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Abstract

:

Many pathologic states can lead to the accumulation of unfolded/misfolded proteins in cells. This causes endoplasmic reticulum (ER) stress and triggers the unfolded protein response (UPR), which encompasses three main adaptive branches. One of these UPR branches is mediated by protein kinase RNA-like ER kinase (PERK), an ER stress sensor. The primary consequence of PERK activation is the suppression of global protein synthesis, which reduces ER workload and facilitates the recovery of ER function. Ischemic stroke induces ER stress and activates the UPR. Studies have demonstrated the involvement of the PERK pathway in stroke pathophysiology; however, its role in stroke outcomes requires further clarification. Importantly, considering mounting evidence that supports the therapeutic potential of the PERK pathway in aging-related cognitive decline and neurodegenerative diseases, this pathway may represent a promising therapeutic target in stroke. Therefore, in this review, our aim is to discuss the current understanding of PERK in ischemic stroke, and to summarize pharmacologic tools for translational stroke research that targets PERK and its associated pathways.
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1. Introduction


Ischemic stroke, the most prevalent stroke type, is associated with a high risk of mortality and long-term disabilities [1]. Apart from acute reperfusion therapy, treatment options for stroke patients are limited. This underscores the urgency of developing new and effective stroke therapeutics that can mitigate brain damage and improve functional recovery. To this end, a thorough understanding of stroke pathophysiology is key.



After ischemic stroke, massive cell death and blood–brain barrier (BBB) damage lead to a profound change in the extracellular environment of the affected brain regions. In response to this change, many pathways are activated in brain cells, including both pro-survival and pro-death pathways, which represent potential therapeutic targets for stroke treatment. One such pathway is the unfolded protein response (UPR), which is initiated in the endoplasmic reticulum (ER). The ER is the primary site in cells for protein translation, modification, folding, and maturation, as well as calcium buffering [2]. Thus, ER function is critical for cellular protein homeostasis (proteostasis) [2,3]. After stroke, the adverse environment disrupts calcium homeostasis and exposes cells to toxic reactive oxygen species (ROS). Coupled with reduced energy availability, ER function related to proteostasis is impaired after stroke, leading to the accumulation of misfolded or unfolded proteins in the ER—a state known as ER stress [4,5,6]. To restore ER function and reestablish cellular proteostasis, mammalian cells have three major adaptive response pathways mediated by ER stress sensors: ATF6 (activating transcription factor 6), IRE1 (inositol-requiring enzyme 1), and PERK (protein kinase RNA-like ER kinase) [2]. These pathways are branches of the UPR.



A wealth of evidence indicates that stroke causes ER stress and activates the UPR in the brain [4,5,6]. However, the effect of UPR activation in stroke has not been fully established, as data supporting both its detrimental and beneficial roles have been reported. This discrepancy is likely attributed to the interpretation of stroke data related to the PERK pathway. Unlike the ATF6 and IRE1 UPR branches, which are predominantly considered protective in cells under ER stress, the PERK UPR branch can either restore cellular homeostasis or activate cell death processes [7,8,9,10]. In the early phase of ER stress, activation of all three UPR branches leads to the suppression of general protein synthesis, the improvement of ER capacity for protein folding, and enhanced clearance of unfolded proteins, collectively mitigating ER stress and promoting cell survival. However, if ER stress persists and the activated UPR fails to restore ER function, cell death processes ensue, and PERK signaling plays a major role in these processes [7]. Notably, the PERK pathway has been increasingly studied as a therapeutic target for aging-related cognitive decline and neurodegenerative diseases [11,12]. Thus, a better understanding of the role of PERK in stroke outcomes is critically important to the stroke field. In this review, we first discuss the primary cellular pathways/processes that are regulated by PERK signaling, and then summarize key experimental findings about PERK in ischemic stroke.




2. General Overview of the UPR in Ischemic Stroke


UPR activation exerts its effects by modulating both transcriptional and translational programs in cells [2]. Upon sensing ER stress, ATF6 translocates from the ER to the Golgi where it is cleaved to generate the short-form ATF6 (sATF6), while IRE1 becomes an endoribonuclease that mediates the non-conventional splicing of X-box binding protein 1 (XBP1) mRNA, subsequently generating the active XBP1s protein. Both sATF6 and XBP1s are potent transcriptional factors and, once in the nucleus, upregulate expression of many genes related to protein folding, maturation, and degradation, such as ER chaperones GRP78 (or BiP), GRP94, and ERAD-related proteins [2]. Notably, XBP1s can also upregulate expression of the enzymes involved in the hexosamine biosynthetic pathway (HBP) and thus increase global O-GlcNAcylation [13,14,15]. This post-translational modification has been demonstrated to be a pro-survival response under various stress conditions [16].



Using mice with global deletion of Atf6 (Atf6−/−), a previous study showed that these mice exhibited worse brain damage after stroke [17]. Our group has developed a conditional and tamoxifen-inducible sATF6 knock-in mouse line, sATF6-MER [18]. After generating sATF6-MER;Emx1-Cre (sATF6-KINeuron) mice with neuron-specific expression of sATF6 in the brain, we subjected these mice to transient filament middle cerebral artery occlusion (tMCAO), a stroke model, and found that forced activation of the ATF6 branch in neurons significantly reduced infarct volumes and improved neurologic function [18]. Recently, we examined sATF6-KINeuron mice in permanent stroke using photothrombotic (PT) and transcranial MCAO models and observed improved short- and long-term stroke outcomes in these mice [19]. Together, the current data support the notion that activation of the ATF6 branch is protective in ischemic stroke.



Leveraging a gain-of-function mouse model (TRE-XBP1s;Camk2a-tTA [XBP1s-TGNeuron]) and a loss-of-function mouse model (Xbp1fl/fl;Emx1-Cre [Xbp1-cKONeuron]), our group has provided the first evidence that activation of XBP1 signaling in neurons is neuroprotective in both transient and permanent ischemic stroke models, and that activation of the XBP1/HBP/O-GlcNAc axis is a critical mechanism that underpins XBP1-mediated neuroprotection [14,15]. In support of this mechanism, we also found that pharmacologically boosting O-GlcNAcylation with thiamet-G partially reversed worse stroke outcomes observed in Xbp1-cKONeuron mice [15]. Consistently, it has been shown that Xbp1s overexpression in cardiomyocytes protects the heart from ischemia/reperfusion injury, reducing the infarct area by nearly 50% [13]. Of note, however, a recent study reported that sustained overactivation of XBP1s signaling in neurons can cause seizure and animal death [20]. Thus, careful consideration is needed for long-term treatments that target IRE1/XBP1 signaling.



Under ER stress, activated PERK phosphorylates serine 51 of the α subunit of eukaryotic translation initiation factor 2 (eIF2) which leads to attenuation of global protein synthesis, as detailed below. The consequence is a reduction in ER workload, which facilitates the restoration of ER homeostasis. An increase in phosphorylated eIF2α (p-eIF2α) and protein synthesis inhibition (PSI) has been found in the ischemic brain [21,22,23]. However, this observation alone does not necessarily indicate that the PERK branch is the cause of stroke-induced PSI, because four kinases—GCN2, PKR, HRI, and PERK—have been identified as eIF2α kinases [8]. These kinases are differentially activated according to stress types: GCN2 responds to nutrient deprivation, PKR to double-stranded RNA, HRI to low heme concentration, and PERK to ER stress. Using global Perk knockout mice, an early study suggested that PERK is responsible for post-ischemic eIF2α phosphorylation [24]. Further supportive data regarding the involvement of the PERK pathway in stroke-induced PSI come from experiments on Perkf/f;Camk2a-Cre (PERK-cKONeuron) mice in which Perk is specifically deleted in neurons [21]. In these conditional knockout mice, ischemia-induced p-eIF2α is markedly suppressed, and levels of protein synthesis in the brain are higher in PERK-cKONeuron vs. control mice. Moreover, salubrinal, an inhibitor of p-eIF2α de-phosphorylation, can largely reverse the elevated protein synthesis observed in PERK-cKONeuron mice [21]. All these data together support a mechanistic link between PERK, p-eIF2α activation, and PSI in the ischemic brain. Moreover, PERK-cKONeuron mice have worse acute stroke outcomes [21]. However, it must be noted that although the current data indicate that a protein synthesis-related mechanism drives the effects of PERK signaling on stroke outcomes, other PERK-controlled downstream pathways/processes may also be involved, as discussed below.




3. PERK Signaling


PERK is a transmembrane protein that features a luminal ER stress-sensing domain and a cytosolic kinase domain. According to the current activation model, PERK remains an inactive state when chaperon GRP78 is bound to its luminal domain. Upon ER stress, GRP78 dissociates from PERK to engage with unfolded proteins. This activates PERK by promoting its dimerization and autophosphorylation [2]. While its primary substrate is eIF2α, PERK can phosphorylate other signaling factors including nuclear factor erythroid 2-related factor 2 (NRF2). Importantly, PERK also exerts functions that are independent of its kinase activity [11,12]. Major PERK-related signaling pathways/processes are illustrated in Figure 1.



3.1. PERK and p-eIF2α


PERK primarily phosphorylates eIF2α, a subunit of eIF2, which consists of α-, β-, and γ-subunits. eIF2 is a GTP binding protein that is central to the mRNA translation process. In the translation initiation process, Met-tRNA, eIF2γ, and GTP combine to form the functional ternary complex (TC). The TC scans the mRNA, along with other initiation factors. When the initiator Met-tRNA successfully pairs with the AUG start codon, GTP undergoes hydrolysis, resulting in the release of eIF2•GDP from the TC. To reassemble the TC, GDP is displaced by GTP with the assistance of the guanine nucleotide exchange factor, eIF2B [25]. However, phosphorylated eIF2α can strongly bind to eIF2B, prevent GTP from reloading into the TC, and thus arrest global protein synthesis [2,26]. Interestingly, the presence of p-eIF2α favors selective translation of mRNAs containing short upstream open reading frames (uORFs) in the 5′-UTR of genes among which transcription factor 4 (ATF4) has been most studied. ATF4 regulates expression of a range of genes involved in redox control, protein folding, and amino acid metabolism to facilitate restoration of cell homeostasis [2,26]. Critically, PERK-induced p-eIF2α is essential to the survival of cells under ER stress as it reduces ER workload [27]. For example, salubrinal increases levels of p-eIF2α, reduces translation rates, and protects cells from ER stress [28].




3.2. PERK and Autophagy


TEFB and TFE3 are transcription factors that play a critical role in the autophagy pathway [29]. Under ER stress, both TFEB and TFE3 are activated in a PERK-dependent manner, and their activation promotes expression of autophagic and lysosomal genes, thereby linking ER stress and autophagy [30]. Mechanistically, PERK may interact with calcineurin (a Ca2+-dependent phosphatase). This interaction results in the release of Ca2+ from the ER to the cytosol, which enhances the activity of calcineurin. Calcineurin, in turn, dephosphorylates TFEB, promoting its translocation into the nucleus where TFEB initiates expression of autophagy-lysosomal components [31,32]. Importantly, a large body of evidence indicates that activation of autophagy protects the brain against ischemic stroke [33].




3.3. PERK and Redox Homeostasis


ROS are byproducts of various cellular processes including mitochondrial respiration and protein folding. Excessive ROS can damage macromolecules such as nucleic acids and proteins, posing a threat to cellular health. When ROS cannot be effectively cleared by the cellular antioxidant system, oxidative stress occurs. Mounting evidence indicates that PERK signaling regulates oxidative homeostasis, primarily by phosphorylating NRF2 [34]. NRF2, a master transcription factor, can mitigate the harmful effects of ROS by controlling expression of many antioxidant genes including heme oxygenase-1 (HO-1) [35]. Under physiologic conditions, NRF2 binds to the aptamer of Cullin 3-based E3 ubiquitin ligase, known as Kelch-like ECH-associated protein 1 (Keap1), which inhibits NRF2 nuclear import and promotes its ubiquitination and subsequent degradation [36]. Once phosphorylated, NRF2 dissociates from Keap1 and translocates to the nucleus where it upregulates expression of antioxidant genes by binding to the antioxidant response element (ARE) in the promoter region. There is also evidence that ATF4 interacts with NRF2 to regulate HO-1 gene expression [37]. Notably, oxidative stress is a main component of stroke pathophysiology, and NRF2 signaling is critical to restoring redox homeostasis and protecting the brain from stroke injury [35]. It has been shown that Nrf2 knockout mice had larger infarct sizes and worse functional outcome after 90 min MCAO [38]. Consistently, transgenic mice overexpressing HO-1 in the brain exhibited significantly smaller infarct sizes [39]. Thus, the worse stroke outcome observed in Perk knockout mice may also be partially due to increased oxidative damage [21].




3.4. PERK and Mitochondrial Homeostasis


Often, stressors that cause ER stress also lead to mitochondrial dysfunction, characterized by increased ROS, decreased ATP production, and impaired mitochondrial protein folding [11]. Indeed, stroke induces severe metabolic stress on brain cells, resulting in both ER stress and mitochondrial dysfunction [40]. Importantly, the intricate crosstalk between the ER and mitochondria is well documented, with physical contacts known as mitochondria–ER-associated membranes (MAMs) that facilitate signal exchange via Ca2+ flux and signaling proteins residing at the contact sites [41]. PERK has been found in ER MAMs, and PERK-deficient cells exhibit decreased ER–mitochondrial contact [42]. Notably, a substantial body of evidence underscores the crucial role of PERK in preserving and restoring mitochondrial homeostasis, which involves multiple mechanisms, including modulation of translational and transcriptional programs and mitochondrial remodeling [41]. This role is critically important, as mitochondria are the powerhouse for cellular functions as well as the main source of ROS in cells. Failure to restore mitochondrial homeostasis may lead to energy deficiency and increased ROS production, further aggravating ER stress.



In response to mitochondrial dysfunction, a set of mitochondrial protective genes, including chaperone and protease genes, is upregulated. This is largely mediated by the transcription factor ATF5 [43]. Interestingly, ATF5 mRNA transcripts contain uORFs and, like the ATF4 gene, its translation is increased when eIF2α is phosphorylated under ER stress [44]. Thus, the PERK/eIF2α pathway contributes to restoring mitochondrial homeostasis by enhancing the ATF5-reguated mitochondrial protective program.



In response to energic and metabolic demands under stress conditions, adaptive remodeling of mitochondrial morphology and function occurs. One adaptive response to nutrient deprivation is the elongation and hyperfusion of mitochondria, which aims to maintain ATP production and sustain cell viability [45]. This response involves the PERK pathway. In a cell culture study, the investigators used CRISPR-Cas9 to delete XBP1, PERK, and ATF6 individually, and found that only PERK deletion ablated the increase in supercomplex levels and compromised oxidative phosphorylation-dependent ATP production after glucose deprivation [46]. Mechanistically, it has been reported that the PERK/eIF2α/ATF4 axis can mediate upregulation of supercomplex assembly factor 1 (SCAF1) [46]. However, ER stress-induced mitochondrial hyperfusion is related to downstream PERK-induced translation attenuation, but not ATF4 [47]. Of note, hyperfusion is a protective mechanism to increase cellular energetic capacity and promote cell recovery from stress. As expected, genetic disruption of PERK-regulated hyperfusion increases mitochondrial fragmentation and makes cells more sensitive to ER stress. Another adaptive effect mediated by PERK is to increase mitochondrial cristae densities, which boosts oxidative phosphorylation and may also have antiapoptotic effects by preventing cytochrome C release [48]. Mechanistically, PERK phosphorylates OGT, which then mediates O-GlcNAcylation of translocase of the outer membrane 70 (TOM70). This post-translational modification enhances TOM70-assisted MIC19 mitochondrial protein import and consequently, increases cristae biogenesis and cell respiration [49]. Moreover, PERK is implicated in mitochondrial lipid homeostasis. A recent study showed that E-Syt1 interacted with PERK to serve as a molecular component of the lipid trafficking machinery at MAMs, but this role seems independent of PERK function in the UPR [50].




3.5. PERK and Cell Death


In cases of prolonged ER stress, cells may undergo apoptosis-mediated cell death through two main pathways: the mitochondrial pathway and the death receptor pathway [7]. The mitochondrial pathway of apoptosis is largely mediated by Bcl2 family members, including pro-apoptotic (e.g., Bim and Bax) and anti-apoptotic (e.g., Bcl2) factors. Many of these genes can be regulated by ATF4 or transcription factor CCAAT/enhancer-binding protein homologous protein (CHOP/GADD153). Notably, CHOP expression can be upregulated by ATF4. Thus, the PERK/eIF2α/ATF4/CHOP axis is commonly mentioned in the literature.



Studies have shown that CHOP overexpression downregulates Bcl2 and upregulates Bim to promote mitochondria-mediated apoptosis under ER stress [51,52]. This process involves the formation of pores in mitochondria regulated by Bcl2 family proteins, which results in the release of cytochrome C and subsequent activation of the caspase cascade. Another proposed mechanism by which CHOP induces apoptosis is that CHOP promotes the reversal of translational repression, thus overloading the ER during ER stress [53]. This effect is attributed to CHOP-mediated upregulation of growth arrest and DNA damage-inducible 34 (GADD34). GADD34, as a regulatory subunit, together with protein phosphatase-1 (PP1), forms a phosphatase complex that specifically dephosphorylates p-eIF2α, thereby reversing PSI and increasing protein synthesis [54,55]. Further, CHOP can upregulate expression of death receptor 5 (DR5), which interacts with death ligands to trigger apoptosis. Indeed, CHOP has been widely considered a key pro-apoptotic mediator in ER stress-induced cell death [56,57]. Of note, however, overexpression of CHOP alone does not cause apoptosis [58], and CHOP also activates pro-survival autophagic genes [59]. Importantly, a recent study provided compelling evidence showing that CHOP promoted stress resolution and subsequent proliferation, which conferred a beneficial adaptive role under mild ER stress [60]. Therefore, an increase in CHOP expression should not always be interpreted as a detrimental response.



Collectively, the current literature indicates that in ER-stressed cells, the PERK branch plays a dual role. In the early phase of ER stress, it acts in a pro-survival manner by reducing ER workload, upregulating ER stress-resolving factors, and restoring mitochondrial homeostasis. However, in the late phase, if ER homeostasis is not re-established, the PERK branch can switch to a pro-apoptotic role.





4. The PERK Pathway in Ischemic Stroke


The role of the PERK pathway in stroke outcomes appears controversial in the literature. As discussed above, this is likely due to the dual functions of this pathway, which complicates data interpretation. The detrimental role of PERK activation in stroke outcomes is often implicated by pharmacologic studies in which protective effects are associated with reduced levels of PERK branch components such as p-eIF2α, ATF4, and CHOP [61,62,63]. However, there is a clear caveat in interpreting cause and effect in such studies. The extent to which the UPR is activated is associated with the severity of the ER stress, which, in this case, is related to stroke damage. Thus, if the treatment under investigation protects the brain from stroke damage, it is expected that UPR markers are activated to a lesser extent, compared to the control group. Therefore, caution is warranted when concluding that the protective effect of the treatment is caused by suppression of the UPR or ER stress. Importantly, stroke studies using either UPR-specific mouse tools or compounds provide strong evidence that activation of the UPR provides beneficial effects during the acute stroke phase. However, it must be noted that the involvement of PERK in the stroke recovery phase remains largely unexplored.



4.1. Experimental Evidence from PERK-Specific Mouse Models


Two studies have used conditional PERK knockout mouse models in stroke research, and both support the notion that activation of the PERK branch during the acute phase is brain protective in stroke [21,64].



The study from our group was focused on the PERK pathway in neurons, using neuron-specific Perk knockout (PERK-cKONeuron) mice and a transient MCAO stroke model. Our data indicated that deletion of Perk in neurons reduced p-eIF2α levels in the brain, and significantly worsened the neurologic outcomes after stroke [21]. In a more recent study, the authors crossbred Perkf/f mice with GFAP-Cre mice, and generated PERK-cKOAstrocyte mice [64]. They found that deletion of Perk in astrocytes increased morbidity and mortality after stroke. Moreover, since mounting evidence indicates that the PERK pathway is involved in cognitive functions (detailed below), they performed a battery of behavioral tests. However, they did not find any significant effect on learning, memory, or cognition in middle-aged and old PERK-cKOAstrocyte mice [64]. These findings demonstrate that astrocytic PERK exerts a minimal influence on cognitive function, but plays a protective role in responding to neural injury. Notably, another study showed that global Atf4 knockout mice had smaller infarcts and better neurologic outcomes after stroke [65]. This finding may support that the primary beneficial effects of PERK signaling in stroke could be attributed to an increase in p-eIF2α and a decrease in protein synthesis.




4.2. Experimental Evidence from Pharmacologic Tools


ER stress has been implicated in various disease conditions, making it a promising therapeutic target. Consequently, many small molecule inhibitors and activators specific to the UPR, including the PERK branch, have been identified [9,66], constituting invaluable tools for translational research in stroke and other diseases associated with ER stress. The relevant experimental brain ischemia studies are listed in Table 1.



4.2.1. PERK Inhibitors


Compounds GSK2606414 and GSK2656157 have been identified for their ability to inhibit PERK autophosphorylation, thereby preventing PERK activation [75,76]. These two compounds feature an induline core structure and interact with the PERK cytosolic kinase domain. However, both compounds can also inhibit RIPK1 and KIT, indicating their off-target effects. For example, these two compounds were found to completely inhibit TNF-mediated RIPK1-dependent cell death without affecting PERK activity in cells. Moreover, GSK2606414 can inhibit KIT tyrosine kinase activity and enhance KIT endocytosis and its lysosomal degradation [77,78]. Later, highly selective PERK inhibitors AMG52 and AMG44 were developed. But, compared to GSK2606414, they exhibit less potency in inhibiting the PERK pathway in cellular assays [79]. Among these inhibitors, GSK2606414, which has been proved to cross the BBB, has been assessed in stroke [67,80]. In a recent study, rats were subjected to 90 min MCAO, and after 3 h, treated with GSK2606414 via oral gavage at three different doses (low, medium, and high), followed by daily treatment for 4 days. Notably, rats in both the medium- and high-dose treatment groups exhibited smaller infarct size and performed better in various functional outcome tests, including neurologic scoring, the wire hanging test, the Morris water maze, and the novel object recognition test, compared to the vehicle group [67]. In this study, however, critical experimental details, especially regarding the surgical conditions and animal inclusion/exclusion criteria, were lacking. Moreover, given the well-known off-target effects of GSK2606414, whether its observed beneficial effects in stroke are due to inhibition of the PERK pathway requires further clarification.




4.2.2. PERK Activators


Two small molecules, CCT020312 and MK-28, are reportedly PERK activators [81,82]. A cell culture study demonstrated that CCT020312 selectively activated the PERK pathway without affecting the ATF6 or IRE1 UPR branches and, moreover, it failed to increase p-eIF2α in MEF cells from PERK−/− mice, supporting its specificity [81]. MK-28 has been shown to increase PERK phosphorylation in cells [82]. Interestingly, both CCT020312 and MK-28 protected STHdhQ111/11 cells (a striatal cell line expressing mutant huntingtin) against ER stress-induced cell death, but did not show such protective effects in PERK−/− cells [82]. However, their mechanisms of action that lead to PERK activation are still unknown and thus, potential off-target effects remain a concern. Nonetheless, acute treatment with CCT020312 has been examined recently in a stroke study [69]. This study investigated the effects of CCT020312 administered via intracerebroventricular injection in a rat model of 90 min MCAO. The data indicated that the treatment had no significant effect on the levels of BAX, CHOP, ATF4, and p-eIF2α, nor did it modulate infarct volumes. It is important to note that in this report, essential treatment information (e.g., timing of intervention) was not provided, and the animal sample sizes were small [69].




4.2.3. eIF2α Phosphatase Inhibitors


Phosphorylation of eIF2α is the key step in PERK signaling under ER stress. However, when ER stress is resolved, dephosphorylation of p-eIF2α is necessary to ensure normal protein synthesis. This process is primarily mediated by CReP and GADD34, both of which can recruit a protein phosphatase 1 (PP1) catalytic subunit to form a holophosphatase complex that specifically dephosphorylates p-eIF2α [83,84]. Thus, one strategy for enhancing PERK signaling is to inhibit the activity of CReP and/or GADD34.



The first reported selective inhibitor of p-eIF2α dephosphorylation is salubrinal, which was discovered through screening for compounds that protected cells from ER stress-induced apoptosis [28]. Since its discovery, salubrinal has been widely used to study the impact of inhibiting p-eIF2α dephosphorylation under various conditions. Surprisingly, the mechanism and target of its action are still elusive [85]. Later, guanabenz and sephin-1 that can suppress translation recovery after ER stress, were proposed as selective GADD34 inhibitors [85,86,87]. However, their mechanisms of action are under debate [88,89]. Nevertheless, several studies have used salubrinal in brain ischemia/stroke research and found beneficial effects after acute treatment. One study demonstrated that intraperitoneal administration of salubrinal at 30 min before MCAO reduced infarct sizes at 24 h after stroke in rats (n = 5), although neurologic function was not evaluated [70]. Moreover, it has been shown that in a two-vessel occlusion rat model, treatment with salubrinal at 1 h and 24 h after a 15 min ischemia significantly reduced areas of selective neuronal loss at day 7 [72,73]. Notably, acute treatment with salubrinal can reverse worse stroke outcomes observed in PERK-cKONeuron mice [21]. Together, these data support that enhancing the PERK/eIF2α pathway during the acute phase is protective in brain ischemia.




4.2.4. eIF2B Activators


As discussed above, p-eIF2α-mediated suppression of protein synthesis results from its strong binding with eIF2B, which reduces TC formation for protein translation. One important small molecule targeting eIF2B is ISRIB, which can cross the BBB. Evidence indicates that ISRIB acts allosterically to stabilize an active conformation of eIF2B that is resistant to p-eIF2α, thus inhibiting the downstream effects of p-eIF2α and reversing translational attenuation [90]. Recently, compounds 2BAct and PRXS571 were synthesized as novel selective eIF2B activators with the ability to cross the BBB [91,92]. Moreover, 2BAct exhibits suitability for oral administration with diet, allowing for its simple long-term application [92]. Notably, it has been shown that ISRIB, 2BAct, and PRXS571 alleviate ER stress-induced translational inhibition without affecting ATF4 expression [91]. A recent rat study used a multiple treatment regimen to evaluate ISRIB in stroke, with the first dosing at 3 h post 90-minitue MCAO, followed by three additional doses with a 12 h interval between each dose. The authors found that ISRIB treatment improved stroke outcome, reflected in many parameters, including infarct volumes, muscle strength, motor function, and memory function [74]. However, it is noted that limited surgical information was provided in this report. Interestingly, ISRIB has shown beneficial effects in improving cognitive function, as discussed below.






5. The PERK Pathway in Memory, Aging, and Neurodegenerative Diseases


Compared to limited research in stroke, a large body of literature reports on the role of PERK in cognitive function and neurodegenerative diseases. Findings from these studies may have important implications for stroke research and, thus, are briefly discussed here.



It has long been established that protein synthesis is an essential step for memory consolidation [93]. Thus, it is not a surprise that the PERK/p-eIF2α pathway has been shown to play an important role in regulating the memory process. One study demonstrated that local inhibition of PERK activity by infusing a PERK inhibitor (GSK2606414) into the hippocampal CA1 region enhanced hippocampal-dependent memory [94]. Interestingly, the authors also found that PERK mRNA levels in the hippocampus were increased in 13-month vs. 4-month-old mice, and PERK silencing in the hippocampus reversed age-associated memory decline. Another study that used eIF2α+/S51A mice, which express eIF2α(S51A) that cannot be phosphorylated due to a mutation of the eIF2α phosphorylation site, demonstrated that these mice exhibited enhancement in various cognitive tests, including spatial learning and memory, fear conditioning, and long-term taste memory [95]. Based on the same strategy, genetic ablation of p-eIF2α in excitatory or inhibitory neurons increased global translation and enhanced synaptic plasticity and long-term memory [96]. In line with the data from genetic manipulations, ISRIB-treated mice performed significantly better in the Morris water maze and contextual fear conditioning tests, compared to vehicle-treated mice [97]. Thus, inhibition of the PERK/eIF2α pathway appears to improve cognitive function in young and aged mice.



Samples from post-mortem patients and mouse models consistently reveal elevated levels of PERK, p-PERK, and p-eIF2α in various neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease, and Huntington’s disease. Thus, it is believed that the PERK/eIF2α pathway contributes to the development and progression of these diseases [11,12]. In this respect, many experimental AD studies on the PERK/eIF2α pathway have been performed [98]. In line with clinical observations, levels of p-eIF2α and phosphorylated PERK are increased in the brains of 5XFAD mice, an AD mouse model. When 5XFAD mice were crossed with heterozygous PERK knockout mice to reduce PERK protein levels, the PERK haploinsufficiency prevented an increase in β-site APP-cleaving enzyme 1 (BACE1), the rate-limiting enzyme for Aβ production. Consequently, Aβ peptides and plaque burden were reduced, and memory deficits were rescued in 5XFAD mice [99]. Similar results were obtained when PERK was genetically deleted in selected neurons in the AAP-PS1 AD mouse model [100]. Consistently, it has been shown that daily ISRIB treatment can restore synaptic plasticity and improve long-term memory in mouse AD models [101,102].




6. Concluding Remarks


After ischemic stroke, a cascade of pathologic processes is activated, including oxidative stress, ER stress, and mitochondrial dysfunction. Many of these processes can be regulated by the PERK pathway. Critically, experimental stroke studies have shown that either pharmacologic activation (e.g., salubrinal) or inhibition (e.g., GSK2606414 and ISRIB) of the PERK pathway can improve stroke outcomes. The underlying reasons for this discrepancy remain unknown. However, strong evidence obtained from genetic modulation of the PERK/p-eIF2α pathway supports the notion that activation of this pathway improves acute outcome after ischemic stroke [21,64]. Notably, no study has yet attempted to specifically dissect the role of the PERK pathway in stroke recovery during the chronic phase. In this respect, an intriguing perspective is the therapeutic potential of inhibiting the PERK/p-eIF2α pathway to enhance protein synthesis and promote brain remodeling, thus improving long-term functional recovery after stroke. For example, cognitive and memory impairment is common among stroke survivors, and greatly affects their quality of life [103,104]. Moreover, Suenaga et al. have shown that aged mice exhibited significantly worse long-term cognitive and memory deficits after stroke compared to young mice [105]. Given the beneficial effects of ISRIB in aged mice and neurodegenerative disease models, ISRIB treatment during the recovery phase holds promise for improving functional outcomes after a stroke. It is important to note, however, that complete or long-term inhibition of PERK by pharmacologic approaches could be toxic. It is known that activation of the PERK/p-eIF2α pathway is essential for the pancreas to cope with constant ER stress caused by a high load of secretory protein synthesis [106]. Thus, using an optimized dosage of PERK/p-eIF2α pathway inhibitors for chronic treatment is crucial. Indeed, in one study, long-term daily systemic administration of low-dose ISRIB showed therapeutic effects in AD mice without inducing toxic side effects [101]. Taken together, the PERK/p-eIF2α pathway emerges as a promising therapeutic target for strokes, by reducing brain damage during the acute phase and improving neurologic recovery during the chronic phase.
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Figure 1. PERK-related pathways and processes. Upon ER stress, GRP78 dissociates from PERK, leading to PERK activation via autophosphorylation. Phosphorylated PERK acts as a kinase, primarily targeting eIF2α. Phosphorylation of eIF2α has several consequences, including the suppression of global protein synthesis, facilitation of mRNA translation for selective genes (e.g., ATF4), and mitochondria remodeling. Activated PERK can also phosphorylate OGT and NRF2, thereby regulating mitochondrial and redox homeostasis, respectively. Moreover, PERK may interact with calcineurin to modulate the autophagy–lysosomal pathway. 






Figure 1. PERK-related pathways and processes. Upon ER stress, GRP78 dissociates from PERK, leading to PERK activation via autophosphorylation. Phosphorylated PERK acts as a kinase, primarily targeting eIF2α. Phosphorylation of eIF2α has several consequences, including the suppression of global protein synthesis, facilitation of mRNA translation for selective genes (e.g., ATF4), and mitochondria remodeling. Activated PERK can also phosphorylate OGT and NRF2, thereby regulating mitochondrial and redox homeostasis, respectively. Moreover, PERK may interact with calcineurin to modulate the autophagy–lysosomal pathway.



[image: Pharmaceuticals 17 00353 g001]







 





Table 1. Brain ischemia studies with pharmacologic interventions targeting the PERK pathway.
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Compound

	
Animal

	
Ischemia Model

	
Dose

	
Intervention Regimen

	
Route

	
Outcome

	
Reference






	
PERK inhibitors

	

	

	

	

	

	




	
GSK2606414

	
Rats

	
tMCAO

	
50, 100, or 150 mg/kg

	
Starting at 3 h post-MCAO, followed by 4 doses at a 24 h interval

	
Oral

	
Improved

	
[67]




	

	
Mice

	
tMCAO

	
4 μL (20 μM)

	
24 h before tMCAO

	
ICV

	
No effect

	
[68]




	
PERK activator

	

	

	

	

	

	




	
CCT020312

	
SD rats

	
tMCAO

	
Unspecifie