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Abstract

Cerebral ischemia is among the leading causes of death worldwide. It is characterized by a lack of 

blood flow to the brain that results in cell death and damage, ultimately causing motor, sensory, 

and cognitive impairments. Today, clinical treatment of cerebral ischemia, mostly stroke and 

cardiac arrest, is limited and new neuroprotective therapies are desperately needed. The Sirtuin 

family of oxidized nicotinamide adenine dinucleotide (NAD+)-dependent deacylases has been 

shown to govern several processes within the central nervous system as well as to possess 

neuroprotective properties in a variety of pathological conditions such as Alzheimer’s Disease, 

Parkinson’s Disease, and Huntington’s Disease, among others. Recently, Sirt1 in particular has 

been identified as a mediator of cerebral ischemia, with potential as a possible therapeutic target. 

To gather studies relevant to this topic, we used PubMed and previous reviews to locate, select, 

and resynthesize the lines of evidence presented here. In this review, we will first describe some 

functions of Sirt1 in the brain, mainly neurodevelopment, learning and memory, and metabolic 

regulation. Second, we will discuss the experimental evidence that has implicated Sirt1 as a key 

protein in the regulation of cerebral ischemia as well as a potential target for the induction of 

ischemic tolerance.
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Introduction

Cerebral ischemia, most notably in the form of stroke and cardiac arrest, is an ever-growing 

burden on both the US and world populations.[1] It can be defined as a reduction in blood 

flow to the brain that fails to meet the metabolic demand of this tissue, in turn causing cell 

death or what is known as infarct. During ischemia, failure to meet the metabolic demand 

results in mostly necrotic cell death as a result of excitotoxicity, severe disruption of ion 

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 
License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and the 
new creations are licensed under the identical terms.

Address for correspondence: Dr. Miguel A Perez-Pinzon, Department of Neurology, Miller School of Medicine, D4-5, University of 
Miami, PO Box 016960, Miami, Florida - 33101, USA. perezpinzon@miami.edu. 

For reprints contact: reprints@medknow.com

Conflicts of interest
There are no conflicts of interest.

HHS Public Access
Author manuscript
Brain Circ. Author manuscript; available in PMC 2016 January 25.

Published in final edited form as:
Brain Circ. 2015 ; 1(1): 69–78. doi:10.4103/2394-8108.162532.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



homeostasis, and calcium dysregulation. Following ischemia, reperfusion of the brain marks 

the onset of hyperoxygenation that leads to increased and adverse free radical production, 

cellular swelling, and tissue edema due to ionic imbalances and, ultimately, apoptosis via 

numerous mechanisms. In the days, weeks, and months after an ischemic insult, the 

infarcted area can continue to grow as the neuroinflammatory response takes hold.

Currently, clinical treatment is limited; for example, there is only one clinically approved 

treatment for stroke, recombinant tissue plasminogen activator (a thrombolytic agent),[2] 

which is administered to very few stroke patients. In an attempt to combat this limitation, 

researchers have identified various molecular targets shown to modulate ischemic cell death. 

In the last decade, a body of evidence demonstrating the role of Sirtuins, and in particular 

Sirt1, in neuroprotection from ischemia has emerged.[3]

The history of mammalian Sirtuins research can be traced back to roughly 20 years ago 

when silent information regulator 4 (Sir4) in yeast was found to extend the lifespan.[4] 

Initially, this was thought to occur through interaction with its associated Sir2 and Sir3 

proteins, but it was not until a few years later that this phenomenon was attributed fully to 

Sir2.[5] Much excitement surrounded this discovery, eventually leading to the identification 

of a human Sir2 homologue [silent information regulator two 1 (Sirt1)][6] and the rest of the 

mammalian “Sirtuins,” as they are now referred to.

There are seven proteins in the Sirtuin family (Sirt1–7),[7] and while they share a conserved 

catalytic core domain to a certain degree, they differ at their N- and C-termini. Perhaps these 

differences account for some of their versatility in terms of enzymatic character. Originally 

classified as strictly deacetylases, Sirtuins are now known collectively as deacylases. Sirt1–4 

and Sirt1–7 demonstrate the strongest deacetylase activity, whereas Sirt5 and 6 are primarily 

deacylases.[8] In terms of their subcellular localization, generally Sirt1, Sirt6, and Sirt7 are 

found in the nucleus, Sirt3, Sirt4, and Sirt5 in the mitochondrion, and Sirt2 in the cytoplasm. 

However, recent evidence demonstrates the ability of many Sirtuins to translocate to or 

shuttle between subcellular compartments, adding to the versatility of their function. They 

all share the requirement for oxidized nicotinamide adenine dinucleotide (NAD+) as a 

cofactor of their enzymatic activity (hence their classification as class III histone 

deacetylases).[9] This requirement gives rise to the energy-sensing functions of the Sirtuins 

and makes them unique as metabolic regulators within many organ systems.[10]

The Sirtuins are expressed throughout the body, in tissues such as the heart, liver, kidney, 

muscle, adipose, endothelium, and the brain, among others.[11] In response to changes in 

cellular energy state, they coordinate the regulation of various metabolic pathways and 

processes such as glycolysis, fatty acid synthesis, gluconeogenesis, the cell cycle, DNA 

repair, cell survival, and mitochondrial biogenesis, to name a few.[12] This is achieved 

through epigenetic targeting of histone and nonhistone proteins in the nucleus to globally 

modulate gene expression as well as downstream of transcription by targeting specific 

protein substrates within the mitochondria and cytoplasm.[11] In this review, we will look 

briefly at the physiological roles of the most extensively studied Sirtuin, Sirt1, specifically in 

the brain, and discuss the evidence surrounding Sirt1 in the context of ischemic 

neuroprotection.
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Functions of Sirt1 in the Brain

Sirt1 expression in the adult brain is widespread, with high levels in the hippocampus, 

cerebellum, cortex, and hypothalamus.[13] Most of this expression is neuronally 

localized;[13–15] however, Sirt1 is also found in neural stem cells (NSCs), neural progenitor 

cells (NPCs),[16] astrocytes and microglia in culture[17,18] as well as glial cells in the human 

brain.[19,20] The distribution of Sirt1 in the highly specialized areas mentioned above already 

provides great insight into its physiological roles in the brain. Here we will discuss the 

brain-specific functions of Sirt1. For general background material on Sirt1 functions, the 

reader is directed to a study by Rahman et al.[21]

Neurodevelopment

Sirt1 plays a role in neurodevelopment, where peak Sirt1 expression can be found at E4.5 in 

the spinal cord and dorsal root ganglion.[15] Concerning neurons specifically, Sirt1 

influences their structure at several levels, including axon growth through Akt and 

GSK3,[22] neurite outgrowth via mTOR,[23] and dendritic arborization[24] by way of Rho-

associated kinase (ROCK). In the adult brain, differentiation between NSCs and NPCs 

depends upon Sirt1. Proliferation and self-renewal of hippocampal NSCs is enhanced in 

Sirt1−/− mice.[25] The opposite effect was seen when agonizing Sirt1 with resveratrol in 

neurosphere cultures from wild-type mice. Additionally, another group showed that 

resveratrol reduced the proliferation of cultured multipotent NPCs as well as the survival of 

hippocampal NPCs in the dentate gyrus in vivo.[26] Furthermore, inhibition of Sirt1 with 

nicotinamide enhanced the differentiation of induced pluripotent stem cells (iPSCs) into 

NSCs in vitro.[27] Moreover, brain-specific inactivation of Sirt1 was shown to increase 

proliferating NSCs and oligodendrocyte progenitor cells (OPCs).[28] Here, oligodendrocyte 

expansion was mediated to some extent by signaling downstream of Platelet-derived growth 

factor receptor α (PDGFRα), mainly Akt and p38, and implicated Sirt1 in demyelinating 

disorders. These studies highlight the role of Sirt1 in modulating both neurogenesis and 

gliogenesis.

Learning and memory

Sirt1 is also implicated in learning and memory. Sirt1−/− mice exhibit a decrease in the 

branching of dendrites, the length of branching, and complexity of dendritic arbors. [24,29–31] 

In a similar line of evidence, brain-specific Sirt1−/− mice display reductions in the number of 

functional synapses and dendritic spine density, supporting the role for Sirt1 in neuronal 

development and suggesting a role in synaptic plasticity.[24,31] Indeed, long-term 

potentiation (LTP) in hippocampal CA1 neurons is impaired in these two Sirt1 knockout 

mouse models.[24,31] In both cases, basal synaptic activity was unaffected, demonstrating 

that deficiencies in LTP were not caused by impaired synaptic transmission. Overexpression 

of Sirt1 was comparable to normal LTP responses, whereas activation of Sirt1 actually 

enhanced LTP. In line with LTP abrogation, Sirt1−/− mice show deficits in associative 

memory (both contextual and tone-dependent fear-conditioning), spatial memory (Morris 

water maze, Barnes maze), and immediate memory (Y maze, novel object recognition 

test).[24,31]
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Further study into the molecular mechanism of Sirt1’s involvement in learning and memory 

has elucidated a pathway surrounding miR-134.[31] MiR-134 is a microRNA species that 

when unrepressed acts to downregulate two important proteins for LTP induction, cAMP 

response element-binding protein (CREB) and brain-derived neurotrophic factor (BDNF). 

Sirt1 represses miR-134 expression via a complex with a transcription factor Yin Yang 1 

(YY1), keeping it in check. In the case of Sirt1 deficiency, miR-134 limits CREB and 

BDNF, resulting in impaired synaptic plasticity. These data establish the involvement of 

Sirt1 in learning and memory at the behavioral and molecular levels.

Metabolic regulation

The hypothalamus is responsible for carrying out many crucial brain functions related to 

systemic physiology and metabolic regulation. Sirt1 mediates many of these functions: For 

example, in the dorsomedial (DMH) and lateral hypothalamic nuclei (LH) Sirt1 deacetylates 

Nk2 homeobox 1 (Nkx2-1).[32] This in turn drives transcription of another protein, orexin 

receptor type 2 (Ox2r), leading to neuronal activation that regulates physiological 

parameters such as physical activity, O2 consumption, and body temperature.[32] 

Additionally, mitochondrial morphology and function in skeletal muscle, and perhaps other 

tissues, may feedback to the hypothalamus for another level of regulation. Interestingly, 

mice overexpressing Sirt1 specifically in the brain show significant life-span extension due 

to the Sirt1 interactions mentioned above and their downstream effects on the regulation of 

systemic metabolism.[32]

Another example of systemic metabolic regulation by Sirt1 can be seen in 

proopiomelanocortin (POMC) neurons of the arcuate nucleus.[33,34] The lack of Sirt1 in 

these neurons reduces energy expenditure and sensitizes mice to diet-induced obesity. Here, 

leptin was no longer able to properly remodel a particular region of white adipose tissue, as 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) signaling was disrupted. 

Additionally, impairment in visceral fat deposition was attributed to a reduction in 

sympathetic nerve activity. Collectively, these studies demonstrate the significant role Sirt1 

plays in regulating metabolism at the organismal level from within the brain.

Regulation of circadian rhythms is another hypothalamic function of Sirt1.[35,36] In the 

suprachiasmatic nucleus (SCN), Sirt1 and peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC1α) work in concert to control the regulation of two circadian 

genes, aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL1) and circadian 

locomotor output cycles kaput (CLOCK). BMAL1 and CLOCK have transcriptional control 

of the circadian machinery, which includes nicotinamide phosphoribosyltransferase 

(NAMPT) among other proteins.[37,38] When NAMPT enhances NAD+ for Sirt1 activity 

(discussed in more detail below), the feedback loop responsible for fluctuations in the 

circadian rhythm is complete and is regulated in this manner. Many of these pathways are 

deregulated in aging, where Sirt1 declines and adaptation of the circadian clock to the 

environment is impaired.[38] This decline in Sirt1 has also been linked to the quality of 

sleep,[39] which is also affected in the aging process. Taken together, these studies indicate a 

crucial role for Sirt1 in the regulation of the circadian clock.
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Sirt1 and Ischemic Neuroprotection

There is a substantial amount of work demonstrating the neuroprotective properties of Sirt1 

in an array of neurological disorders, such as Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease, among others.[40] This work has prompted the investigation of Sirt1 in 

cerebral ischemia, which is not as well established as yet.[40] Studies outlined in the next 

few sections highlight key experiments and pieces of evidence that support a 

neuroprotective role for Sirt1 in cerebral ischemia. We will begin by examining genetic and 

pharmacological employment of Sirt1 and then discuss several Sirt1-mediated signaling 

pathways that lead to ischemic tolerance.

Sirt1 expression

Genetic manipulation of Sirt1 expression has effects on ischemic injury outcome. Sirt1−/− 

mice displayed larger infarct volumes following permanent middle cerebral artery occlusion 

(pMCAo) compared to their wild-type counterparts.[41] In contrast, Sirt1-Tg mice that 

overexpress Sirt1 showed less hippocampal damage following bilateral common carotid 

artery occlusion (BCAo) than wild-type mice.[42] A similar protective effect was seen with 

Sirt1-Tg mice in a bilateral common carotid artery stenosis (BCAS) model of hypoperfusion 

injury,[43] a common pathological occurrence following stroke.

The physiological levels of Sirt1 are modulated by ischemic injury as well. For example, 

Sirt1 was upregulated in the peri-infarct area up to 7 days following pMCAo in mice.[41] On 

the other hand, in rats subjected to transient focal ischemia with varying periods of 

reperfusion, Sirt1 was found to be downregulated 6 h after reperfusion, compared with 

nonreperfused animals.[44] The discrepancy between up or downregulation could be due to 

the different species and ischemia models used in the two studies. However, what is clear 

from these studies is that Sirt1 expression is inherently regulated by and could modulate the 

outcome of ischemic injury.

Pharmacological manipulation of Sirt1

In another line of evidence, activation or inhibition of Sirt1 with pharmacological agents 

modulates cerebral ischemic outcome. Treatment with the Sirt1 activator Activator 3 at 10 

min, 24 h, and 40 h following pMCAo reduced infarct volume, while treatment with the 

Sirtuin inhibitor Sirtinol increased infarct volume from vehicle levels.[41] The same holds 

true for treatments administered prior to ischemia, such as in preconditioning. Our 

laboratory has shown that both ischemic preconditioning (IPC) and resveratrol 

preconditioning (RPC) protect against oxygen and glucose deprivation (OGD, in vitro 

ischemia) in organotypic hippocampal slice cultures when administered 2 days prior to 

injury.[45] IPC increased Sirt1 activity 48 h later, whereas RPC increased activity after just 

30 min. In both paradigms, Sirtinol blocked protection. Furthermore, we have confirmed 

these results in vivo, where IPC and RPC 2 days before asphyxia cardiac arrest (global 

ischemia) decreased hippocampal cell death.[46] Moreover, we showed that Sirt1 was a 

mediator of this protection, as Sirtinol was able to block these protective effects in the 

hippocampus.
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Several other endogenous or exogenous compounds shown to induce ischemic tolerance 

were also linked to activation or upregulation of Sirt1. 2,3,5,4′-Tetrahy droxystilbene-2-O-ß-

D-glucoside (TSG) is a naturally occurring compound with similarities to resveratrol that 

protects against OGD in vitro and MCAo in vivo.[47] Cultured cells exposed to TSG for 3 

days showed increased Sirt1 protein levels as well as a partial loss of TSG-induced 

protection in the presence of the Sirt1 inhibitor nicotinamide. Another naturally occurring 

compound, alpha-lipoic acid (ALA) given 30 min prior to pMCAo reduced neurological 

deficit, infarct, and edema in 24 h following injury, where an increase in Sirt1 expression 

was observed.[48] Likewise, treatment with melatonin (once immediately following 

induction of MCAo, and then again at the onset of reperfusion) reduced neurological deficit, 

infarct, and edema 24 h after injury.[49] This coincided with an increase in Sirt1 expression 

linked to enhanced mitochondrial function that was blocked by the specific Sirt1 inhibitor 6-

Chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carboxamide (EX-527). Furthermore, icariin 

treatment (icariin is another naturally occurring compound of the flavonoid variety) each 

day for 7 days following reperfusion after MCAo reduced infarct volume and brain edema 

as well as improved neurological score at 7 days after injury.[50] Again, Sirt1 expression was 

increased at this 7-day time point. The authors go on to show that in neuronal culture, Sirt1 

inhibitor III ablates icariin-induced protection from OGD. These pharmacological 

experiments provide further supporting evidence for Sirt1 as a key mediator in ischemic 

injury and as a possible target for ischemic neuroprotection.

It should be noted that increases in Sirt1 expression may not always translate into increased 

enzymatic activity. For instance, no changes in histone 3 and 4 acetylation were seen with 

Sirt1 activation or genetic ablation.[41] The difficulty of observing specific changes in 

acetylation of Sirt1 substrates in vivo may account for some of this discrepancy. 

Interestingly, the enzymatic activity of Sirt1 may only be partially responsible for its 

protective effects, as one study demonstrated that Sirt1-mediated neuroprotection can be 

independent of its deacetylase activity.[51] These are important faculties to consider in 

current and future studies.

Sirt1-dependent pathways

Mechanistically, several lines of evidence pinpoint different signaling pathways, all 

regulated at some level by Sirt1, that lead to neuroprotection from ischemia. The most 

important ones with potential roles in ischemic neuroprotection are discussed here and 

illustrated below in Figure 1.

Mitochondrial function and antioxidation

PGC1α: It is well established that Sirt1 regulates antioxidant defenses and mitochondrial 

function through the activation of transcriptional coactivator PGC1α.[52] Sirt1 deacetylates 

and activates PGC1α. When activated, PGC1α interacts with other transcriptional 

coactivators, such as peroxisome proliferator-activated receptor gamma (PPARγ), inducing 

transcription of genes involved in antioxidation and mitochondrial biogenesis. Several 

studies have connected this pathway to ischemic neuroprotection. In the ALA and icariin 

paradigms mentioned above, increased expression of Sirt1 was congruent with the same 

effect on PGC1α. Knockdown of PGC1α with siRNA reversed the protection seen with 
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icariin treatment in culture.[50] As for ALA, the authors witnessed an increase in superoxide 

dismutase (SOD) activity that was associated with enhanced PGC1α.[48] Additionally, 

another group demonstrated that PGC1α is upregulated following transient global ischemia, 

where they also observed an increase in mitochondrial uncoupling protein 2 (UCP2) and 

SOD2.[53] Antisense oligodeoxynucleotide-induced knockdown of PGC1α exacerbated 

oxidative damage following ischemia, perhaps due to the loss of UCP2 and SOD2 that was 

observed.

UCP2—Mentioned briefly above, UCP2 is another Sirt1-regulated protein contributing to 

the cellular redox state. Sirt1 binds directly to the UCP2 promoter, repressing its 

transcription. This allows for proper production of adenosine triphosphate (ATP) in response 

to glucose stimulation and subsequently insulin secretion in pancreatic β cells.[54] In the 

context of ischemia, varying lines of evidence suggest that both up-and downregulation of 

UCP2 can produce an ischemic protective effect. For example, one group showed that 

UCP2−/− mice were more susceptible to transient focal ischemia than wild-type mice,[55] 

however another group also showed that the same UCP2−/− mice were less susceptible than 

wild-type mice to permanent focal ischemia.[56] In support of the former, two studies add 

that mice overexpressing human UCP2 are protected from focal and global ischemic 

injuries.[57,58] In preconditioning studies, both up- and downregulation of UCP2 have been 

associated with improved ischemic outcome. IPC upregulated UCP2 in the rat (both in vitro 

and in vivo), an effect that was associated with ischemic protection.[58] On the other hand, 

our laboratory has shown that RPC reduces UCP2 levels, which corresponds to protection 

from global ischemia in vivo.[46] In all of these studies described above, UCP2-mediated 

protection, whether up- or downregulated, was attributed to changes in mitochondrial 

function, reactive oxygen species (ROS) production, and/or antioxidant defenses.

When debating the effects of UCP2 on mitochondrial physiology, one can argue that 

upregulation of UCP2 would result in beneficial uncoupling of mitochondria, dropping ROS 

production and, in turn, oxidative damage. Conversely, evidence also supports the argument 

that a reduction in UCP2 would couple mitochondria (raise the membrane potential), making 

ATP synthesis more efficient, as fewer wasted protons leak back across the inner 

mitochondrial matrix.[59] This would also stimulate ROS production, as the oxidative 

phosphorylation complexes ramp up their activity in response to a higher membrane 

potential. While this may seem like a deleterious effect, in fact studies have shown that an 

increase in ROS, such as in exercise,[60] can induce beneficial redox signaling pathways that 

culminate in the upregulation of antioxidant defenses. The studies mentioned in this section 

provide evidence in support of both of these mechanisms. Further studies are needed to sort 

out the discrepancies surrounding UCP2 in cerebral ischemia.

DNA repair—As a result of ischemia reperfusion injury, an increase in free radical 

production and subsequent oxidative damage can severely damage DNA and contribute to 

loss of cell viability.[61] Ku70 is a nuclear protein involved in repair of double stand breaks 

that is downregulated following ischemia[62] but upregulated following IPC.[63] Sirt1 

increases the DNA repair activity of Ku70 by deacetylating two lysine residues at its C-

terminus.[64] This was shown to play a protective role following cellular exposure to 

Koronowski and Perez-Pinzon Page 7

Brain Circ. Author manuscript; available in PMC 2016 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



radiation in vitro.[65] Another repair enzyme, Poly [ADP-ribose] polymerase 1 (PARP1), is 

what one might call a double-edged sword in terms of its activity. On one hand, PARP1 

helps repair single-strand breaks in DNA by adenosine diphosphate ribose (ADP)-

ribosylation. On the other, ADP-ribosylation requires the ADP-ribose moiety of NAD+ that 

PARP1 consumes during this process.[66] PARP1 is a major culprit for the decline of NAD+ 

in aging[67] and acute depletion leading to cell death in ischemia.[68] PARP1 is overactive in 

response to substantial DNA damage resulting from ischemia, and inhibition of PARP1 

restores NAD+ levels and protects against ischemic injury.[69] Sirt1 binds to and 

deacetylates PARP1, reducing its activity and promoting cell survival.[70,71]

Sirt1 also increases the activity of several other DNA repair pathways. For instance, human 

AP endonuclease (APE1) is an enzyme that cleaves apurinic/apyrimidinic sites in the base 

excision repair pathway.[72,73] Several lysine residues of APE1 are acetylated, a 

modification associated with decreased activity.[74] Sirt1 overexpression or resveratrol 

treatment induces deacetylation of APE1, increasing its activity.[75] Alternatively, 

knockdown of Sirt1 results in an increase of deleterious DNA base modifications and makes 

cells more susceptible to death after oxidative or genotoxic stress.[75] Additionally, APE1 

has been shown to contribute to DNA repair after IPC,[76] again where Sirt1 is enhanced. 

Furthermore, NAD+ treatment has been shown to protect neurons against ischemia in vitro 

through upregulation of the base excision repair pathway,[77] where APE1 is prominent. In 

addition to APE1, other Sirt1 DNA repair targets include DNA repair protein 

complementing XP-A cells (XPA)[78] in nucleotide excision repair, and nibrin (NBS1)[79] in 

double-strand breaks, although they have yet to be directly implicated in ischemic injury. 

These results indicate that Sirt1-mediated DNA provides another level of protection 

following ischemic injury.

NAD+ metabolism—NAD+ is a versatile metabolite not only responsible for Sirtuin 

activation but also for steps in glycolysis, complex activity in oxidative phosphorylation, 

and the replenishing of antioxidants. Nicotinamide is converted to nicotinamide 

mononucleotide (NMN) by NAMPT.[80] Subsequently, NMNAT converts NMN to NAD+. 

Despite the fact that it is actually NMNAT that produces NAD+, NAMPT has been 

determined as the rate-limiting enzyme in this pathway of NAD+ biosynthesis and is 

accountable for increasing NAD+ levels. Given that Sirtuins are activated by NAD+, it is 

logical to hypothesize that boosting this metabolite will have ischemic neuroprotective 

effects. Such is indeed the case. Intranasal NAD+[81] or NMN administration[82] protected 

mice against focal cerebral ischemia. Additionally, inhibition of NAMPT worsens outcome 

following ischemia, whereas overexpression of NAMPT enhances NAD+, activates Sirt1, 

and lessens ischemic injury.[82] In Sirt1-null mice, these protective effects of NAMPT were 

lost. Moreover, our group has shown that preconditioning with IPC, RPC, or the PKCɛ 

activator pseudo-epsilon RACK (ΨɛRACK) increased mitochondrial NAMPT levels and 

enhanced the NAD+/reduced nicotinamide adenine dinucleotide (NADH) ratio in this 

compartment.[83] Furthermore, following IPC, NAD+ is increased in hippocampal slices,[84] 

where Sirt1 activity is increased and protection is lost upon its inhibition.

Another level of NAD+ regulation is added by adenosine monophosphate (AMP)-activated 

kinase (AMPK). AMPK is another metabolic regulator that, in response to an increase in the 
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AMP/ATP ratio, inhibits cellular processes that consume energy and stimulates those that 

generate it.[85] Moreover, AMPK has been shown to enhance mitochondrial function and the 

oxidative stress response under certain stressful conditions. Aside from the AMP/ATP ratio, 

AMPK is activated by a kinase called liver kinase B1 (LKB1). LKB1 is deacetylated and in 

turn activated by Sirt1. NAMPT-induced neuroprotection from OGD was concomitant with 

LKB1 deacetylation and AMPK activation, where the effects on LKB1 and AMPK as well 

as protection were lost in Sirt1 knockout neurons.[82] Moreover, in a recurrent transient 

MCAo model, resveratrol-induced protection was associated with increased AMPK activity, 

NAD+/NADH ratio, and Sirt1 activity.[86] Here, inhibition or knockdown of AMPK or Sirt1 

abolished resveratrol-induced protection in vitro.

It has also become apparent that AMPK can also be upstream of NAMPT. In skeletal 

muscle, two studies show that AMPK activation leads to increased NAMPT expression[87] 

and in turn modulation of the NAD+/NADH ratio.[88] In our group’s work, the 

preconditioning induced increase in mitochondrial NAMPT, and NAD+/NADH ratio was 

shown to be regulated in an AMPK-dependent fashion.[83] These studies demonstrate 

positive feedback for Sirt1 and NAD+ through NAMPT and AMPK. Together, these data 

implicate NAD+ as a neuroprotective metabolite in cerebral ischemia, at least in part by 

maintaining energy and substrates for Sirt1 activity.

Synaptic function—As described above, a connection has been established between Sirt1 

and BDNF with regard to learning and memory. There is also evidence supporting beneficial 

effects of Sirt1-mediated BDNF expression in the context of neuroprotection from ischemia. 

Sirt1 regulates BDNF expression by several mechanisms; as indicated above, Sirt1 enhances 

BDNF pertaining to synaptic plasticity through miR-134. Another level of regulation exists 

at the BDNF promoter, where Sirt1 deacetylates the BDNF repressor MeCP2,[89] disrupting 

its binding in this region and promoting BNDF transcription. Moreover, new evidence also 

shows regulation of BDNF by Sirt1 through the binding of Sirt1 directly to the BDNF 

promoter region. This was shown by chromatin immunoprecipitation-sequencing in the 

mouse cerebellum.[90]

Previously, our laboratory has demonstrated that IPC results in the induction of the BDNF 

gene in th rat hippocampus.[91] An increase in BDNF protein levels was confirmed in vitro 

24–48 h following IPC.[92] In the same study, IPC-induced tolerance against OGD was 

abolished when the BDNF receptor, tropomyosin receptor kinase B (TrkB) was blocked. 

Additionally, knockdown of miR-134 alleviates ischemic injury in vitro,[93] perhaps through 

Sirt1-mediated BDNF expression, as in the synaptic plasticity pathway. Many groups have 

demonstrated that direct BDNF administration reduces infarct volume and enhances 

function recovery following ischemic injury. This protection has been attributed to several 

signaling pathways and endpoint functional changes, such as a reduction in neurotoxicity, 

suppression of neuroinflammation, and promotion of neuronal regeneration, among 

others.[94] The enhancement of synaptic function via a Sirt1 BDNF pathway could have 

profound effects on the synapse during/following ischemia; however, additional studies are 

needed to confirm a direct relationship that is evident in the experiments highlighted here.
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Blood flow and neuroinflammation—Given that disruptions in blood flow are 

ultimately the root cause of ischemia as well as a major culprit of reperfusion injury, it is no 

surprise that modulation of blood flow can have a significant impact on anatomical and 

functional outcome following ischemia. Several studies demonstrate that blood flow is 

modulated by Sirt1 and that this modulation leads to ischemic tolerance. Sirt1-Tg mice 

(overexpressing Sirt1) showed preserved cerebral blood flow (CBF) during BCAo, which 

was 45–50% of baseline, while only 20–25% of baseline CBF was observed in wild-type 

littermates.[42] These differences were seen at 5 min and 10 min of BCAo and came back to 

comparable levels at 2 h. This correlated with an improvement of histological outcome in 

the hippocampus. It is important to note that baseline CBF did not differ between Sirt1-Tg 

and wild-type mice. Additionally, the same group showed that 2 h and 24 h following 

BCAS, wild-type mice had a reduction in CBF to roughly 72–74% of baseline, whereas this 

reduction was not seen in Sirt1-Tg mice who had CBF values of 91–94% of baseline at the 

same time points.[43] Again, it should be noted that baseline CBF between the two groups 

was not different and the diameter of basal arteries did not differ, suggesting that the 

retention of CBF in Sirt1-Tg mice after BCAS is not due to changes in collateral brain 

circulation. The authors go on to reveal that irregularities in the vascular endothelium seen 

with wild-type mice after BCAS were not observed in Sirt1-Tg mice.

Prior to this study, it had been shown that Sirt1 activates endothelial nitric oxide synthase 

(eNOS) by deacetylation.[95] Acetylated eNOS was only observed in wild-type mice 

following BCAS but not Sirt1-Tg mice, suggesting a preservation of CBF through Sirt1 

stimulated nitric oxide (NO) production by eNOS. This was validated by the fact that 

treatment with the eNOS inactivator cavtratin reduced CBF in Sirt1-Tg mice after BCAS 

and that Sirtinol abolished CBF retention and protection from BCAS. Furthermore, another 

group demonstrated that resveratrol increased eNOS and plasma NO following MCAo, and 

that this effect and ischemic protection were lost with application of the eNOS inhibitor N5-

(1-iminoethyl)-L-ornithine, dihydrochloride (L-NIO).[96]

Modulation of blood flow is also linked to neuroinflammation, a damaging response (if not 

managed properly) that is initiated immediately following ischemia.[97] The main 

transcription factor that promotes pro-inflammatory mediators is nuclear factor-kappaB (NF-

κB).[98] Groups have shown that activation of NF-κB exacerbates neuronal injury following 

cerebral ischemia.[99] Sirt1 deacetylates NF-κB at Lys310 of its p65 subunit, decreasing its 

transcriptional activity.[100] Resveratrol was shown to promote the inhibition of NF-κB 

signaling through the deacetyaltion of RelA/p65 Lys310 as a result of increased Sirt1 

activity.[101] Additionally, TSG also inhibited NF-κB through increased Sirt1 and protected 

against ischemia.[47]

The link between neuroinflammation and blood flow comes by way of inducible NOS 

(iNOS), which is another form of NOS involved in vasodilation during the 

neuroinflammatory response and is predominantly refereed by NF-κB.[18] As mentioned 

above, NF-κB is deacetylated by Sirt1 decreasing its transcriptional drive. This links the 

activation of Sirt1 to the inhibition of iNOS expression, and in contrast to eNOS, reductions 

in iNOS have been connected to ischemic protection. While resveratrol increased eNOS, it 

decreased iNOS where protection was observed following MCAo.[96] TSG also inhibited 
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iNOS expression induced by in vitro ischemia, an effect that was blocked by the Sirtuin 

inhibitor nicotinamide.[47] This suggests that the Sirt1 inhibition of NF-κB and subsequent 

iNOS signaling is an important pathway to possibly dampen the detrimental immune 

response following ischemic injury.

Another important aspect of blood flow modulation besides vascular tone is the formation of 

new blood vessels from preexisting ones, or angiogenesis. This process has been shown to 

improve outcome following ischemic injury,[102] possibly through Sirt1. Sirt1 has been 

shown to mediate several angiogenic processes, such as migration and sprouting of 

endothelial cells[103] as well as erythropoietin production. Under conditions of hypoxia as 

well as ischemia, Sirt1 activation results in the deacetylation of hypoxia-inducible 

factor-2alpha (HIF-2α), increasing its transcription.[104] This results in increased expression 

of erythropoietin, an important modulator of red blood cell production in adaptation to low 

oxygen. Moreover, erythropoietin is increased following IPC[105] and is sufficient by itself 

to confer a protective preconditioning response in rat hippocampal neurons.[106] 

Additionally, Sirt1 also stabilizes HIF-1α,[107] another hypoxia-inducible factor that drives 

the response to a low-oxygen environment to initiate cellular and molecular compensatory 

mechanisms pertaining to oxygen transport, glycolysis, cell survival, and angiogenesis. For 

example, resveratrol increased the proangiogenic factors matrix metalloproteinase-2 and 

vascular endothelial growth factor (VEGF) in the delayed injury stage following focal 

ischemia,[108] possibly through Sirt1 action upon HIF-1α. These results demonstrate the 

ability of Sirt1 to regulate blood flow through several avenues to promote neuroprotection 

from ischemia.

Potentially detrimental effects of Sirt1—Besides its cofactor function toward 

enzymatic activity, NAD+ and the NAD+/NADH ratio functions in glycolysis, oxidative 

phosphorylation and antioxidation. Preservation of NAD+ and its redox ratio to carry out 

these functions is vital to cell survival both in normal physiology and especially pathological 

stress such as ischemia.[109] More specifically, marked reductions in NAD+ (and disruption 

of its relative NADH) following ischemia are concomitant with energy depletion leading to 

cell death. Maintenance of NAD+ is pivotal for a better outcome, evidenced by the fact that 

supplying NAD+ both prior to and following OGD significantly reduces ischemic injury.[77] 

Repair of DNA damage can also deplete NAD+ by way of PARP, as mentioned above. Sirt1, 

also utilizing NAD+ for enzymatic activity, may contribute to diminishing levels. Mice 

overexpressing Sirt1 did not show any significant protection from ischemia.[110] One 

possible explanation is that a chronic increase in Sirt1 expression dwindles NAD+ and 

actually hinders its beneficial effects. This has been substantiated in vitro by the fact that 

nicotinamide (a Sirt1 inhibitor) preserved NAD+ levels and protected neurons from 

excitotoxitcy-induced cell death (a hallmark of ischemic injury).[111] Concordantly, 

inhibition of Sirt1 with Sirtinol also protected against excitotoxicity in vitro. It may be that 

when Sirt1 activation is sustained, one needs to compensate for NAD+ expenditure and 

increase its availability. This compensatory mechanism can be seen in IPC, which increases 

NADH oxidation,[84,112] possibly preventing loss of NAD+ levels during sustained Sirt1 

activity. Further studies are needed to unravel the contribution of Sirt1 activity to NAD+ 

depletion in the context of ischemia.
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Conclusions

Neuroprotective therapies for cerebral ischemia in the clinic are desperately needed. The 

evidence gathered here demonstrates a potential therapy in the activation of Sirt1. It is clear 

that Sirt1 has many physiological roles in the brain as well as roles in response to 

pathological conditions of metabolic stress, such as ischemia. Several pharmacological 

agents that activate Sirt1 and are detailed above show potential for translation into the clinic. 

In the current state, more studies are warranted to tease apart the Sirt1-dependent pathways 

that foster neuroprotection in the context of ischemia. However, it appears that Sirt1 is a 

promising candidate for further investigation.
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Figure 1. 
Overview of Sirt1 mediated ischemic tolerance

Left: IPC = Ischemic preconditioning, RPC = Resveratrol preconditioning, ALA = Alpha-

lipoic acid, TSG = 2,3,5,4′-Tetrahydroxystilbene-2-O-ß-D-glucoside, NMN = Nicotinamide 

mononucleotide, NAMPT = Nicotinamide phosphoribosyltransferase

Right: DNA repair, Mitochondrial function, Blood flow and neuroinflammation, Synaptic 

function, Antioxidation, NAD+ metabolism
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