond. Biochim Biophys Acta 2010;1804(8):1684-
89.

15. Cohen HY, Miller C, Bitterman KJ, Wall NR, Hekking B, Kessler B, et al. Calorie Restriction Promotes
Mammalian Cell Survival by Inducing the SIRT1 Deacetylase. Science. 2004;305(5682):390-92.

16. Bordone L, Cohen D, Robinson A, Motta MC, Van Veen E, Czopik A, et al. SIRT1 transgenic mice show
phenotypes resembling calorie restriction. Aging Cell. 2007;6(6):759-67.

17. Arumugam TV, Phillips TM, Cheng A, Morrell CH, Mattson MP, Wan R. Age and energy intake interact to modify
cell stress pathways and stroke outcome. Ann Neurol. 2010;67(1):41-52.

18. Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo evidence. Nat Rev Drug Discov.
2006;5(6):493-506.

19. Dasgupta B, Milbrandt J. Resveratrol stimulates AMP kinase activity in neurons. Proc Natl Acad Sci USA.
2007;104(17):7217-22.

20. Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega L, Milne JC, et al. AMPK regulates energy expenditure
by modulating NAD+ metabolism and SIRT1 activity. Nature. 2009;458(7241):1056-60.

21. Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y, et al. Stress-Dependent Regulation of FOXO
Transcription Factors by the SIRT1 Deacetylase. Science. 2004;303(5666):2011-15.

22. Giannakou ME, Partridge L. The interaction between FOXO and SIRT1: tipping the balance towards survival.
Trends Cell Biol. 2004;14(8):408-12.

23. Hasegawa K, Yoshikawa K. Necdin Regulates p53 Acetylation via Sirtuinl to Modulate DNA Damage Response in
Cortical Neurons. J Neurosci. 2008;28(35):8772-84.

24, Lanzillotta A, Pignataro G, Branca C, Cuomo O, Sarnico I, Benarese M, et al. Targeted acetylation of NF-
kappaB/RelA and histones by epigenetic drugs reduces post-ischemic brain injury in mice with an extended therapeutic
window. Neurobiol Dis. 2013;49(0):177-89.

25.Yan W, Fang Z, Yang Q, Dong H, Lu Y, Lei C, et al. SirT1 mediates hyperbaric oxygen preconditioning-induced
ischemic tolerance in rat brain. J Cereb Blood Flow Metab. 2013;33(3):396-406.

26. Pfister JA, Ma C, Morrison BE, D'Mello SR. Opposing effects of sirtuins on neuronal survival: SIRT1-mediated
neuroprotection is independent of its deacetylase activity. PloS One. 2008;3(12):e4090.

27. Yao H, Rahman 1. Perspectives on translational and therapeutic aspects of SIRT1 in inflammaging and senescence.
Biochem Pharm. 2012;84(10):1332-39.

28. Kong S, McBurney MW, Fang D. Sirtuin 1 in immune regulation and autoimmunity. Immunol Cell Biol.
2012;90(1):6-13.

29. Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, et al. Modulation of NF-[kappa]B-dependent
transcription and cell survival by the SIRT1 deacetylase. EMBO J. 2004;23(12):2369-80.

30. Zong Y, Sun L, Liu B, Deng Y-S, Zhan D, Chen Y-L, et al. Resveratrol Inhibits LPS-Induced MAPKs Activation
via Activation of the Phosphatidylinositol 3-Kinase Pathway in Murine RAW 264.7 Macrophage Cells. PLoS One.
2012;7(8).

31. Yang H, Zhang W, Pan H, Feldser HG, Lainez E, Miller C, et al. SIRT1 activators suppress inflammatory responses
through promotion of p65 deacetylation and inhibition of NF-kB activity. PloS One. 2012;7(9):e46364.

32. Bellet MM, Sassone-Corsi P. Mammalian circadian clock and metabolism — the epigenetic link. J Cell Sci.
2010;123 3837-48.

33. Hisahara S, Chiba S, Matsumoto H, Tanno M, Yagi H, Shimohama S, et al. Histone deacetylase SIRT1 modulates
neuronal differentiation by its nuclear translocation. Proc Natl Acad Sci USA. 2008;105(40):15599-604.

11



34. Ramadori G, Lee CE, Bookout AL, Lee S, Williams KW, Anderson J, et al. Brain SIRT1: Anatomical Distribution
and Regulation by Energy Availability. J Neurosci. 2008;28(40):9989-96.

35. Kumar R, Chaterjee P, Sharma PK, Singh AK, Gupta A, Gill K, et al. Sirtuinl: a promising serum protein marker
for early detection of Alzheimer's disease. PloS One. 2013;8(4):1-e¢61560.

36. Donmez G. The neurobiology of sirtuins and their role in neurodegeneration. Trends Pharm Sci. 2012;33(9):494-
501.

37. Hung C-W, Chen Y-C, Hsieh W-L, Chiou S-H, Kao C-L. Ageing and neurodegenerative diseases. Ageing Res Rev.
2010;9:S36-S46.

38. Donmez G, Wang D, Cohen DE, Guarente L. SIRT1 Suppresses -Amyloid Production by Activating the a-
Secretase Gene ADAMI10. Cell. 2010;142(2):320-32.

39. Min S-W, Cho S-H, Zhou Y, Schroeder S, Haroutunian V, Seeley WW, et al. Acetylation of Tau Inhibits Its
Degradation and Contributes to Tauopathy. Neuron. 2010;67(6):953-66.

40. Parker JA, Arango M, Abderrahmane S, Lambert E, Tourette C, Catoire H, et al. Resveratrol rescues mutant
polyglutamine cytotoxicity in nematode and mammalian neurons. Nat Genet. 2005;37(4):349-50.

41. Jeong H, Cohen DE, Cui L, Supinski A, Savas JN, Mazzulli JR, et al. Sirt] mediates neuroprotection from mutant
huntingtin by activation of the TORC1 and CREB transcriptional pathway. Nat Med. 2012;18(1):159-65.

42. Jiang M, Wang J, Fu J, Du L, Jeong H, West T, et al. Neuroprotective role of Sirtl in mammalian models of
Huntington's disease through activation of multiple Sirtl targets. Nat Med. 2012;18(1):153-58.

43. Donmez G, Arun A, Chung C-Y, McLean PJ, Lindquist S, Guarente L. SIRT1 Protects against a-Synuclein
Aggregation by Activating Molecular Chaperones. J Neurosci. 2012;32(1):124-32.

44. Kakefuda K, Fujita Y, Oyagi A, Hyakkoku K, Kojima T, Umemura K, et al. Sirtuin 1 overexpression mice show a
reference memory deficit, but not neuroprotection. Biochem Biophys Res Commun. 2009;387(4):784-88.

45. Park G, Jeong J-W, Kim J-E. SIRT1 deficiency attenuates MPP+-induced apoptosis in dopaminergic cells. FEBS
Lett. 2011;585(1):219-24.

46. Faraco G, Pancani T, Formentini L, Mascagni P, Fossati G, Leoni F, et al. Pharmacological Inhibition of Histone
Deacetylases by Suberoylanilide Hydroxamic Acid Specifically Alters Gene Expression and Reduces Ischemic Injury in
the Mouse Brain. Mol Pharm. 2006;70(6):1876-84.

47. Rouaux C, Jokic N, Mbebi C, Boutillier S, Loeffler J-P, Boutillier A-L. Critical loss of CBP/p300 histone acetylase
activity by caspase-6 during neurodegeneration. EMBO J. 2003;22(24):6537-49.

48. Kim SH, Lu HF, Alano CC. Neuronal Sirt3 protects against excitotoxic injury in mouse cortical neuron culture.
PloS One. 2011;6(3):1-e14731.

49. Ren M, Leng Y, Jeong M, Leeds PR, Chuang D-M. Valproic acid reduces brain damage induced by transient focal
cerebral ischemia in rats: potential roles of histone deacetylase inhibition and heat shock protein induction. J
Neurochem. 2004;89(6):1358-67.

50. Marinova Z, Ren M, Wendland JR, Leng Y, Liang M-H, Yasuda S, et al. Valproic acid induces functional heat-
shock protein 70 via Class I histone deacetylase inhibition in cortical neurons: a potential role of Sp1 acetylation. J
Neurochem. 2009;111(4):976-87.

51. Lanzillotta A, Sarnico I, Ingrassia R, Boroni F, Branca C, Benarese M, et al. The acetylation of RelA in Lys310
dictates the NF-[kappa]B-dependent response in post-ischemic injury. Cell Death Dis. 2010;1:e96.

52. Liu D, Gharavi R, Pitta M, Gleichmann M, Mattson MP. Nicotinamide prevents NAD+ depletion and protects
neurons against excitotoxicity and cerebral ischemia: NAD+ consumption by SIRT1 may endanger energetically
compromised neurons. Neuromolecular medicine. 2009;11(1):28-42.

53. Wang L, Wang Y, Cui M, Luo W, Wang X, Barber P, et al. A dietary polyphenol resveratrol acts to provide
neuroprotection in recurrent stroke models by regulating AMPK and SIRT1 signaling, thereby reducing energy
requirements during ischemia. Eur J Neurosci 2013:1-13.

54. Raval AP, Dave KR, Perez-Pinzon MA. Resveratrol mimics ischemic preconditioning in the brain. J Cereb Blood
Flow Metab. 2005;26(9):1141-47.

55. Della-Morte D, Dave KR, DeFazio RA, Bao YC, Raval AP, Perez-Pinzon MA. Resveratrol pretreatment protects rat
brain from cerebral ischemic damage via a sirtuin 1-uncoupling protein 2 pathway. Neuroscience. 2009;159(3):993-
1002.

56. Liu D, Pitta M, Mattson MP. Preventing NAD+ Depletion Protects Neurons against Excitotoxicity. Ann N'Y Acad
Sci. 2008;1147(1):275-82.

57. Bordone L, Motta MC, Picard F, Robinson A, Jhala US, Apfeld J, et al. Sirtl regulates insulin secretion by
repressing UCP2 in pancreatic 3 cells. PloS Biol. 2006;4(2):e31.

58. Araki T, Sasaki Y, Milbrandt J. Increased Nuclear NAD Biosynthesis and SIRT1 Activation Prevent Axonal
Degeneration. Science. 2004;305(5686):1010-13.

59. Li X-h, Chen C, Tu Y, Sun H-t, Zhao M-I, Cheng S-x, et al. Sirt] Promotes Axonogenesis by Deacetylation of Akt
and Inactivation of GSK3. Mol Neurobiol. 2013:1-10.

60. Abdellatif M. Sirtuins and Pyridine Nucleotides. Circ Res. 2012;111(5):642-56.

12



61. Wang P, Xu T-Y, Guan Y-F, Tian W-W, Viollet B, Rui Y-C, et al. Nicotinamide phosphoribosyltransferase protects
against ischemic stroke through SIRT1-dependent adenosine monophosphate—activated kinase pathway. Ann Neurol.
2011;69(2):360-74.

62. Wang P, Guan Y-F, Du H, Zhai Q-W, Su D-F, Miao C-Y. Induction of autophagy contributes to the neuroprotection
of nicotinamide phosphoribosyltransferase in cerebral ischemia. Autophagy. 2012;8(1):77-87.

63. Jeong J-K, Moon M-H, Lee Y-J, Seol J-W, Park S-Y. Autophagy induced by the class III histone deacetylase Sirtl
prevents prion peptide neurotoxicity. Neurobiol Aging. 2013;34(1):146-56.

64. Guo W, Qian L, Zhang J, Zhang W, Morrison A, Hayes P, et al. Sirtl overexpression in neurons promotes neurite
outgrowth and cell survival through inhibition of the mTOR signaling. J Neurosci Res. 2011;89(11):1723-36.
65.LiY, Yokota T, Gama V, Yoshida T, Gomez JA, Ishikawa K, et al. Bax-inhibiting peptide protects cells from
polyglutamine toxicity caused by Ku70 acetylation. Cell Death Differ. 2007;14(12):2058-67.

66. Kim GW, Noshita N, Sugawara T, Chan PH. Early Decrease in DNA Repair Proteins, Ku70 and Ku86, and
Subsequent DNA Fragmentation After Transient Focal Cerebral Ischemia in Mice. Stroke. 2001;32(6):1401-07.

67. Chelluboina B, Klopfenstein JD, Gujrati M, Rao JS, Veeravalli KK. Temporal Regulation of Apoptotic and Anti-
apoptotic Molecules After Middle Cerebral Artery Occlusion Followed by Reperfusion. Mol Neurobiol. 2013.

68. Li 'Y, Chopp M, Zhang ZG, Zaloga C, Niewenhuis L, Gautam S. p53-immunoreactive protein and p53 mRNA
expression after transient middle cerebral artery occlusion in rats. Stroke. 1994;25(4):849-55.

69. Leker RR, Aharonowiz M, Greig NH, Ovadia H. The role of p53-induced apoptosis in cerebral ischemia: effects of
the p53 inhibitor pifithrin a. Exp Neurol. 2004;187(2):478-86.

70. Shi H. Hypoxia inducible factor 1 as a therapeutic target in ischemic stroke. Curr Med Chem. 2009;16(34):4593-
600.

71.Ma'Y, Zechariah A, Qu Y, Hermann DM. Effects of vascular endothelial growth factor in ischemic stroke. J
Neurosci Res. 2012;90(10):1873-82.

72. Lim JH, Lee YM, Chun YS, Chen J, Kim JE, Park JW. Sirtuin 1 modulates cellular responses to hypoxia by
deacetylating hypoxia-inducible factor lalpha. Mol Cell. 2010;38(6):864-78.

73. Laemmle A, Lechleiter A, Roh V, Schwarz C, Portmann S, Furer C, et al. Inhibition of SIRT1 impairs the
accumulation and transcriptional activity of HIF-1alpha protein under hypoxic conditions. PloS One. 2012;7(3):e33433.
74. Wang FM, Chen YJ, Ouyang HJ. Regulation of unfolded protein response modulator XBP1s by acetylation and
deacetylation. Biochem J. 2010;433(1):245-52.

75. Ghosh HS, McBurney M, Robbins PD. SIRT1 negatively regulates the mammalian target of rapamycin. PloS One.
2010;5(2):€9199.

76. Hermann DM, Kilic E, Hata R, Hossmann KA, Mies G. Relationship between metabolic dysfunctions, gene
responses and delayed cell death after mild focal cerebral ischemia in mice. Neuroscience. 2001;104(4):947-55.

77. Martin de la Vega C, Burda J, Nemethova M, Quevedo C, Alcazar A, Martin ME, et al. Possible mechanisms
involved in the down-regulation of translation during transient global ischaemia in the rat brain. Biochem J.
2001;357(3):819-26.

78. Petegnief V, Font-nieves M, Martin ME, Salinas M, Planas AM. Nitric oxide mediates NMDA-induced persistent
inhibition of protein synthesis through dephosphorylation of eukaryotic initiation factor 4E-binding protein 1 and
eukaryotic initiation factor 4G proteolysis. Biochem J. 2008;411(3):667-77.

79.Li Y, Xu W, McBurney MW, Longo VD. SirT1 Inhibition Reduces IGF-I/IRS-2/Ras/ERK1/2 Signaling and
Protects Neurons. Cell Metab. 2008;8(1):38-48.

80. Sansone L, Reali V, Pellegrini L, Villanova L, Aventaggiato M, Marfe G, et al. SIRT1 silencing confers
neuroprotection through IGF-1 pathway activation. J Cell Physiol. 2013;228(8):1754-61.

81. Milner J. Cellular regulation of SIRT1. Current pharmaceutical design. 2009;15(1):39-44.

82. Naqvi A, Hoffman TA, DeRicco J, Kumar A, Kim CS, Jung SB, et al. A single-nucleotide variation in a p53-
binding site affects nutrient-sensitive human SIRT1 expression. Human molecular genetics. 2010;19(21):4123-33.

83. Flachsbart F, Croucher PJ, Nikolaus S, Hampe J, Cordes C, Schreiber S, et al. Sirtuin 1 (SIRT1) sequence variation
is not associated with exceptional human longevity. Experimental gerontology. 2006;41(1):98-102.

84. Kuningas M, Putters M, Westendorp RG, Slagboom PE, van Heemst D. SIRT1 gene, age-related diseases, and
mortality: the Leiden 85-plus study. The journals of gerontology Series A, Biological sciences and medical sciences.
2007;62(9):960-5.

13



Fig 1. SIRT1 enzymatic activity
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Figure 1. Enzymatic reaction catalyzed by SIRT1. SIRT1 hydrolyzes NAD+ to remove the acetyl group from
acetylated lysine substrates and generates nicotinamide (NAM) and 2’-O-Acetyl-ADP Ribose. NAM is

converted back to NAD+ in a two-step reaction catalyzed by Nampt and Nmnat.




Fig 2. SIRT1 main functions

. : H3
Gene silencing Ha

l Anti-oxid ant {Foxo |

™~ Sl

Metabolism regulation {PGC—I-:(

p53
~. Apoptosis regulation {p65
l Ku70

lJﬂ'a.n'ci—im‘lammatt:-ryr {p65 -~

l Autophagy {TSCZ} mTORC1

Figure 2. SIRT1 through its interaction with multiple targets (histones, transcription factors and
cytoplasmic proteins) is involved in the regulation of gene expression, metabolism, apoptosis,

autophagy, inflammation and oxidative stress.
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