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Ischemic stroke is one of the main causes of mortality and disability worldwide. However, the majority of patients are currently unable to benefit from intravenous thrombolysis or intravascular mechanical thrombectomy due to the limited treatment windows and serious complications. Silent mating type information regulation 2 homolog 1 (Sirt1), a nicotine adenine dinucleotide-dependent enzyme, has emerged as a potential therapeutic target for ischemic stroke due to its ability to maintain brain homeostasis and possess neuroprotective properties in a variety of pathological conditions for the central nervous system. Animal and clinical studies have shown that activation of Sirt1 can lessen neurological deficits and reduce the infarcted volume, offering promise for the treatment of ischemic stroke. In this review, we summarized the direct evidence and related mechanisms of Sirt1 providing neuroprotection against cerebral ischemic stroke. Firstly, we introduced the protein structure, catalytic mechanism and specific location of Sirt1 in the central nervous system. Secondly, we list the activators and inhibitors of Sirt1, which are primarily divided into three categories: natural, synthetic and physiological. Finally, we reviewed the neuroprotective effects of Sirt1 in ischemic stroke and discussed the specific mechanisms, including reducing neurological deficits by inhibiting various programmed cell death such as pyroptosis, necroptosis, ferroptosis, and cuproptosis in the acute phase, as well as enhancing neurological repair by promoting angiogenesis and neurogenesis in the later stage. Our review aims to contribute to a deeper understanding of the critical role of Sirt1 in cerebral ischemic stroke and to offer novel therapeutic strategies for this condition.
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Introduction

Currently, ischemic stroke is one of the well-known leading causes of mortality and long-term disability globally (Ahmadi et al., 2020). Although substantial efforts have been made to search for better treatment modalities for ischemic stroke, remarkably few strategies are considered sufficiently effective due to their complex pathophysiological mechanism, including excitotoxicity, oxidative stress, inflammation and blood-brain barrier (BBB) damage.

At present, thrombolysis and mechanical thrombectomy are the only authorized treatments for acute ischemic stroke clinically. However, its therapeutic application is severely constrained by the narrow time windows and secondary injury caused by vascular recanalization (Nogueira et al., 2018; Turc et al., 2019). Therefore, it is essential to seek for new alternatives that can prolong the time windows and improve the prognosis of ischemic stroke patients. Among the potential therapeutic targets, Silent mating type information regulation 2 homolog 1 (Sirt1) merits special attention. Because it can not only lessen the neurological injury in the acute phase, but also enhance neurorestoration in the later stage.

Sirt1, a nicotine adenine dinucleotide (NAD+)-dependent enzyme, is the member of the sirtuins family, which can catalyze the deacetylation of histone and non-histone substrates (such as P53, FOXO3), and plays a crucial role in chromatin remodeling, gene regulation and metabolism (Meng et al., 2020). Sirt1 is abundant in early embryo and widely expressed in mature tissues (Chang and Guarente, 2014). In the central nervous system (CNS), Sirt1 is extensively expressed in neurons, neural stem cells, neural precursor cells, astrocytes and microglia of embryonic and adult brains. Further studies shows that Sirt1 is involved in the modulation of neurodevelopment, learning, memory and metabolic function (Chang and Guarente, 2014; Herskovits and Guarente, 2014; Zhou et al., 2018). It has been discovered that activated Sirt1 exhibits obviously potent neuroprotective effects on ischemic stroke and other neurodegenerative diseases.

In the review, we summarized the protective effects of Sirt1 on ischemic stroke and its related mechanisms, including reducing inflammatory response, inhibiting oxidative stress and ultimately modulating programmed cell death in the acute phase, and promoting neurological functional recovery through enhancing angiogenesis and neurogenesis in the later stage. The review may provide a fundamental basis for the design of new drugs for ischemic stroke.



Sirt1 protein structure

Sirtuins are a group of highly conserved NAD+-dependent deacetylases. Mammalian sirtuins can be split into seven members (Sirt1∼7) according to their structure and function. Sirt1 is firstly discovered and the most studied. The human Sirt1 protein (747 amino acids) is composed of highly conserved catalytic domain, N-terminal domain and C-terminal domain. For human Sirt1, the catalytic core consists of two domains. The larger NAD+-binding domain consists of a Rossmann fold, and the smaller domain composes of a helical structure and a zinc-binding module. The Sirt1-mediated catalytic reaction is initiated by the binding of acetylated residues of the target molecule with NAD+ through the cleft between these two domains (Sauve et al., 2006), which eventually produces the deacetylated substrates, nicotinamide and 2′-O-acetyl-ADP-ribose (AADPR) (Tanner et al., 2000; Figure 1).
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FIGURE 1
The deacetylation reaction catalyzed by Sirt1.




Sirt1 protein localization

Growing studies have verified that Sirt1 is widely distributed in human and rodent organs, including brain, heart and liver (Sakamoto et al., 2004; Tanno et al., 2010; Ogawa et al., 2011; Al-Bahrani et al., 2015; Cao et al., 2018). An anatomical study of rodent and human nervous system showed that Sirt1 was localized in the regions of the hippocampus, prefrontal cortex and basal ganglia (Zakhary et al., 2010). Subsequently, Sirt1 was also found to express in hypothalamus and cerebellum (Ramadori et al., 2008). In addition to neurons, Sirt1 has also been demonstrated to be expressed in various glial cells (Kannan et al., 2013; Prozorovski et al., 2019), such as microglia, astrocytes and oligodendrocytes (Figure 2). In summary, Sirt1 is widely distributed in the CNS.
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FIGURE 2
Schematic overview of the main distribution of Sirt1 in the CNS.


Next, let us turn to the subcellular localization of Sirt1. The nuclear localization signal is found on residues 41–46 of the Sirt1 protein (Frye, 1999). Therefore, it makes sense that Sirt1 is classified as a nuclear protein. However, a variety of findings suggested that Sirt1 was also present in cytoplasm under certain conditions (Jin et al., 2007; Hisahara et al., 2008; Yu et al., 2020). Subsequent study confirmed that Sirt1 could shuttle between the nucleus and cytoplasm, which was mediated by the nuclear import and export sequences in the N-terminal region of Sirt1 (Tanno et al., 2007).



Activators and inhibitors of Sirt1

Sirt1 plays an important role in various physiological and pathological processes in organisms, and up or down regulation of Sirt1 often means completely different outcomes. Therefore, searching for the activator and inhibitors of Sirt1 remains significantly important for the prevention and treatment of various diseases, including cerebral ischemic stroke. Next, we will simply divide them into three categories: natural, synthetic and physiological (Table 1).


TABLE 1    The major activators and inhibitors of Sirt1.

[image: Table 1]


Physiological

Active regulator of Sirt1 (AROS) is seen as a direct interactant of Sirt1, which functions by directly binding at a site (amino acids 114–217) distal to the Sirt1 catalytic domain, thereby promoting Sirt1 deacetylation activity (Autiero et al., 2008). Kim et al. (2007) found that AROS can upregulate Sirt1 activity so as to inhibit P53-dependent transcriptional activation by directly binding to Sirt1. Nevertheless, AROS is considered as a weak activator of Sirt1, which requires strict conditions for this activation. The regulation of P53 acetylation by AROS depends to some extent on the cell context. Specifically, AROS suppressed the acetylation of P53 only during the process of cell damaging stress (Knight et al., 2013). Different from AROS, member of La ribonucleoprotein domain family 7 (LARP7) is an RNA binding protein and a strong activator of Sirt1, which has been reported to play a positive role in aging and heart failure by regulating Sirt1 (Yan et al., 2021; Yu H. et al., 2021). LARP7 strongly bound to Sirt1 residues 158–225 and allosterically enhances Sirt1 deacetylase activity, thereby inhibiting the acetylation of P53 and P65, respectively.

Conversely, Deleted in Breast Cancer-1 (DBC1) was reported to be a physiological inhibitor of Sirt1, which could directly interact with Sirt1 and suppress its activity (Kim et al., 2008). Deletion analysis revealed that the inhibition of Sirt1 deacetylation activity was attributed to DBC1’s direct binding to the catalytic domain of Sirt1, which hindered the binding of Sirt1 with downstream molecules P53 and FOXO. And hyperacetylation of P53 and FOXO could augment cellular apoptosis under damaging stress, which may be the ability of DBC1 as a tumor suppressor (Kim et al., 2008).



Natural

Resveratrol, a natural polyphenolic compound, presents in many plants and is identified as the natural activator of Sirt1, which plays an important role in several CNS disorders. Our previous studies found that resveratrol alleviated cerebral ischemic stroke injury by inhibiting neuronal apoptosis (Yu et al., 2017), attenuating oxidative stress (Shen et al., 2016), promoting synaptogenesis (Yu P. et al., 2021), and suppressing ferroptosis (Zhu et al., 2022). Some researchers also figured out that resveratrol could modulate autophagy (He et al., 2017) and inhibit activation of inflammasomes (Chiang et al., 2022) to improve the ischemic injury. As the activator of Sirt1, resveratrol functions by binding with the N-terminal domain of Sirt1 and the related substrate at the same time, thereby promoting the tighter combination of Sirt1 and substrate and Sirt1 deacetylation activity (Cao et al., 2015). In addition to directly activating Sirt1, resveratrol can also increase the activity of Sirt1 by interacting with LAMIN A, which is a key protein for maintaining nuclear structure (Liu et al., 2012).

Quercetin is a natural flavonoid, which exists in many fruits and vegetables (Cui et al., 2022). A recent study indicated that quercetin maintained the BBB integrity and inhibiting reactive oxygen species (ROS) generation through activating Sirt1, thereby improving neurological function after ischemic stroke (Yang R. et al., 2022). Recently, Zhang et al. (2021) found that quercetin activates Sirt1 activity by binding to the helix2-turn-helix3 motif in the N-terminal domain of Sirt1. Compared with resveratrol, quercetin can more effectively activate Sirt1 deacetylase activity and enhance the binding of Sirt1 to the substrate acetylated P53 (Zhang et al., 2021). Curcumin and salvianolic acid B, also as natural polyphenols, performs the similar characteristics of activating Sirt1 as resveratrol does. The neuroprotective effects mediated by them were mainly attributed by reducing the release of inflammatory factors and cellular apoptosis through activating Sirt1 (Lv et al., 2015; Zhang et al., 2017; Ling et al., 2018). However, although enough studies had confirmed that both of them could activate Sirt1 to exert their neuroprotection, the molecular mechanism of their activation of Sirt1 remains to be clarified.

Conversely, Suramin, extracted from pine needles, was first used to manage trypanosomiasis and nematode disease, and was later reported to have certain anti-tumor activity and anti-apoptosis effects. The co-crystal structure analysis showed that suramin can tightly bind to Sirt1 catalytic domain, and simultaneously occupy the binding region of NAD + and the substrate, thereby inhibiting Sirt1 deacetylase activity (Trapp et al., 2007).



Synthetic

High-throughput screening found that SRT1720 was a potential Sirt1 activator, and it performed a much stronger property to activate Sirt1 than resveratrol. Similar to resveratrol, SRT1720 binds to the Sirt1-substrate complex at the allosteric site of the amino terminal catalytic region, thereby promoting Sirt1 deacetylation activity (Milne et al., 2007). It was reported that application of SRT1720 could provide the neuroprotective effects by regulating autophagy (Bai et al., 2021), inhibiting neuroinflammation (Wang F. et al., 2019) and promoting microglia polarization (Xia et al., 2021) through activating Sirt1. Similar to SRT1720, SRT2104 was also found to efficiently activate Sirt1 to alleviate brain damage after ischemic stroke by regulating microglia polarization (Fu et al., 2021).

Conversely, several chemical compounds have performed their ability to suppress Sirt1 activity. Since its discovery in 2005, EX527 has become one of the most effective selective inhibitors of Sirt1. EX527 can specifically bind to Sirt1 to inhibit the formation of the Sirt1-substrate complex, which leads to the acceleration of substrate acetylation (Gertz et al., 2013). In addition to EX527, sirtinol is also the effective inhibitors of Sirt1 and involved in the development of cerebral ischemic injury and neurological damage (Tang et al., 2017).




Crucial role of Sirt1 in neurodegenerative diseases

Neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease, are chronic conditions characterized by neuronal dysfunction and loss. Recent studies have highlighted the role of Sirt1 in regulating synaptic plasticity and mitigating neurodegenerative damage within the CNS. The levels of Sirt1 protein were found to be significantly reduced in patients with neurodegenerative diseases compared to those undergoing normal aging, suggesting that diminished Sirt1 expression and activity contribute to the pathological progression of these conditions (Cao et al., 2018). Moreover, overexpression of Sirt1 can modulate the impact of Aβ in AD and impede the formation of synuclein aggregates in PD. Conversely, the inactivation of Sirt1 has shown potential to ameliorate the mitochondrial apoptosis pathway, which is implicated in the pathogenesis of aging, metabolic disorders, and neurodegenerative diseases (Rana et al., 2019). In summary, Sirt1 may play a crucial role in neurodegenerative diseases.



Neuroprotective role of Sirt1 for ischemic stroke

As a survival factor against the aging process, Sirt1 has been shown to exert neuroprotective effects in the neurodegenerative diseases, such as AD, PD, and Huntington’s disease. Recent studies have found that Sirt1 can alleviate ischemic stroke injury, including reducing cerebral infarcted volume and neurological deficits. Next, we will discuss the progresses of Sirt1 in animal models and clinical trials of ischemic stroke in recent years.


Clinical trials

In 2021, a case-control study showed that the activity of Sirt1 in the serum of patients with acute ischemic stroke (AIS) was significantly lower than that of the control group, and its levels were significantly negatively correlated with the stroke score, which suggested that Sirt1 could be used as a potential biomarker for predicting the risk of AIS (Esmayel et al., 2021). However, another clinical trial reached the opposite conclusion. The researchers found that Sirt1 activity increased sharply after ischemic stroke, and there was no significant correlation between its activity and stroke score, which blocked its opportunity as a biomarker for prognosticating the functional outcome of AIS patients (Liu et al., 2018). These studies suggest that Sirt1 expression may be a dynamic process after stroke, so further study with larger sample and more accurate grouping was needed to clarify its role in ischemic stroke.

Subsequently, a cohort study focused on evaluating the effects of Sirt1 activator resveratrol on blood pressure, weight status, glucose, and lipid profile which are the main risk factors for ischemic stroke. It was found that resveratrol can significantly reduce these parameters at 6 and 12 months after the initial evaluation, which suggested that resveratrol could serve as the promising drug to prevent ischemic stroke (Fodor et al., 2018). Another clinical trial also reported the neuroprotective effects of resveratrol on AIS patients. As the most effective method to treat ischemic stroke, recombinant tissue plasminogen activator (r-tPA) is severely limited by its narrow therapeutic window. Chen et al. (2016) found that resveratrol can prolong the clinical therapeutic window of r-tPA and reduce the MMP-induced neurological deficits, thus improving the prognosis of AIS patients receiving r-tPA treatment at a later stage.

These clinical evidences suggest that Sirt1 has potential as a target for prevention and treatment for AIS patients, and can be used as a prognostic indicator of ischemic stroke.



Animal studies

Similar to the results of clinical trials, Sirt1 expression in rodent models was modulated by ischemic injury as well. For instance, Sirt1 was upregulated significantly in ischemic penumbra from 18 h to 7 days after ischemic stroke (Hernández-Jiménez et al., 2013). However, another study reached the opposite conclusion. They found that compared with control group, the level of Sirt1 in middle cerebral artery occlusion (MCAO) group decreased sharply (Kalaivani et al., 2014). The huge difference in results may be attributed to different species and different model construction used in such two studies.

In order to further clarify the role of Sirt1 in cerebral ischemic/reperfusion (I/R) injury, researchers constructed its overexpression and knockout model through genetic manipulation technology. Compared with wild-type model, Sirt1–/– mice subjected to permanent MCAO performed the larger infarct size (Hernández-Jiménez et al., 2013). Conversely, overexpressing Sirt1 could reduce hippocampal injury after bilateral common carotid artery occlusion (Hattori et al., 2015). In summary, activation of Sirt1 has neuroprotective effects and regulates the outcome of cerebral ischemic injury.




Potential mechanisms of Sirt1 for ischemic stroke

Studies in animal models and clinical trials have shown that Sirt1 is an efficient treatment for ischemic stroke. How does Sirt1 play a therapeutic role? What are the therapeutic targets for Sirt1? The specific mechanisms of Sirt1 for regulating cerebral ischemic stroke will be discussed in the following section (Figure 3).
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FIGURE 3
Potential mechanisms of Sirt1 for ischemic stroke.



Anti-oxidative stress

Oxidative stress is one of the earliest outcomes in the period of ischemic stroke, causing cascades of cellular and molecular processes that leads to neurodegeneration and death of neurons. Increased levels of ROS in cells, such as hydroxyl radicals, can result in oxidative stress and mitochondrial dysfunction, which can lead to cerebral ischemia and further aggravate the cerebral injury. Sirt1 has been identified as playing an essential role in oxidative stress. Sirt1 is activated after the onset of stroke and can regulate multiple signaling pathways to affect oxidative stress, further modulating the pathological process of stroke.

The anti-oxidant properties of Sirt1 rely basically on targeting the FOXO transcription factors. Specifically, FOXO3 has been demonstrated to play an essential role in the regulation of oxidative stress, which can upregulate the expression of several antioxidant proteins, including superoxide dismutase, manganese superoxide dismutase, and catalase. FOXO3 can be phosphorylated and deacetylated to regulate its transcriptional activity.

In addition, deacetylation of FOXO3 by Sirt1 can prevent cell death induced by FOXO3. Zhang et al. (2022) found that Bergenin hampered the production of inflammatory factors and oxidative stress mediators by boosting the Sirt1/FOXO3 pathway. Similarly, the lncRNA SNHG12 also performed the anti-oxidant effects in ischemic model by activating Sirt1/FOXO3 pathway.

In addition, FOXO1 and FOXO3 can regulate the level of peroxisome proliferator-activated receptor gamma co-activator 1-α(PGC-1α). PGC-1α is involved to the oxidative phosphorylation and ROS detoxification, contributing to maintaining metabolic homeostasis. PGC-1α upregulation could reduce the oxidative stress-mediated neuronal death (St-Pierre et al., 2006). Reversely, PGC-1α depletion further increased the cellular injury induced by oxidative stress (Pérez et al., 2019). Moreover, Calycosin-7-glucoside reduced neuronal death mediated by oxidative stress through activating Sirt1/FOXO1/PGC-1α signaling pathway (Yan et al., 2019). Similarly, Xie et al. (2020) found that notoginseng leaf triterpenes, a natural ingredient, suppressed the excessive oxidative stress and mitochondrial damage at least partly via Sirt1/FOXO3/PGC-1α axis. These studies suggest that Sirt1 has anti-oxidant stress effect.



Anti-inflammation

Inflammatory response plays a crucial role in the pathophysiology of stroke because it runs through the whole process. The nuclear factor kappa B (NF-κB) is a major transcription factor of inflammation, which can be specifically activated after cerebral ischemic stroke. Sirt1 can alleviate cerebral ischemia/reperfusion injury by regulating NF-κB pathway. For example, Sirt1 regulated the transcriptional activity of NF-κB by directly deacetylating NF-κB P65, thereby modulating the expression of inflammatory cytokine TNF-α (Yeung et al., 2004). Sirt1 activator resveratrol could reduce OGD/R-mediated neuronal death and neuroinflammation by regulating NF-κB p50 deacetylation (Lanzillotta et al., 2010). Besides acetylation modification, Sirt1 can also mitigated NF-κB phosphorylation to alleviate microglia inflammation (Hu et al., 2022). In addition, Sirt1 can indirectly modulate NF-κB pathway through other targets, including TLR4, FOXO3, Nrf2 and so on. Specifically, Bergenin inhibited the expression of inflammatory factors in MCAO model via Sirt1/FOXO3/NF-κB pathway (Zhang et al., 2022). TLR4 was also involved in the regulation of Sirt1 on NF-κB-mediated inflammatory response (Le et al., 2019). And Sirt1 can modulate Nrf2-NF-κB signaling pathway thereby reducing inflammatory respose and protect neurons from OGD damage (Zheng et al., 2022). Taken together, Sirt1 can downregulate the inflammatory response after cerebral ischemia by directly or indirectly regulating NF-κB signaling pathway.



Affecting excitotoxicity

Glutamate is a primary excitatory amino acid neurotransmitter and activation of glutamate receptors including N-methyl-D-aspartate (NMDA) receptor plays crucial roles in the central nervous system. However, excessive NMDA receptor can result in intracellular calcium overload, leading to an enzymatic cascade of events resulting ultimately in cell death known as excitotoxicity. NMDA-mediated excitotoxicity has been associated with a variety of nervous system diseases, including stroke and epilepsy. Therefore, better management of excitotoxicity is of great significance for maintaining brain homeostasis and alleviating neurological damage after cerebral ischemic stroke.

The recent study suggested that Ca-PKC-HuR-Sirt1 axis was involved in the glutamate-mediated excitotoxicity, and Sirt1 is the key node (Yang et al., 2020). Subsequently, it was reported that Sirt1 protected cerebral cortical and hippocampal neurons from glutamate-induced injury, which was mainly due to its ability to deacetylate PGC-1α (Jia et al., 2016; Yue et al., 2016). Interestingly, Yang et al. (2017) found that Sirt1 activator resveratrol could also shield cortical neurons from glutamate-induced excitotoxicity through suppressing P53 acetylation. Moreover, the inhibition of Sirt1 on excitotoxicity has also been verified in rodent model. Recent reportedly, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-mediated excitotoxicity led to a progressive motor neuron degeneration and motor deficits. Quercetin could improve these neurological deficits, and its protective effects was reversed by Sirt1 inhibitor EX527, which implicated the crucial role of Sirt1 on exerting the neuroprotection by suppressing excitotoxicity (Lazo-Gomez and Tapia, 2017).

In summary, these evidences have proved that Sirt1 is a potential target for blocking glutamate-induced excitotoxicity. However, further study is needed to confirm whether and how Sirt1 diminishes excitotoxicity after ischemic stroke.



Regulating BBB damage

It is well known that BBB is served as the first line of defense to prevent harmful substances from entering the brain and is vital for maintaining brain homeostasis. BBB consists primarily of tightly connected brain microvascular endothelial cells (BMECs), basement membrane, astrocyte end-foot, and pericytes. Disruption of BBB integrity leads to further damage to the brain after ischemic stroke. Increasing evidence suggests that Sirt1 can regulate ischemia-induced BBB damage, thus providing neuroprotection.

BMECs play an essential role in maintaining BBB integrity. CaMKK (α and β), a major kinase activated by elevated intracellular calcium, has been shown to activate Sirt1, a key endothelial protector. Recently, Sun et al. found that CaMKK activation may attenuate ischemic brain injury by protecting the brain microvascular system through Sirt1. Another research implied that lncRNA Snhg8 could relieve ischemic injury of BMECs both in vitro and in vivo by targeting Sirt1-mediated NF-κB pathway through sponging miR-425-5p. It was suggested that Snhg8/miR-425-5p/Sirt1/NF-κB axis plays a critical role in the regulation of cerebral ischemia-induced BBB damage. Similarly, circHIPK3 acted as an endogenous sponge of miR-148b-3p to decrease its activity, resulting in downregulation of Sirt1 expression and subsequent BMEC apoptosis and mitochondrial dysfunction, further exacerbating BBB damage (Chen G. et al., 2022). In addition, Sirt1 agonist quercetin ameliorates neurological deficits and BBB integrity through Sirt1/Nrf2/HO-1 signaling, and its protective effect is partially reversed by the Sirt1 inhibitor EX527.

Although most investigators have confirmed the positive role of Sirt1 in improving BBB damage in ischemic stroke, there are still some studies that contradict these findings. It was reported that Sirt1 was involved to regulate expression of Sirt3, induction of apoptosis, and production of ROS by inhibiting AMPK-PGC1 pathway, thereby increasing BBB permeability.

Further studies are required to elucidate the specific mechanism of Sirt1 for regulating BBB and thus explain the contradiction in these studies.



Controlling programmed cell death

Cell death includes uncontrolled accidental cell death and programmed cell death (PCD), which can be activated during trauma, ischemia, hemorrhage, inflammation, oxidative stress, and so on. PCD is induced by one or more signals and can be managed through pharmacological or genetical intervention, including apoptosis, necroptosis, autophagy, pyroptosis and ferroptosis. Recently, cuproptosis has been recognized as a novel PCD. Growing studies have revealed that Sirt1 can alleviate cerebral ischemic injury by regulating the occurrence of PCD. Thus, we provided supporting data that Sirt1 regulated PCD in ischemic stroke.



Apoptosis

Apoptosis is a programmed cell death process that relies on caspase activity and is characterized by cell shrinkage, membrane blebbing, and chromatin condensation. It can be activated by either the intrinsic or extrinsic pathway (Carneiro and El-Deiry, 2020). Specifically, the pro-apoptotic proteins of the B-cell lymphoma 2 (Bcl-2) family increase the permeability of the outer mitochondrial membrane, which leads to the activation of caspase proteases and eventually, cell disintegration. Sirt1 plays an important role in endogenous neuroprotection against ischemic stroke due to its anti-apoptotic effects (Gao et al., 2022). Inhibition of Sirt1 exacerbates ischemic injury accompanied by increased acetylation of P53 and NF-κB P65, which are important factors in apoptotic pathways that cause brain damage (Hernández-Jiménez et al., 2013).

Maresin 1 (MaR1), a mediator released by M2 macrophages, has been shown to possess anti-inflammatory and anti-apoptotic properties in several diseases (Li et al., 2021; Li H. et al., 2022; Yang W. et al., 2022). In ischemic stroke, MaR1 inhibited apoptosis and reduced injury by up-regulating expression of Sirt1 and Bcl-2 and down-regulating expression of acetylated NF-κB and Bax, Sirt1 inhibitor EX527 could partially reverse the effects, which suggested that the Sirt1/P65 signaling was specifically involved in MaR1-mediated protection against ischemic stroke (Xian et al., 2019). In OGD model of PC12 cells, kaempferol, a natural flavonol, reduces P66shc expression, promotes the deacetylation of P66shc by up-regulating Sirt1, and inhibits cellular apoptosis and mitochondrial dysfunction. This suggested that kaempferol inhibited OGD-mediated apoptosis via Sirt1/p66shc axis (Zhou and Li, 2020).

QIK 6 is a member of the STAR family and has recently been found to be predominantly expressed in primary neurons. Its neuroprotective effects against ischemic stroke have been demonstrated, and Sirt1 is considered the most critical node in this process. On the one hand, Sirt1 induced the deacetylation of QIK 6; on the other hand, Sirt1 activated PPARγ/PGC-1α Signal pathway, both of which could promote synthesis of triglyceride and inhibit neuronal apoptosis, thus slowing the progression of stroke. In a word, Sirt1 mediated the synthesis of triglyceride and inhibition of neuronal apoptosis after stroke, which was associated with the QKI 6 and the PPARγ/PGC-1α signaling pathway (Liu R. et al., 2021).

MicroRNAs (miRs) regulate gene expression by inhibiting protein translation and targeting mRNA destabilization/degradation (Szabo and Bala, 2013). Increasing evidence has indicated that miRs play a key role in various pathological processes, including inflammation, neurodegeneration and cellular apoptosis (Di Leva et al., 2014). It was reported that the miR-149-5p levels were markedly decreased at 24 h after cerebral I/R injury, and Sirt1 natural activator resveratrol could increase its activity accompanied by the downregulation of P53 and caspase-3. This implied that miR-149-5p was involved in the regulation of caspase-3- mediated apoptotic neuronal cell death via Sirt1/P53 axis (Teertam et al., 2020). Another study demonstrated that miR-489-3p was also involved in the regulation of Sirt1 on apoptosis in ischemic stroke (Song et al., 2022). After ischemic stroke, miR-489-3p was upregulated, while Sirt1 was downregulated. Silencing miR-489-3p inhibited neuronal apoptosis and improved neurological function by targeting Sirt1. Moreover, a recent report identified Sirt1 as a target gene of miR-142-3p. The study revealed that miR-142-3p can modulate neuronal apoptosis after ischemic stroke by targeting Sirt1 (Meng et al., 2023). These studies showed that the anti-apoptotic effects of various substances in ischemic stroke are achieved by targeting Sirt1. Therefore, Sirt1 may be one of the key targets for regulating apoptosis.



Pyroptosis

Pyroptosis is a form of regulated necrosis, triggered by inflammatory Caspase-1 after its activation by various inflammasomes, which can mediate the effect of Gasdermin-D protein, leading to cell lysis and extracellular release of the cytosolic contents and secretion of pro-inflammatory mediators, such as interleukin (IL)-1β and IL-18, resulting in the excessive inflammatory response (Sharma and Kanneganti, 2021). Specifically, The NLRP3 inflammasome is among the most prominent inflammasomes, with high expression levels in the brain, as it plays a crucial role in detecting cell damage and initiating an inflammatory cascade. Several studies have indicated that the NLRP3 inflammasome plays an essential part in the occurrence and development of cerebral I/R injury (Heinisch et al., 2022; Kerr et al., 2022), and the activation of Sirt1 can exert the neuroprotection via inhibition of this pathway (Zhou et al., 2023).

Growing evidence indicates that mesenchymal stem cells (MSCs) affect the pathological processes of ischemic stroke via multiple targets and multitemporal, including reducing inflammation, modulating immune function, inhibiting apoptosis, promoting neurovascular regeneration, enhancing autophagy, and more (Zhou et al., 2022; Szydlak, 2023; Xie et al., 2023; Xu et al., 2023). A recent study indicated neuroprotective effects of bone MSCs transplantation, including reducing infarct size, improving motor function and behavioral outcomes, and downregulating NLRP3 inflammasome expression. However, all these positive effects were reversed by the Sirt1 specific inhibitor EX-527 through the regulation of NF-κB pathway (Sarmah et al., 2022). During the hyperacute phase of ischemic stroke, researchers observed the suppression of Sirt1 and upregulation of TRFA6 protein and ROS levels were observed. Activation of Sirt1 exerted its neuroprotection by inhibiting cellular pyroptosis after stroke via the ROS-TRFA6 signaling pathway (Yan et al., 2020).

Resveratrol, a specific Sirt1 agonist, performed the positive effect on the inhibition of NLRP3 inflammasome and neuroprotection after embolic stroke. Furthermore, it attenuated I/R-induced NLRP3 inflammasome-derived inflammation and upregulated autophagy. Sirt1 knockdown significantly blocked resveratrol-induced enhancement of autophagy activity and suppression of NLRP3 inflammasome activation, which implied that resveratrol protects against cerebral I/R injury by inhibiting NLRP3 inflammasome activation through Sirt1-dependent autophagy activity (He et al., 2017).

Recently, several studies indicated that acetylation of NLRP3 is required for the assembly and activation of the NLRP3 inflammasome (Zhao et al., 2019). So, suppressing acetylation of NLRP3 can inhibit the incidence and development of pyroptosis. Zhang et al. demonstrated that Sirt2 improved aging-associated chronic inflammation and insulin resistance by promoting NLRP3 deacetylation (He et al., 2020). Moreover, the inhibitory effect of Sirt1 on NLRP3 acetylation was also found in adipose tissue inflammation (Chen C. et al., 2022). Although various inhibitory mechanisms of Sirt1 on NLRP3 inflammasome have been discussed, whether Sirt1 exerts a protective effect on ischemic stroke by directly regulating NLRP3 deacetylation to inhibit pyroptosis remains unknown.



Autophagy

Autophagy-dependent death, known as type 2 programmed cell death, is essential for maintaining cellular homeostasis in both physiological and pathological processes (Debnath et al., 2023). However, it is still unclear whether it has a positive or negative impact. Generally, in the nervous system, moderate autophagy has neuroprotective effects, while inadequate or excess autophagy may lead to neuronal death. Recently, autophagy has been recognized as a critical process in ischemic stroke in addition to neurodegenerative diseases (Yang Z. et al., 2022). And growing evidence suggests that Sirt1 may promote neuronal cell survival and alleviate cerebral I/R injury by modulating autophagy process (Tang et al., 2022; Teertam and Phanithi, 2022).

Nicotinamide phosphoribosyltransferase (Nampt), the rate-limiting enzyme in mammalian NAD+ biosynthesis, has been found to have a positive effect on ischemic stroke treatment. Besides inhibiting neuronal apoptosis and necrosis, Nampt promotes neuronal survival through inducing autophagy via regulating TSC2-mTOR-S6K1 signaling pathway in a Sirt1-dependent manner during cerebral ischemia (Wang et al., 2012). Nicotinamide mononucleotide adenylyltransferase also showed the similar therapeutic potential as Nampt for cerebral ischemia. It was reported that Nicotinamide mononucleotide adenylyltransferase protects against acute ischemic stroke in aged rats by inducing autophagy via regulating the Sirt1/mTOR pathway (Wang P. et al., 2019).

Electroacupuncture (EA) treatment is a promising therapy for ischemic stroke, however, the specific mechanism is still elusive. It is recently reported that EA treatment may inhibit apoptosis by regulating autophagy in the acute phase of ischemic stroke, thereby alleviating brain injury, and Sirt1 may play a crucial role in the regulation of autophagy in EA treatment for ischemic stroke (Xing et al., 2021). Xu et al. (2020) further tested the role of Sirt1 on regulating autophagy after ischemic stroke. They found that EA treatment inhibited the histone H4K16 acetylation process through Sirt1, facilitated autophagy, and alleviated I/R injury.

Diabetic brains are more vulnerable to I/R injury, but melatonin treatment has been found to protect against cerebral I/R-induced brain damage in both normal and diabetic mice by enhancing autophagy through the Sirt1-BMAL1 pathway (Liu L. et al., 2021).

Cerebral I/R injury induced by hemorrhagic shock and reperfusion is the main cause of death following trauma. Sirt1 was involved in the neuroprotective effects of sevoflurane post-conditioning on regulation of defective autophagy, mitochondrial oxidative injury, and neuronal death caused by hemorrhagic shock and reperfusion (Shu et al., 2022).

In addition to indirect regulation, Sirt1 can also directly modulate the deacetylation of the autophagy-related protein to induce autophagy. LC3, a key initiator of autophagy, became selectively activated in the nucleus during starvation through deacetylation by Sirt1. Deacetylation of LC3 at K49 and K51 by Sirt1 allows LC3 to interact with the nuclear protein DOR and return to the cytoplasm where it functioned as autophagy initiation (Huang et al., 2015). Recently reported, deacetylation of beclin1 was also mediated by Sirt1, which improved the acute kidney injury via activation of autophagy (Deng et al., 2021). However, the direct regulatory effect of Sirt1 on autophagy in stroke remains unclear and needs to be confirmed by further studies.

Interestingly, Sirt1 not only can induce autophagy after ischemic stroke, but also has a negative regulatory effect on autophagy.

The activation of Sirt1/FOXO1 pathway by Betulinic acid, a pentacyclic triterpene acid mainly extracted from birch bark, suppressed the autophagy, which improved the brain damage after ischemic stroke (Zhao et al., 2021). Magnoflorine, a natural compound with anti-oxidant and immunomodulatory effects, has also been found to protect against ischemic stroke by inhibiting autophagy through the activation of the Sirt1/AMPK pathway (Liang et al., 2022).

As mentioned above, there is bidirectional regulation of autophagy by Sirt1 in stroke. Further studies are needed to thoroughly understand the regulatory effect of Sirt1 on autophagy, which is of great significance for the prevention and treatment of stroke.



Necroptosis

Necroptosis is a programmed type of cell death mediated by receptor-interacting serine/threonine-protein kinase (RIPK) 1, RIPK3, and mixed lineage kinase like protein (MLKL), which is characterized by cellular organelle swelling and cell membrane rupture (Albani et al., 2010). This process plays a critical role in both physiological and pathological conditions, and Sirt1 has been shown to protect against necroptosis in various disease models, including cancer (Carafa et al., 2018), acute lung injury (Liu et al., 2022) and liver fibrosis (Sun et al., 2022). However, a study of ischemic stroke has yielded contradictory results. Specifically, RIP3 and MLKL levels were found to increase in the prefrontal cortex and hippocampus of rat brains during the 24 h after I/R injury.

Surprisingly, the Sirt1 inhibitor EX-527 was shown to be as effective as necrostatin-1 in suppressing the elevation of RIP3 and MLKL, leading to reduced infarct volumes, which indicated that suppression of Sirt1 provided the neuroprotection against ischemic stroke by inhibiting necroptosis. Further studies are needed to elucidate the interaction between Sirt1 and necroptosis following ischemic stroke.



Ferroptosis

Ferroptosis is a form of programmed cell death that depends on iron overload and lipid peroxidation, and has gained significant attention since its discovery in Lei et al. (2022). Excessive intracellular iron accumulation results in the production of reactive oxygen species (ROS) through the Fenton reaction, causing lipid peroxidation and subsequent ferroptosis. Studies have shown that iron deposition, lipid peroxidation, and neuronal death in the brain were significantly increased in an adult rat model of ischemic stroke (Ye et al., 2022).

Glutathione peroxidase 4 (GPX4) plays an important role in suppressing ferroptosis, which functions to reduce lipid peroxides in cellular membranes.

Silent mating type information regulation 2 homolog 1 activator resveratrol exhibited the positive effects on inhibiting ferroptosis via upregulation of GPX4, which exerted neuroprotection against ischemic stroke. Our previous research found that resveratrol pretreatment had a similar effect as ferroptosis inhibitors, ferrostatin-1 on inhibiting neuronal ferroptosis-related changes, such as iron overload, damages of oxidation-reduction system, and destruction of mitochondrial structure, with the upregulation of GPX4 (Zhu et al., 2022). Similarly, Li C. et al. (2022) found that resveratrol inhibited hippocampal neuronal ferroptosis by activating Sirt1/Nrf2/GPx4 signaling pathway, thereby improving the cognitive impairment.

Furthermore, it was recently demonstrated that Sirt1 participated in the neuroprotection against ischemic stroke both in vivo and in vitro by inhibiting ferroptosis via SLC7A11, another key executor of ferroptosis. Further researches are needed to determine whether Sirt1 can inhibit ferroptosis by directly regulating the deacetylation of ferroptosis-associated molecules and thus exert neuroprotective effects.



Cuproptosis

Copper is an indispensable cofactor for all organisms, but excessive intracellular copper induces cell death, thus causing toxic effects on the body. Recently, Todd R. Golub and Peter Tsvetkov et al. (2022) found a new sort of copper-dependent programmed cell death, and named it cuproptosis. Cuproptosis occurs through direct interaction of copper with the fatty acylated components of the tricarboxylic acid cycle, leading to excessive aggregation of fatty acylated proteins and loss of iron–sulfur cluster proteins, which stimulates proteotoxic stress and cell death. In ischemic stroke patients, the level of copper in serum and urine was significantly increased (Lai et al., 2016). However, it requires further to be clarification whether excessive copper induces cuproptosis of neurons and whether Sirt1 played a key role in regulating cuproptosis.



Promoting angiogenesis

Angiogenesis can promote the survival and recovery of patients with ischemic stroke by restoring blood supply to the affected regions. Emerging evidence has indicated the involvement of Sirt1 in post-stroke angiogenesis, which is a complicated process regulated by angiogenic factors, such as vascular endothelial growth factor (VEGF) (Simão et al., 2012; Hermann et al., 2015; Zheng et al., 2018).

Hypoxia inducible factor 1α (HIF-1α) is the core regulatory factor of post-stroke angiogenesis, which can upregulate the expression of key angiogenic factors, such as VEGF and its receptor, thereby promoting post-stroke angiogenesis. The interaction between Sirt1 and HIF-1α was first reported in Lim et al. (2010). It revealed that Sirt1 could interact with HIF-1α and deacetylate its 647 lysine to inhibit its activity and thereby suppressing angiogenesis. Conversely, a recent study has indicated that Sirt1 can promote the proliferation and migration of hypoxia/high glucose induced-BMECs by activating HIF-1α/VEGF pathway, which is the important process of angiogenesis (Mi et al., 2019). Further studies are needed to clarify the relationship between Sirt1 and HIF-1α-mediated angiogenesis.

Vascular endothelial growth factor acts directly on endothelial cells and is a critical node in the angiogenic process. Choi et al. (2017) found that Sirt1 could upregulate the expression of VEGF through inducing PGC-1α deacetylation and ubiquitination to promote angiogenesis. Furthermore, Donepezil was reported to increase the viability and migration of OGD/R-induced human BMECs and expression of VEGF via Sirt1/FOXO3a/NF-κB pathway (Sun and Liu, 2022). The Notch signaling pathway and VEGF exhibit a synergistic effect in angiogenesis, especially in the process of tube formation (Gerhardt et al., 2003). Notoginsenoside R1, a natural constituent, could promote angiogenesis via Notch/VEGF signaling pathway, which was partially reversed by Sirt1 inhibitor EX527 (Zhu et al., 2021). However, it remains unclear how Sirt1 regulates the interaction between Notch signaling and VEGF to promote angiogenesis in ischemic stroke.



Enhancing neurogenesis

Neurogenesis, which involves the proliferation and differentiation of neural stem cells (NSCs), is crucial for functional recovery after ischemic stroke. Sirt1 has shown the potential property of inducing neurogenesis primarily through sonic hedgehog (Shh) signaling and Wnt/β-catenin signaling.

It was found that up-regulation of Sirt1 activity by momordica charantia polysaccharides induced the cytoplasmic deacetylation of β-catenin, which mediated the translocation of β-catenin into the nucleus, thus promoting NSCs proliferation in the subventricular and subgranular zones of cerebral I/R rats on the one hand (Ma et al., 2021), and transferring the differentiation potential of NSCs from the gliogenic to neurogenic lineage under pathological conditions on the other hand (Hu et al., 2020). Taken together, Sirt1 can induce neurogenesis, including NSCs proliferation and differentiation, thereby promoting recovery from cerebral I/R injury.

Sonic hedgehog signaling plays a critical role in regulating stem cell behavior and promoting neurite outgrowth and synaptogenesis in both developing and adult brains. Our previous studies suggested that Sirt1 activator resveratrol pretreatment enhanced NSCs proliferation in vitro (Cheng et al., 2015) and in vivo (Yu H. et al., 2021) after cerebral I/R injury, and induced the differentiation of bone MSCs into neuronal-like cells via activation of the Shh signaling (Huang et al., 2014).

In conclusion, Sirt1 has shown its protective effects on endogenous NSCs proliferation and differentiation. However, further studies are necessary to clarify whether Sirt1 contributes to the survival of exogenous stem cell transplantation.




Conclusion and perspectives

Ischemic stroke has long caused concern among medical professionals as one of the leading causes of death worldwide. Therefore, the need for novel treatment modalities is urgent at the moment. The data we gathered has identified activated Sirt1 as a potential therapy. It is clear that Sirt1 is able to protect against pathological situations like cerebral ischemia injury and sustain brain homeostasis when acting physiologically. Numerous pharmacological agents that stimulate Sirt1 have been thoroughly described above and have demonstrated the potential for clinical transformation. However, despite these encouraging findings, there is still a lack of clinical proof to support the claim that Sirt1 protects against ischemia stroke. Additional research is needed to substantiate this claim.

The specific mechanism by which Sirt1 promotes neuroprotection in ischemic stroke is not yet completely clear. Therefore, further investigation is required to identify the precise target of Sirt1, which will aid in the development of novel treatment strategies for ischemic stroke. In summary, Sirt1 is undoubtedly a promising candidate therapeutic target for ischemic stroke.
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Sirtl activators/inhibitors | Categories Catalytic mechanism References
Activators
AROS Physiological Binding to the Sirt1 catalytic domain Autiero et al., 2008
LARP7 Physiological Strongly binding to the N-terminal domain of Sirt1 Yan et al,, 2021; Yu H. et al,, 2021
Resveratrol Natural (1) Binding with the N-terminal domain of Sirt1 and the Liu et al,, 2012; Cao et al., 2015
related substrate at the same time
(2) Interacting with LAMIN A
Quercetin Natural Binding to the helix2-turn-helix3 motif in the N-terminal Zhang et al., 2021
domain of Sirtl
Curcumin/Salvianolic acid B Natural Uncertain. Further studies are need to clarify the specific Lv et al,, 2015; Zhang et al., 2017;
catalytic mechanism Ling et al,, 2018
SRT1720 Synthetic Binding to the Sirt1-substrate complex at the allosteric site of | Milne et al., 2007
the amino terminal catalytic region
Inhibitors
DBC1 Physiological Binding to the catalytic domain of Sirtl Kim et al., 2008
Suramin Natural Tightly binding to Sirtl catalytic domain, and simultaneously | Trapp etal, 2007
occupy the binding region of NAD + and the substrate
EX527 Synthetic Specifically binding to Sirt1 to inhibit the formation of the Gertz et al,, 2013

Sirtl-substrate complex
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