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Abstract 

 
Heat shock proteins (HSPs) are chaperones that catalyze the refolding of denatured 

proteins. In addition to their ability to prevent protein denaturation and aggregation, the 

HSPs have also been shown to modulate many signaling pathways. Among HSPs, the 

inducible 70 kDa HSP (HSP70) has especially been shown to improve neurological 

outcome in experimental models of brain ischemia and injury. HSP70 can modulate 

various aspects of the programmed cell death pathways and inflammation. This review 

will focus on potential mechanisms of the neuroprotective effects of HSP70 in stroke and 

brain trauma models. We also comment on potential ways in which HSP70 could be 

translated into clinical therapies. 

 

Keywords: Heat shock protein 70, Cerebral Ischemic Stroke, Traumatic Brain Injury, 

Neuroprotection, Pharmacological induction 
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1. Introduction 

The brain undergoes a stress response after cerebral ischemia (CI) and traumatic brain 

injury (TBI). One of the most highly upregulated stress proteins are the heat shock 

proteins (HSPs). These proteins were so named, as they were noted to be highly induced 

by heat stress. They are a family of proteins identified by their molecular weight, and 

possess chaperone functions for which they have been described to assist in protein 

folding, protein degradation and other related activities. Under conditions of cell stress or 

injury, these actions protect the cell by preventing the aggregation of damaged proteins 

and promote the assembly of nascent proteins. HSP70, in concert with its co-chaperone 

HSP40, is a key HSP family member involved in the degradation of damaged proteins  [1]. 

In acute brain injury models, many studies have reported that in addition to typical 

chaperone functions, HSP70 interrupted multiple cell death pathways, such as classical 

apoptosis, necrosis, and inflammation  [2]  [3]. HSP70 has now been shown to interrupt 

several of these pathways and ultimately leads to improvements in neurological 

outcome  [4]. We will discuss the mechanism of HSP70 neuroprotection in brain injury 

along with potential pharmacological means of applying HSP70 at the clinical level. 

 

Heat Shock Proteins 

At the onset of brain injury, synthesis of most cellular proteins is downregulated. However, 

there is a small class of proteins which are actually upregulated and have collectively 

been referred to as stress proteins. HSPs are named in accordance with their molecular 

mass. The constitutive HSPs perform cellular housekeeping functions and include HSP90, 

HSP40 and HSP70  [5]. Inducible forms include inducible HSP70 has also been referred 

to as HSP70i or HSP72, but here we will refer to it as HSP70.  Inducible HSPs are 

upregulated in response to cell stress, including thermal, ischemic and traumatic stresses 

to the tissue. While previously debated whether their upregulation reflected cell stress, or 

actively represented a cytoprotective mechanism, work over the past few decades now 

indicate that HSPs represent the latter  [6] 
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In the brain and in cultures of brain cells, heat and ischemic stress have been shown by 

several labs to trigger robust induction of HSP70  [7]. As such, HSP70 has been the most 

widely studied stress protein in terms of its neuroprotective properties. HSP70 interacts 

with hydrophobic peptide segments of unstructured proteins in an ATP-dependent 

manner. HSP70 also contains a C-terminal substrate-binding domain which identifies 

unstructured polypeptide segments, and an N-terminal ATPase domain which assists in 

protein folding, alternating between an ATP-bound open state with low substrate affinity 

and an ADP-bound closed state with high substrate affinity  [8]. In studies of CI, HSP70 

was first observed to be induced in brain regions that were relatively resistant to ischemic 

insults. Thus, the notion of a ‘molecular penumbra’ was introduced, and raised questions 

as to whether this expression was an epiphenomenon of the injury, or an active participant 

in cell survival  [9]. By showing that specifically increasing HSP70, several labs have 

shown that Hsp70 protects the brain and brain cells against experimental brain insults 

including CI and TBI  [4]  [10]  [11]  [12]  [13]. Conversely, downregulation of HSP70 

results in the opposite. Consistent with its chaperone functions, induction of HSP70 has 

also been shown to reduce protein aggregation and the development of intracellular 

inclusions, while preventing the redistribution of ubiquitin  [14]  [15]. HSP70 has also been 

shown to mediate cytoprotection by interfering and regulating apoptotic and immune 

pathways.  

 

Heat Shock Protein 70 induction and the unfolded protein response 

HSP70 induction occurs though the activity of heat shock factor 1 (HSF1), which is a 

transcription factor that binds to HSP70’s 5’promoter region, as well as that of all HSP 

genes  [16]. HSPs are normally located intracellularly and are bound to HSF1 under 

homeostatic conditions  [17]. When the cell experiences stress, such as trauma, ischemia, 

and other denaturing stimuli which lead to unfolded proteins, HSPs dissociate from HSF, 

thus allowing HSPs to bind denatured or aggregated proteins. HSPs are also capable of 

binding other proteins involved in cell death pathways. Following such stresses, 

dissociated HSF translocates to the nucleus where it is phosphorylated by protein kinase 

C, and forms activated trimers. These trimers then bind to heat shock elements (HSEs), 

which are DNA sequence motifs present within the heat shock gene and are recognized 
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by HSFs. Once HSFs bind to HSEs, more synthesis of HSP70 protein occurs  [16]. HSP90 

acts as an inhibitor of HSP70 induction, as HSP90 is normally bound to HSF1 in the 

resting state. During the stress response, HSP90 dissociates from HSF1, thus liberating 

it to bind HSEs with subsequent upregulation of HSP70  [18]. 

 

HSP70 protein, once synthesized in high quantities following the initial stress response, 

acts in concert with HSP40, HSP90 and ATP to restore denatured proteins to their 

property tertiary architecture. These proteins form a complex which binds denatured 

proteins and, through chaperone functions, lead to their repair and refolding. This occurs 

through several cycles whereby the chaperone complex attempts to refold the protein. 

HSP70 acts indirectly through its cochaperones CHIP (C-terminus of HSP70/HSC70 

interacting protein) and BAG-1 (Bcl-2–associated athanogene-1)  [19]. CHIP is a ubiquitin 

ligase that interacts with HSP70 and sequesters and ubiquitinates unfolded proteins, 

followed by their degradation  [20]. CHIP may also enhance HSP70 induction under 

conditions of cell stress, thus maintaining protein homeostasis by regulating chaperone 

levels  [21]. BAG-1 is another HSP70 cochaperone involved in protein degradation. CHIP 

and BAG-1 interact directly, and their co-expression increases protein degradation  [22]. 

Therefore, these proteins act together to shift chaperone activity from protein folding to 

protein degradation.  [23]  [24]  [25]. Hsp90 also plays a role in protein degradation, 

although its actions are opposite those of HSP70, where HSP90 seems to inhibit 

substrate ubiquitination and degradation  [26]  [27].  

 

HSP70 in CI and TBI 

HSP70 induction has been shown to confer neuroprotection against many acute brain 

insults, of which we will largely focus on CI and TBI. HSP70 upregulation has been 

achieved in experimental studies through the use of genetic models that either 

overexpress or are deficient in HSP70. HSP70 can also be manipulated via viral vector-

mediated HSP70 overexpression, siRNA-mediated downregulation or induction via the 

application of sublethal heat stress. Many experimental studies have now established that 

HSP70 induction led to neuroprotection in variety of acute neurological injuries. 
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Cessation or reduction of cerebral blood flow followed by reperfusion of neural tissue 

initiates an array of signaling pathways, including excitotoxicity to apoptosis, all of which 

ultimately lead to cellular damage and death. Under non stressful, homeostatic conditions, 

very little inducible HSP70 is present; however, it is robustly increased following injury, 

and is perhaps the most highly induced proteins expressed in response to such stress. 

Early studies showed a correlation between HSP70 overexpression and neuroprotection. 

In experimental stroke models, initial HSP70 induction was observed within neurons of 

the penumbra  [9], or brain regions immediately adjacent to the infarct, and thought to be 

likely to survive CI. This was followed by HSP70 induction within astrocytes and microglia 

as well as endothelial cells of the cerebral vasculature  [9], cell types which have been 

thought to be more resistant to CI compared to neurons. Thus, HSP70 was thought to 

play a role in protecting cells from ischemic insults compared to cells and brain regions 

where HSP70 expression was lower or absent. On the other hand, critics of this model 

have argued that HSP70 may simply be a marker of stressed cells with nothing to do with 

saving the cell from a likely death. However, when HSP70 was overexpressed in neurons 

and astrocytes using viral vectors, HSP70 overexpressing neurons and astrocytes were 

more resistant to ischemic and ischemia-like insults  [8]. Similarly, transgenic mice that 

overexpressed HSP70 in the brain had better neurological outcomes following 

experimental CI and TBI compared to wildtype mice. Conversely, HSP70 deficiency 

worsened outcome in similar models  [10]  [28]. Further, three different studies in wildtype 

animals were given HSP70 protein in an attempt to boost brain levels  [29]  [30]  [31], and 

in each of these studies, animal subjected to stroke and treated with HSP70 had better 

functional and histological outcomes. 

 

With many similarities to CI, TBI causes mechanical damage to brain cells and their 

vessels. This mechanical damage triggers cell death cascades which takes place over 

the ensuring hours or days  [32]  [33]  [34]. TBI pathophysiology has substantial overlap 

with that seen in stroke, including oxidative stress, excitotoxicity, neuroinflammation and 

edema. In TBI models, several studies showed a neuroprotective effect of HSP70. Our 

lab reported that transgenic mice overexpressing HSP70 and subjected to experimental 

TBI via controlled cortical impact (CCI), had better neurological outcomes compared to 
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wildtype controls  [4]. Conversely, HSP70 deficient mice had worse outcomes compared 

to both wildtype and HSP70 transgenic mice. Further, HSP70 overexpression not only 

led to smaller lesions sizes and better neurological function, it also reduced the extent of 

brain hemorrhage and blood brain barrier (BBB) disruption. The reduction in BBB damage 

and hemorrhage correlated to suppression of MMP-2 and -9  [4]  [35]. A related study in 

a model of neurodegeneration similarly showed that HSP110 or HSP70 deficient mice 

had worse outcomes compared to wildtype, while treatment with HSP70/HSP110 

inducers Celastrol and BGP-15 improved neurological outcome  [36]. HSP70 

overexpression also protected against brain contusion, edema, neuronal apoptosis, and 

neurological motor deficits in a rodent hemorrhagic shock model with carotid 

occlusion  [37]. 

 

Not all studies showed beneficial effects of HSP70 in acute neurological injury models. 

An early study from our laboratory showed no effect of HSP70 overexpression in a 

transgenic mouse model of stroke, although it did protect astrocytes derived from the 

same mouse strain  [38]. It should be noted that this particular HSP70 transgenic model 

had somewhat lower levels of HSP70 overexpression (approximately 2.5 times higher 

than wildtype controls) compared to other transgenic models where HSP70 

overexpression was at least ten fold higher  [39,40]. HSP70 has also not been shown to 

improve outcomes in other neurological conditions such as the synucleinopathies which 

are thought to cause Parksinson’s disease and related conditions  [41]  [42]. Further, as 

elaborated in more detail below, extracellular HSP70 has the potential to worsen 

outcomes from stroke, as it is known to act on the pro-inflammatory Toll-like receptor-4 

(TLR4). In fact, in a related model of retinal ischemia-reperfusion injury, extracellular 

HSP70 was identified as a factor which promoted inflammation-induced retinal neuron 

death  [43]. Thus, the beneficial properties of HSP70 may be limited by the levels to which 

it can be increased, the nature of the insult or disease as well as the compartment in 

which it acts. 

 

HSPs have also been shown to interfere with specific cell death pathways, of which 

programmed cell death (apoptosis) and inflammation have been the best studied. The 
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precise mechanism by which HSPs modulate these pathways is unclear, but may simply 

bind stressed or stress-associated proteins in an indiscriminate and parallel manner, as 

these actions occur within similar time frames and similar brain regions. The following 

sections will review how HSPs have been shown to modulate these pathways. 

 

 

Heat Shock Protein 70 Interrupts Several Cell Death Signaling Pathways  

In addition to its classic chaperone functions related to protein folding and aggregation, 

HSP70 has been shown to directly interfere with multiple cell death pathways. After brain 

injury, apoptotic or programmed cell death has been observed in parallel with necrosis. 

In CI, the best studied pathways include the intrinsic apoptotic pathway, which occurs 

within the cell’s mitochondria  [44], and the extrinsic pathway, which is initiated by ligand 

interactions at surface receptors  [45]. In CI and TBI, apoptosis occurs following reactive 

oxygen species signaling, death receptor ligation, genomic damage, protease activation 

and others. Many studies have now documented that HSP70 directly or indirectly 

interferes with both pathways. 

 

The intrinsic apoptotic pathway originates from mitochondrial stress/damage due to the 

acute brain insult.  Following brain injury, mitochondria release cytochrome c, which 

combines with caspase-9 to form the apoptosome, followed by activation of executor 

caspases causing apoptotic death. Apoptosis may also proceed through a caspase-

independent pathway which is initiated when injured mitochondria release apoptosis 

inducing factor (AIF). The Bcl-2 family members differentially affect this pathway through 

direct interaction with cytochrome c and AIF release. Bcl-2 family members include three 

subgroups: the anti-apoptotic proteins (Bcl-2, Bcl-XL, and Bcl-w), the pro-apoptotic 

proteins (Bax and Bak), and the BH3-only proteins (Bad, Bid, Bim, Noxa, and PUMA). 

Bcl-2 family members participate in both deaths promoting and death salvaging activities. 

BH3-only proteins lead to brain cell death following ischemic insults through interactions 

with other Bcl-2 proteins  [46]. HSP70 interferes at multiple points within the intrinsic 

apoptotic pathway. It interacts with several proteins of the apoptosis cascade, both 

upstream  [47]  [48] and downstream of the mitochondria  [49]. In experimental stroke, 
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HSP70 interrupts cytochrome c translocation from the mitochondria to the 

cytosol  [35]  [50] and AIF translocation from the mitochondria to the nucleus. In a cell 

free system, HSP70 interfered with recruitment of procaspase-9 and apoptosis protease 

activating factor-1 (Apaf-1) into the apoptosome   [51]. HSP70 similarly prevented 

mitochondrial release of another pro-apoptotic protein, Smac/DIABLO  [52]. The 

mitochondrial HSPs, HSP70, HSP75 and mortalin assistants which function by 

maintaining mitochondrial membrane potential, preserve mitochondrial function and 

protein import  [53]. In a model of HSP70 protection in astrocytes, HSP70 was also 

correlated to higher ATP levels  [54] along with reduced oxidative stress and preserved 

mitochondrial membrane potentials  [55] and glutathione  [56] [1]. In a related study of 

myocardial ischemia, overexpression of HSP70 was found to reduce oxidative stress by 

increasing mitochondrial manganese superoxide dismutase (SOD2)  [57]. 

 

Bcl-2 is central to preventing intrinsic apoptosis, as it blocks mitochondrial release of 

cytochrome c and AIF. HSP70 increases levels of Bcl-2 in some disease models, 

including ischemic neurons  [17]. Some investigators have proposed that the balance 

between Bcl-2’s pro- and anti-apoptotic members determines whether cells undergo 

apoptosis or survival  [58]. Thus, it is conceivable that HSP70 overexpression could 

decrease apoptosis upstream of mitochondria via increased Bcl-2 levels. As such, HSP70 

has been shown to reduce heat shock-induced apoptosis by blocking translocation of pro-

apoptotic Bax from the cytosol to the mitochondrial where it aids in forming the 

mitochondrial transition pore (MTP)  [48], and the MTP is opposed by anti-apoptotic Bcl-

2. Incorporation of Apaf-1 into the apoptosome is required for caspase-9 activation, and 

HSP70 has been shown to interfere with this  [51], although this has not been consistently 

demonstrated  [47]. 

 

The extrinsic apoptotic pathway, which relies on the engagement of receptors located on 

the cell’s surface, is also referred to as the “death receptor pathway". Ligation of these 

so-called death receptors leads to caspase-8 and caspase-10 activation, which triggers 

a cascade that ultimately leads to activation of effector caspases, particularly caspase-

3  [59]. Several such death receptors have been identified, but the most widely studied in 
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brain ischemia and injury include tumor necrosis factor receptor (TNFR) and Fas (also 

known as CD95). These receptors are bound by their respective ligands TNF (and related 

TNF family molecules) and fas ligand (FASL)  [60]. FasL initiates apoptosis by binding to 

Fas, followed by the recruitment of its adaptor protein Fas-associated death domain 

protein (FADD). FADD then binds procaspase-8 at its death effector domain thus forming 

a 4 molecule complex that is referred to as a death-inducing signaling complex (DISC). 

The DISC leads to activation of procaspase-8 to caspase-8 followed by activation of 

caspase−10, which in turn activates effector caspase-3  [61]. 

 

HSP70 has also been shown to interact with this extrinsic death receptor pathway at 

several levels. It can prevent receptor-mediated apoptosis through its ability to bind death 

receptors TNF-related apoptosis-inducing ligand-I (TRAIL-RI, also known as death 

receptor-4 DR4) and TRAIL-RII (also known as DR5). When TRAIL-RI and TRAIL-RII are 

bound by its ligand TRAIL, TNF-related apoptosis occurs, but HSP70 has been shown to 

interrupt receptor binding as well as DISC formation   [62]  [63]. Downstream of DISC 

formation and caspase 8 activation, HSP70 can prevent apoptosis by inhibiting BID 

activation  [64]. Recently, it has been shown that dynamin, a GTPase involved in 

endocytosis, can also traffic Fas via the endoplasmic reticulum to the cell’s surface  [65]. 

Once expressed on the cell surface, Fas can trigger apoptosis when bound by its ligand 

FasL. We recently showed that HSP70 may prevent movement of Fas from the cytosol 

to the cell surface by interacting with both dynamin and Fas, and that overexpression of 

HSP70 as well as dynamin inhibition improved neurological outcome in CI  [10]. Thus, 

HSP70 appears to affect both apoptotic pathways at multiple points in the cascades. 

 

Heat Shock Protein 70 Modulates Inflammation  

Inflammation follows both CI and TBI, and begins with activation of the brain’s immune 

cell, or microglia. This is soon followed by an influx of circulating leukocytes into the 

injured brain  [66]  [67]  [68]. Once activated, these immune cells elaborate several 

cytotoxic agents such as reactive species, cytokines, glutamate and proteases, all of 

which have been implicated in exacerbating cell death  [69]. Following brain injury, HSP70 

has been shown to regulate inflammation via pro- and anti-inflammatory mechanisms 
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depending on its location within or outside of the cell. When HSP70 is intracellular, it 

seems to inhibit immune responses, whereas extracellularly, it seems to potentiate them. 

 

Its anti-inflammatory activities include its ability to inhibit transcription and translation of 

immune molecules. HSP70 has been shown to interact with and inhibit activation of the 

pro-inflammatory transcription factor nuclear factor-kappaB (NF-kB) and its target genes. 

It has also been shown to prevent processing of matrix metalloproteinases (MMPs) to 

their active form. Intracellular overexpression of HSP70 by genetic manipulation or 

induction by heat stress has been shown to reduce production of nitric oxide and 

expression of inducible nitric oxide synthase (iNOS) while decreasing NF-kB 

activation  [70]. Heat stress, which induces HSP70, has also been correlated to 

decreased secretion of proinflammatory cytokine TNF-α and reduced generation of 

reactive oxygen species (ROS). HSP70 induced in macrophages has similarly been 

shown to inhibit responsiveness to inflammatory cytokines TNF-α and interleukin (IL)-1, 

IL-10 and IL-12  [71] [71] [3] [72]. In line with these observations, HSP70 induction in a 

model of intracerebral hemorrhage decreased TNF-α expression, preserved blood brain 

barrier (BBB), reduced brain edema, and improved neurological function  [73].  

 

HSP70 induction by heat stress in phagocytes also inhibited NADPH oxidase (NOX) 

activity in neutrophils with subsequent reduction of superoxide. It also enhanced 

expression of superoxide dismutase (SOD), an endogenous superoxide scavenger. In a 

similar model of heat stress  [74], HSP70 induction inhibited phosphorylation of 

inflammatory transcription factors or their partner molecules  IkB, JNK and p38. HSP70 

induction also blunted the ability of DNA to bind transcription factors, such as NF-kB, 

activator portien-1 and signal transducer and activator of transcription factor 1 (STAT-1), 

and led to the downregulation of several pro-inflammatory genes  [75]. Other studies have 

also shown that prior-heat stress leads to the inhibition of the inflammatory response, and 

this inhibition was associated with upregulation of HSP70 and decreased nuclear NF-kB 

translocation  [76]  [77]. HSP70 was shown to interact with inhibitor of kB (IkB) by 

preventing its phosphorylation, thus inhibiting NF-kB by preventing its dissociation from 

it  [78]. Other studies have shown that HSP70 inhibits NF-kB by directly binding it and its 
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regulatory proteins in stroke and neuroinflammation models  [40]  [79].  How HSP70 

inhibits NF-kB may depend on the nature of the stimulus. When pro-inflammatory cytokine 

TNF-α was used to induce cell death, HSP70 directly inhibited the IkB kinase (IKK), the 

kinase which phosphorylates and activates IkB  [80]. However, in a stroke model, HSP70 

directly associated with NF-kB and IkB, and prevented IkB phosphorylation by IKK in an 

indirect manner  [40]. In both studies, NF-kB inhibition by HSP70 led to downstream 

reduction in both transcription and translation of NF-kB’s target genes, and led to 

neuroprotection. One such gene inhibited by HSP70 and also regulated by NF-kB is 

MMP-9. Cultured astrocytes overexpressing HSP70 exposed to ischemia-like insults had 

reduced MMP-9 mRNA, and is consistent with the notion that HSP70 regulates 

inflammation at the transcriptional level  [81]. However, HSP70 overexpressed in 

astrocytes also decreased MMP-2 expression, which is not regulated by NF-kB  [81]. 

MMP-2 is known to be regulated by STAT-1  [82], which HSP70 and heat stress are also 

known to inhibit [75] [83]. HSP70 also seems to act at the post translational level where 

it was found to inhibit processing of MMPs to their active forms. Another report further 

linked HSP70 to neuroprotection via the micro RNA miR-122  [84]. In this study, a 

beneficial effect of miR-122 was observed in experimental stroke, and this depended on 

HSP70’s ability to inhibit NF-kB. Thus, HSP70 can interrupt inflammatory signaling and 

inflammatory molecules at multiple levels. 

 

Extracellular HSP70 has also been shown to modulate immune responses, but in a 

manner opposite to intracellular HSP70  [85]. In the extracellular environment, HSP70 

appears to potentiate at immune responses. In models of adaptive immunity, exogenous 

administration of HSP70 in culture or immunization of mice was shown to potentiate T-

cell responses indicating that HSP70 acts as an immune adjuvant  [86]  [87]. Extracellular 

HSP70 can also interact with the receptors on macrophages and dendritic cells, and aid 

in antigen presentation  [88]. In addition to adaptive immune activities, extracellular 

HSP70 has also been shown to participate in innate immune activities. It has been shown 

to interact with microglia and macrophages through Toll-like receptors (TLRs). Some work 

has shown that HSP70 can bind TLRs and activate NF-kB  [89]. HSP60 and HSP90 have 

also been shown to interact with TLR2 and TLR4  [90]. However, some of this latter work 
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may have resulted from preparations of recombinant HSPs containing low levels of 

endotoxin, which can also TLR4  [91]. However, there are no published works of 

extracellular HSPs in CI or TBI. 

 

 

Pharmacological Therapy of Heat Shock Protein 70 in Brain injury 

While many laboratory studies of neuroprotection by HSP70 have largely used genetic 

manipulation to upregulate the protein, pharmacological means of inducing HSP70 would 

have wider translational relevance. A few studies have explored the pharmacological 

induction of HSP70 in focal and global CI models  [92]  [93] and experimental 

TBI  [94]. [92,93] The majority of approaches used Hsp90 inhibitors, which, by liberating 

HSF, upregulated HSP70. The most studied of these has been geldanamycin (GA), which 

has been shown to both induce HSP70 in the brain and lead to better neurological 

outcomes from experimental stroke. However, GA has since been found to be less than 

ideal for clinical translation due to hepatoxicity  [95]. As such, GA analogue 17-allylamino-

17-demethoxygeldanamycin (17-AAG) has been shown to have similar HSP90 inhibitory 

functions with less toxicity. 17-AAG has been studied in clinical trials through IV 

administration for cancer therapy  [95]  [96]. Work from our group has shown that  when 

17-AAG is given parenterally, it causes HSP70 induction in the brain, and leads to similar 

beneficial effects in experimental TBI as seen in HSP70 overexpressing mice. 17-(2-

dimethylaminoethyl) amino-17-demethoxygeldanamycin (17-DMAG), also a GA 

derivative, is thought to have wider tissue distribution, and was studied in an experimental 

stroke model where it was shown to improve neurological outcome through HSP70 

induction. The beneficial effect was also correlated to reduced inflammation through 

inhibition of microglial activation and phosphorylation NF-kB’s inhibitor protein IkB  [97]. 

 

Other HSP70-inducing compounds include the purine-based compounds, the resorcinols. 

While this class has been studied for cancer treatment, and a few have moved to clinical 

trial, none have been studied in brain injury models to date  [96]  [16]. A few studies have 

been carried out in stroke models with another HSP70 inducer, geranylgeranylacetone 

(GGA), previously studied for treatment of gastric ulcers. Administration of GGA in 
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experimental stroke showed similar beneficial effects and this was associated with an 

anti-inflammatory effect through up-regulation of HSP70 by inducing protein kinase 

C  [98]  [99]. In a TBI model, pretreatment with GGA similarly led to a neuroprotective 

effect by reducing neuronal apoptosis and inhibiting microglial activation  [100]. As GGA 

may be the best tolerated of the HSP70 inducing drugs, this approach may be the most 

promising as far as translating a treatment to patients suffering stroke or TBI. 

 

While most pharmacological approaches that have been studied in humans for other 

indications have focused on HSP90 inhibitors to upregulate HSP70, there are other 

approaches that deserve investigation. Other partners in the HSP pathways have the 

potential to be targeted. For example, small molecules to act as HSF mimics could be 

used to pharmacologically upregulate HSP70, rather than relying on sufficient 

endogenous HSFs to stimulate HSP70 production. A limitation to current HSP90 inhibitors 

and other means of inducing HSP70 as it pertains to acute neurological diseases is that 

generation of HSP70 protein may take hours to produce, and it is well known that very 

early intervention increases the likelihood of a good outcome. Administering recombinant 

HSP70 protein itself would circumvent this time sensitive problem. In fact, a few preclinical 

studies of stroke delivered HSP70 protein by conjugating it to carrier molecules to 

facilitate brain penetration after parenteral administration  [29]  [30]  [31]. In one report, 

HSP70 was conjugated to the brain penetrating HIV TAT protein  [29], while in another, 

HSP70 was conjugated a fragment of an anti-DNA antibody (mAb 3E10 or Fv) which is 

thought to penetrate cell membranes  [30]. Other areas of investigation in the treatment 

of stroke and brain trauma include targeting the chronic phases of injury, and include 

employing cell based treatments. One issue surrounding cell based therapies such as 

stem cells, is that the transferred cells seem to die or disappear after administration. Thus, 

one possibility may be to generate stem cells that overexpress HSPs in order to improve 

their survival.  

 

8. Conclusions 

HSPs, particularly HSP70, has been shown to directly engage in multiple mechanisms of 

neuroprotection in experimental models of acute brain injury. HSPs appear to have 
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multifaceted mechanisms of protection by interfering with several aspects of acute brain 

injury. Several compounds have now been shown to pharmacologically induce HSP70 in 

the brain, and suggests that this may be a viable approach with potential for clinical 

translation. As recent advances in acute stroke treatment include revascularization 

strategies, there may be renewed interest in neuroprotection as adjunctive agents in at 

least stroke patients. Thus, it seems that clinical studies should be the next step. 

 

Acknowledgments 

This research was supported by grants from the National Institutes of Health (RO1 

NS106441, R03 NS101246), Department of Defense and the Veteran’s Merit Award (I01 

BX000589) to MAY, Basic Science Research Program through the National Research 

Foundation of Korea (NRF) funded by the Ministry of Education (NRF-

2016R1D1A1B03933017) JYK, Grants to MAY was administered by the Northern 

California Institute for Research and Education, and supported by resources of the 

Veterans Affairs Medical Center, San Francisco, California. 

 

 

References 

[1] M.Y. Sherman, A.L. Goldberg, Cellular defenses against unfolded proteins: a cell 

biologist thinks about neurodegenerative diseases, Neuron 29 (2001) 15-32. 

[2] K. Frebel, S. Wiese, Signalling molecules essential for neuronal survival and 

differentiation, Biochem Soc Trans 34 (2006) 1287-1290. 

[3] A. De Maio, Extracellular Hsp70: export and function, Curr Protein Pept Sci 15 

(2014) 225-231. 

[4] J.Y. Kim, N. Kim, Z. Zheng, J.E. Lee, M.A. Yenari, The 70 kDa heat shock 

protein protects against experimental traumatic brain injury, Neurobiol Dis 58 

(2013) 289-295. 

[5] H. Saibil, Chaperone machines for protein folding, unfolding and disaggregation, 

Nat Rev Mol Cell Biol 14 (2013) 630-642. 

[6] J.Y. Kim, Y. Han, J.E. Lee, M.A. Yenari, The 70-kDa heat shock protein (Hsp70) 

as a therapeutic target for stroke, Expert Opin Ther Targets 22 (2018) 191-199. 

[7] I.R. Brown, Heat shock proteins and protection of the nervous system, Ann N Y 

Acad Sci 1113 (2007) 147-158. 

[8] R.G. Giffard, M.A. Yenari, Many mechanisms for hsp70 protection from cerebral 

ischemia, J Neurosurg Anesthesiol 16 (2004) 53-61. 

Jo
ur

na
l P

re
-p

ro
of



[9] F.R. Sharp, A. Lu, Y. Tang, D.E. Millhorn, Multiple molecular penumbras after 

focal cerebral ischemia, J Cereb Blood Flow Metab 20 (2000) 1011-1032. 

[10] J.Y. Kim, N. Kim, Z. Zheng, J.E. Lee, M.A. Yenari, 70-kDa Heat Shock Protein 

Downregulates Dynamin in Experimental Stroke: A New Therapeutic Target?, 

Stroke 47 (2016) 2103-2111. 

[11] Y.G. Weiss, A. Maloyan, J. Tazelaar, N. Raj, C.S. Deutschman, Adenoviral 

transfer of HSP-70 into pulmonary epithelium ameliorates experimental acute 

respiratory distress syndrome, J Clin Invest 110 (2002) 801-806. 

[12] S.K. Jo, G.J. Ko, C.S. Boo, W.Y. Cho, H.K. Kim, Heat preconditioning attenuates 

renal injury in ischemic ARF in rats: role of heat-shock protein 70 on NF-kappaB-

mediated inflammation and on tubular cell injury, J Am Soc Nephrol 17 (2006) 

3082-3092. 

[13] H.W. Chen, C. Hsu, T.S. Lu, S.J. Wang, R.C. Yang, Heat shock pretreatment 

prevents cardiac mitochondrial dysfunction during sepsis, Shock 20 (2003) 274-

279. 

[14] R.G. Giffard, L. Xu, H. Zhao, W. Carrico, Y. Ouyang, Y. Qiao, R. Sapolsky, G. 

Steinberg, B. Hu, M.A. Yenari, Chaperones, protein aggregation, and brain 

protection from hypoxic/ischemic injury, J Exp Biol 207 (2004) 3213-3220. 

[15] F.U. Hartl, M. Hayer-Hartl, Molecular chaperones in the cytosol: from nascent 

chain to folded protein, Science 295 (2002) 1852-1858. 

[16] N. Kim, J.Y. Kim, M.A. Yenari, Anti-inflammatory properties and pharmacological 

induction of Hsp70 after brain injury, Inflammopharmacology 20 (2012) 177-185. 

[17] S. Kelly, M.A. Yenari, Neuroprotection: heat shock proteins, Curr Med Res Opin 

18 Suppl 2 (2002) s55-60. 

[18] H. Zhao, M.L. Michaelis, B.S. Blagg, Hsp90 modulation for the treatment of 

Alzheimer's disease, Adv Pharmacol 64 (2012) 1-25. 

[19] P. Connell, C.A. Ballinger, J. Jiang, Y. Wu, L.J. Thompson, J. Hohfeld, C. 

Patterson, The co-chaperone CHIP regulates protein triage decisions mediated 

by heat-shock proteins, Nat Cell Biol 3 (2001) 93-96. 

[20] S. Murata, Y. Minami, M. Minami, T. Chiba, K. Tanaka, CHIP is a chaperone-

dependent E3 ligase that ubiquitylates unfolded protein, EMBO Rep 2 (2001) 

1133-1138. 

[21] S.B. Qian, H. McDonough, F. Boellmann, D.M. Cyr, C. Patterson, CHIP-mediated 

stress recovery by sequential ubiquitination of substrates and Hsp70, Nature 440 

(2006) 551-555. 

[22] J. Demand, S. Alberti, C. Patterson, J. Hohfeld, Cooperation of a ubiquitin 

domain protein and an E3 ubiquitin ligase during chaperone/proteasome 

coupling, Curr Biol 11 (2001) 1569-1577. 

Jo
ur

na
l P

re
-p

ro
of



[23] W. Luo, J. Zhong, R. Chang, H. Hu, A. Pandey, G.L. Semenza, Hsp70 and CHIP 

selectively mediate ubiquitination and degradation of hypoxia-inducible factor 

(HIF)-1alpha but Not HIF-2alpha, J Biol Chem 285 (2010) 3651-3663. 

[24] C. Esser, M. Scheffner, J. Hohfeld, The chaperone-associated ubiquitin ligase 

CHIP is able to target p53 for proteasomal degradation, J Biol Chem 280 (2005) 

27443-27448. 

[25] G.C. Meacham, C. Patterson, W. Zhang, J.M. Younger, D.M. Cyr, The Hsc70 co-

chaperone CHIP targets immature CFTR for proteasomal degradation, Nat Cell 

Biol 3 (2001) 100-105. 

[26] H.M. Peng, Y. Morishima, W.B. Pratt, Y. Osawa, Modulation of heme/substrate 

binding cleft of neuronal nitric-oxide synthase (nNOS) regulates binding of Hsp90 

and Hsp70 proteins and nNOS ubiquitination, J Biol Chem 287 (2012) 1556-

1565. 

[27] H.M. Peng, Y. Morishima, K.M. Clapp, M. Lau, W.B. Pratt, Y. Osawa, Dynamic 

cycling with Hsp90 stabilizes neuronal nitric oxide synthase through calmodulin-

dependent inhibition of ubiquitination, Biochemistry 48 (2009) 8483-8490. 

[28] S.H. Lee, M. Kim, B.W. Yoon, Y.J. Kim, S.J. Ma, J.K. Roh, J.S. Lee, J.S. Seo, 

Targeted hsp70.1 disruption increases infarction volume after focal cerebral 

ischemia in mice, Stroke 32 (2001) 2905-2912. 

[29] T.R. Doeppner, F. Nagel, G.P. Dietz, J. Weise, L. Tonges, S. Schwarting, M. 

Bahr, TAT-Hsp70-mediated neuroprotection and increased survival of neuronal 

precursor cells after focal cerebral ischemia in mice, J Cereb Blood Flow Metab 

29 (2009) 1187-1196. 

[30] X. Zhan, B.P. Ander, I.H. Liao, J.E. Hansen, C. Kim, D. Clements, R.H. Weisbart, 

R.N. Nishimura, F.R. Sharp, Recombinant Fv-Hsp70 protein mediates 

neuroprotection after focal cerebral ischemia in rats, Stroke 41 (2010) 538-543. 

[31] F.R. Sharp, X. Zhan, D.Z. Liu, Heat shock proteins in the brain: role of Hsp70, 

Hsp 27, and HO-1 (Hsp32) and their therapeutic potential, Transl Stroke Res 4 

(2013) 685-692. 

[32] D.J. Loane, A.I. Faden, Neuroprotection for traumatic brain injury: translational 

challenges and emerging therapeutic strategies, Trends Pharmacol Sci 31 (2010) 

596-604. 

[33] S.V. Kabadi, A.I. Faden, Neuroprotective strategies for traumatic brain injury: 

improving clinical translation, Int J Mol Sci 15 (2014) 1216-1236. 

[34] K. Blennow, J. Hardy, H. Zetterberg, The neuropathology and neurobiology of 

traumatic brain injury, Neuron 76 (2012) 886-899. 

[35] S.H. Lee, H.M. Kwon, Y.J. Kim, K.M. Lee, M. Kim, B.W. Yoon, Effects of hsp70.1 

gene knockout on the mitochondrial apoptotic pathway after focal cerebral 

ischemia, Stroke 35 (2004) 2195-2199. 

Jo
ur

na
l P

re
-p

ro
of



[36] B. Eroglu, D. Moskophidis, N.F. Mivechi, Loss of Hsp110 leads to age-dependent 

tau hyperphosphorylation and early accumulation of insoluble amyloid beta, Mol 

Cell Biol 30 (2010) 4626-4643. 

[37] C.C. Chio, C.C. Hsu, Y.F. Tian, C.H. Wang, M.T. Lin, C.P. Chang, H.J. Lin, 

Combined Hemorrhagic Shock and Unilateral Common Carotid Occlusion 

Induces Neurological Injury in Adult Male Rats, Int J Med Sci 14 (2017) 1327-

1334. 

[38] J.E. Lee, M.A. Yenari, G.H. Sun, L. Xu, M.R. Emond, D. Cheng, G.K. Steinberg, 

R.G. Giffard, Differential neuroprotection from human heat shock protein 70 

overexpression in in vitro and in vivo models of ischemia and ischemia-like 

conditions, Exp Neurol 170 (2001) 129-139. 

[39] S. Rajdev, K. Hara, Y. Kokubo, R. Mestril, W. Dillmann, P.R. Weinstein, F.R. 

Sharp, Mice overexpressing rat heat shock protein 70 are protected against 

cerebral infarction, Ann Neurol 47 (2000) 782-791. 

[40] Z. Zheng, J.Y. Kim, H. Ma, J.E. Lee, M.A. Yenari, Anti-inflammatory effects of the 

70 kDa heat shock protein in experimental stroke, J Cereb Blood Flow Metab 28 

(2008) 53-63. 

[41] D.R. Shimshek, M. Mueller, C. Wiessner, T. Schweizer, P.H. van der Putten, The 

HSP70 molecular chaperone is not beneficial in a mouse model of alpha-

synucleinopathy, PLoS One 5 (2010) e10014. 

[42] A. Zourlidou, M.D. Payne Smith, D.S. Latchman, HSP27 but not HSP70 has a 

potent protective effect against alpha-synuclein-induced cell death in mammalian 

neuronal cells, J Neurochem 88 (2004) 1439-1448. 

[43] G. Dvoriantchikova, A.R. Santos, A.M. Saeed, X. Dvoriantchikova, D. Ivanov, 

Putative role of protein kinase C in neurotoxic inflammation mediated by 

extracellular heat shock protein 70 after ischemia-reperfusion, J 

Neuroinflammation 11 (2014) 81. 

[44] D.R. Green, J.C. Reed, Mitochondria and apoptosis, Science 281 (1998) 1309-

1312. 

[45] A. Ashkenazi, V.M. Dixit, Death receptors: signaling and modulation, Science 

281 (1998) 1305-1308. 

[46] S. Okuno, A. Saito, T. Hayashi, P.H. Chan, The c-Jun N-terminal protein kinase 

signaling pathway mediates Bax activation and subsequent neuronal apoptosis 

through interaction with Bim after transient focal cerebral ischemia, J Neurosci 24 

(2004) 7879-7887. 

[47] R. Steel, J.P. Doherty, K. Buzzard, N. Clemons, C.J. Hawkins, R.L. Anderson, 

Hsp72 inhibits apoptosis upstream of the mitochondria and not through 

interactions with Apaf-1, J Biol Chem 279 (2004) 51490-51499. 

Jo
ur

na
l P

re
-p

ro
of



[48] A.R. Stankiewicz, G. Lachapelle, C.P. Foo, S.M. Radicioni, D.D. Mosser, Hsp70 

inhibits heat-induced apoptosis upstream of mitochondria by preventing Bax 

translocation, J Biol Chem 280 (2005) 38729-38739. 

[49] L. Ravagnan, S. Gurbuxani, S.A. Susin, C. Maisse, E. Daugas, N. Zamzami, T. 

Mak, M. Jaattela, J.M. Penninger, C. Garrido, G. Kroemer, Heat-shock protein 70 

antagonizes apoptosis-inducing factor, Nat Cell Biol 3 (2001) 839-843. 

[50] D. Tsuchiya, S. Hong, Y. Matsumori, T. Kayama, R.A. Swanson, W.H. Dillman, J. 

Liu, S.S. Panter, P.R. Weinstein, Overexpression of rat heat shock protein 70 

reduces neuronal injury after transient focal ischemia, transient global ischemia, 

or kainic acid-induced seizures, Neurosurgery 53 (2003) 1179-1187; discussion 

1187-1178. 

[51] H.M. Beere, B.B. Wolf, K. Cain, D.D. Mosser, A. Mahboubi, T. Kuwana, P. Tailor, 

R.I. Morimoto, G.M. Cohen, D.R. Green, Heat-shock protein 70 inhibits apoptosis 

by preventing recruitment of procaspase-9 to the Apaf-1 apoptosome, Nat Cell 

Biol 2 (2000) 469-475. 

[52] B. Jiang, W. Xiao, Y. Shi, M. Liu, X. Xiao, Heat shock pretreatment inhibited the 

release of Smac/DIABLO from mitochondria and apoptosis induced by hydrogen 

peroxide in cardiomyocytes and C2C12 myogenic cells, Cell Stress Chaperones 

10 (2005) 252-262. 

[53] A. Geissler, T. Krimmer, U. Bomer, B. Guiard, J. Rassow, N. Pfanner, Membrane 

potential-driven protein import into mitochondria. The sorting sequence of 

cytochrome b(2) modulates the deltapsi-dependence of translocation of the 

matrix-targeting sequence, Mol Biol Cell 11 (2000) 3977-3991. 

[54] L.A. Voloboueva, M. Duan, Y. Ouyang, J.F. Emery, C. Stoy, R.G. Giffard, 

Overexpression of mitochondrial Hsp70/Hsp75 protects astrocytes against 

ischemic injury in vitro, J Cereb Blood Flow Metab 28 (2008) 1009-1016. 

[55] Y.B. Ouyang, L.J. Xu, Y.J. Sun, R.G. Giffard, Overexpression of inducible heat 

shock protein 70 and its mutants in astrocytes is associated with maintenance of 

mitochondrial physiology during glucose deprivation stress, Cell Stress 

Chaperones 11 (2006) 180-186. 

[56] L. Xu, R.G. Giffard, HSP70 protects murine astrocytes from glucose deprivation 

injury, Neurosci Lett 224 (1997) 9-12. 

[57] K. Suzuki, B. Murtuza, I.A. Sammut, N. Latif, J. Jayakumar, R.T. Smolenski, Y. 

Kaneda, Y. Sawa, H. Matsuda, M.H. Yacoub, Heat shock protein 72 enhances 

manganese superoxide dismutase activity during myocardial ischemia-

reperfusion injury, associated with mitochondrial protection and apoptosis 

reduction, Circulation 106 (2002) I270-276. 

[58] J. Yuan, B.A. Yankner, Apoptosis in the nervous system, Nature 407 (2000) 802-

809. 

Jo
ur

na
l P

re
-p

ro
of



[59] S. Namura, J. Zhu, K. Fink, M. Endres, A. Srinivasan, K.J. Tomaselli, J. Yuan, 

M.A. Moskowitz, Activation and cleavage of caspase-3 in apoptosis induced by 

experimental cerebral ischemia, J Neurosci 18 (1998) 3659-3668. 

[60] B.R. Broughton, D.C. Reutens, C.G. Sobey, Apoptotic mechanisms after cerebral 

ischemia, Stroke 40 (2009) e331-339. 

[61] K. Jin, S.H. Graham, X. Mao, T. Nagayama, R.P. Simon, D.A. Greenberg, Fas 

(CD95) may mediate delayed cell death in hippocampal CA1 sector after global 

cerebral ischemia, J Cereb Blood Flow Metab 21 (2001) 1411-1421. 

[62] F. Guo, C. Sigua, P. Bali, P. George, W. Fiskus, A. Scuto, S. Annavarapu, A. 

Mouttaki, G. Sondarva, S. Wei, J. Wu, J. Djeu, K. Bhalla, Mechanistic role of heat 

shock protein 70 in Bcr-Abl-mediated resistance to apoptosis in human acute 

leukemia cells, Blood 105 (2005) 1246-1255. 

[63] K. Schulze-Osthoff, D. Ferrari, M. Los, S. Wesselborg, M.E. Peter, Apoptosis 

signaling by death receptors, Eur J Biochem 254 (1998) 439-459. 

[64] V.L. Gabai, K. Mabuchi, D.D. Mosser, M.Y. Sherman, Hsp72 and stress kinase c-

jun N-terminal kinase regulate the bid-dependent pathway in tumor necrosis 

factor-induced apoptosis, Mol Cell Biol 22 (2002) 3415-3424. 

[65] V.N. Ivanov, Z. Ronai, T.K. Hei, Opposite roles of FAP-1 and dynamin in the 

regulation of Fas (CD95) translocation to the cell surface and susceptibility to Fas 

ligand-mediated apoptosis, J Biol Chem 281 (2006) 1840-1852. 

[66] J. Anrather, C. Iadecola, Inflammation and Stroke: An Overview, 

Neurotherapeutics 13 (2016) 661-670. 

[67] C. Iadecola, J. Anrather, The immunology of stroke: from mechanisms to 

translation, Nat Med 17 (2011) 796-808. 

[68] Z. Zheng, M.A. Yenari, Post-ischemic inflammation: molecular mechanisms and 

therapeutic implications, Neurol Res 26 (2004) 884-892. 

[69] S.L. Mehta, N. Manhas, R. Raghubir, Molecular targets in cerebral ischemia for 

developing novel therapeutics, Brain Res Rev 54 (2007) 34-66. 

[70] M.A. Yenari, J. Liu, Z. Zheng, Z.S. Vexler, J.E. Lee, R.G. Giffard, Antiapoptotic 

and anti-inflammatory mechanisms of heat-shock protein protection, Ann N Y 

Acad Sci 1053 (2005) 74-83. 

[71] W. Van Molle, B. Wielockx, T. Mahieu, M. Takada, T. Taniguchi, K. Sekikawa, C. 

Libert, HSP70 protects against TNF-induced lethal inflammatory shock, Immunity 

16 (2002) 685-695. 

[72] X.Z. Ding, C.M. Fernandez-Prada, A.K. Bhattacharjee, D.L. Hoover, Over-

expression of hsp-70 inhibits bacterial lipopolysaccharide-induced production of 

cytokines in human monocyte-derived macrophages, Cytokine 16 (2001) 210-

219. 

Jo
ur

na
l P

re
-p

ro
of



[73] A. Manaenko, N. Fathali, H. Chen, H. Suzuki, S. Williams, J.H. Zhang, J. Tang, 

Heat shock protein 70 upregulation by geldanamycin reduces brain injury in a 

mouse model of intracerebral hemorrhage, Neurochem Int 57 (2010) 844-850. 

[74] B.S. Polla, H. Stubbe, S. Kantengwa, I. Maridonneau-Parini, M.R. Jacquier-

Sarlin, Differential induction of stress proteins and functional effects of heat 

shock in human phagocytes, Inflammation 19 (1995) 363-378. 

[75] J.Y. Kim, M.A. Yenari, J.E. Lee, Regulation of inflammatory transcription factors 

by heat shock protein 70 in primary cultured astrocytes exposed to oxygen-

glucose deprivation, Neuroscience 286 (2015) 272-280. 

[76] I.V. Guzhova, Z.A. Darieva, A.R. Melo, B.A. Margulis, Major stress protein Hsp70 

interacts with NF-kB regulatory complex in human T-lymphoma cells, Cell Stress 

Chaperones 2 (1997) 132-139. 

[77] M.T. Heneka, A. Sharp, T. Klockgether, V. Gavrilyuk, D.L. Feinstein, The heat 

shock response inhibits NF-kappaB activation, nitric oxide synthase type 2 

expression, and macrophage/microglial activation in brain, J Cereb Blood Flow 

Metab 20 (2000) 800-811. 

[78] D.L. Feinstein, E. Galea, D.A. Aquino, G.C. Li, H. Xu, D.J. Reis, Heat shock 

protein 70 suppresses astroglial-inducible nitric-oxide synthase expression by 

decreasing NFkappaB activation, J Biol Chem 271 (1996) 17724-17732. 

[79] R. Ran, G. Zhou, A. Lu, L. Zhang, Y. Tang, A.C. Rigby, F.R. Sharp, Hsp70 

mutant proteins modulate additional apoptotic pathways and improve cell 

survival, Cell Stress Chaperones 9 (2004) 229-242. 

[80] R. Ran, A. Lu, L. Zhang, Y. Tang, H. Zhu, H. Xu, Y. Feng, C. Han, G. Zhou, A.C. 

Rigby, F.R. Sharp, Hsp70 promotes TNF-mediated apoptosis by binding IKK 

gamma and impairing NF-kappa B survival signaling, Genes Dev 18 (2004) 

1466-1481. 

[81] J.E. Lee, Y.J. Kim, J.Y. Kim, W.T. Lee, M.A. Yenari, R.G. Giffard, The 70 kDa 

heat shock protein suppresses matrix metalloproteinases in astrocytes, 

Neuroreport 15 (2004) 499-502. 

[82] J.B. Johnston, Y. Jiang, G. van Marle, M.B. Mayne, W. Ni, J. Holden, J.C. 

McArthur, C. Power, Lentivirus infection in the brain induces matrix 

metalloproteinase expression: role of envelope diversity, J Virol 74 (2000) 7211-

7220. 

[83] M. Howard, J. Roux, H. Lee, B. Miyazawa, J.W. Lee, B. Gartland, A.J. Howard, 

M.A. Matthay, M. Carles, J.F. Pittet, Activation of the stress protein response 

inhibits the STAT1 signalling pathway and iNOS function in alveolar 

macrophages: role of Hsp90 and Hsp70, Thorax 65 (2010) 346-353. 

[84] D. Guo, J. Ma, T. Li, L. Yan, Up-regulation of miR-122 protects against neuronal 

cell death in ischemic stroke through the heat shock protein 70-dependent NF-

kappaB pathway by targeting FOXO3, Exp Cell Res 369 (2018) 34-42. 

Jo
ur

na
l P

re
-p

ro
of



[85] R.G. Giffard, R.Q. Han, J.F. Emery, M. Duan, J.F. Pittet, Regulation of apoptotic 

and inflammatory cell signaling in cerebral ischemia: the complex roles of heat 

shock protein 70, Anesthesiology 109 (2008) 339-348. 

[86] H. Singh-Jasuja, R.E. Toes, P. Spee, C. Munz, N. Hilf, S.P. Schoenberger, P. 

Ricciardi-Castagnoli, J. Neefjes, H.G. Rammensee, D. Arnold-Schild, H. Schild, 

Cross-presentation of glycoprotein 96-associated antigens on major 

histocompatibility complex class I molecules requires receptor-mediated 

endocytosis, J Exp Med 191 (2000) 1965-1974. 

[87] M. Haug, L. Dannecker, C.P. Schepp, W.W. Kwok, D. Wernet, J.H. Buckner, H. 

Kalbacher, G.E. Dannecker, U. Holzer, The heat shock protein Hsp70 enhances 

antigen-specific proliferation of human CD4+ memory T cells, Eur J Immunol 35 

(2005) 3163-3172. 

[88] P.R. de Jong, A.W. Schadenberg, N.J. Jansen, B.J. Prakken, Hsp70 and cardiac 

surgery: molecular chaperone and inflammatory regulator with 

compartmentalized effects, Cell Stress Chaperones 14 (2009) 117-131. 

[89] P. Srivastava, Roles of heat-shock proteins in innate and adaptive immunity, Nat 

Rev Immunol 2 (2002) 185-194. 

[90] A. Asea, Heat shock proteins and toll-like receptors, Handb Exp Pharmacol 

(2008) 111-127. 

[91] J.S. Gaston, Heat shock proteins and innate immunity, Clin Exp Immunol 127 

(2002) 1-3. 

[92] A. Lu, R. Ran, S. Parmentier-Batteur, A. Nee, F.R. Sharp, Geldanamycin induces 

heat shock proteins in brain and protects against focal cerebral ischemia, J 

Neurochem 81 (2002) 355-364. 

[93] J. Li, F. Yang, J. Guo, R. Zhang, X. Xing, X. Qin, 17-AAG post-treatment 

ameliorates memory impairment and hippocampal CA1 neuronal autophagic 

death induced by transient global cerebral ischemia, Brain Res 1610 (2015) 80-

88. 

[94] N. Kim, J.Y. Kim, M.A. Yenari, Pharmacological induction of the 70-kDa heat 

shock protein protects against brain injury, Neuroscience 284 (2015) 912-919. 

[95] J.G. Supko, R.L. Hickman, M.R. Grever, L. Malspeis, Preclinical pharmacologic 

evaluation of geldanamycin as an antitumor agent, Cancer Chemother 

Pharmacol 36 (1995) 305-315. 

[96] J.R. Porter, C.C. Fritz, K.M. Depew, Discovery and development of Hsp90 

inhibitors: a promising pathway for cancer therapy, Curr Opin Chem Biol 14 

(2010) 412-420. 

[97] J. Qi, X. Han, H.T. Liu, T. Chen, J.L. Zhang, P. Yang, S.H. Bo, X.T. Lu, J. Zhang, 

17-Dimethylaminoethylamino-17-demethoxygeldanamycin attenuates 

inflammatory responses in experimental stroke, Biol Pharm Bull 37 (2014) 1713-

1718. 

Jo
ur

na
l P

re
-p

ro
of



[98] H. Yasuda, H. Shichinohe, S. Kuroda, T. Ishikawa, Y. Iwasaki, Neuroprotective 

effect of a heat shock protein inducer, geranylgeranylacetone in permanent focal 

cerebral ischemia, Brain Res 1032 (2005) 176-182. 

[99] S. Uchida, M. Fujiki, Y. Nagai, T. Abe, H. Kobayashi, Geranylgeranylacetone, a 

noninvasive heat shock protein inducer, induces protein kinase C and leads to 

neuroprotection against cerebral infarction in rats, Neurosci Lett 396 (2006) 220-

224. 

[100] Z. Zhao, A.I. Faden, D.J. Loane, M.M. Lipinski, B. Sabirzhanov, B.A. Stoica, 

Neuroprotective effects of geranylgeranylacetone in experimental traumatic brain 

injury, J Cereb Blood Flow Metab 33 (2013) 1897-1908. 

 

Jo
ur

na
l P

re
-p

ro
of


