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 Review Article    

 Impact of Heat Shock Proteins in 
Neurodegeneration: Possible 
Therapeutical Targets    

  Giangiacomo   Beretta   1  and   Aida Loshaj   Shala   2

 Abstract 

Background: Human neurodegenerative diseases occur as a result of various factors. Regardless of the variety in the etiology 
of development, many of these diseases are characterized by the accumulation of pathological, misfolded proteins; hence, 
such diseases are considered as proteinopathies. While plenty of research study has been conducted in order to identify the 
pathophysiology of these proteinopathies, there is still a lack of understanding in terms of potential therapeutic targets. 
Summary: Molecular chaperones present the main workforce for cellular protection and stress response. Therefore, 
considering these functions, molecular chaperones present a promising target for research within the field of conformational 
diseases that arise from proteinopathies. Since the association between neurodegenerative disorders and their long-term 
consequences is well documented, the need for the development of new therapeutic strategies becomes even more critical 
Key message: In this review, we summarized the molecular function of heat shock proteins and recent progress on their 
role, involvement, and other mechanisms related to neurodegeneration caused by different etiological factors. Based on the 
relevant scientific data, we will highlight the functional classification of heat shock proteins, regulation, and their therapeutic 
potential for neurodegenerative disorders.   
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 Neurodegenerative Disorders 

 The global incidence of the development of neurodegenerative 
diseases is high. 1  With increased life expectancy, the 
neurodegenerative disorders represent the fourth biggest cause 
of mortality in affluent countries and are growing more 
common in poorer countries. 2  
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Even though considerable research has been carried out, 
the underlying mechanisms remain poorly understood.3

Neurodegenerative Factors

Various types of neurodegenerative disorders can be generated 
by a variety of genetic and environmental factors. Scientific 
evidence suggests that some of the multifactorial conditions 
influencing these disorders are abnormal protein dynamics with 
defective protein degradation and aggregation, oxidative and 
nitrosative stress, and mitochondrial dysfunction. Compromised 
bioenergetics, metal toxicity, and pesticide exposure represent 
significant environmental factors that can lead to 
neurodegenerations too.4–6

Neurodegenerative Proteinopathies

A common feature of a number of neurodegenerative disorders 
is misfolding and progressive polymerization of proteins. In 
fact, many neurodegenerative diseases that arise from a wide 
array of factors are protein misfolding disorders. Even though 
a huge amount of research has been performed in order to 
learn more about the pathophysiology of these proteinopathies, 
possible drug targets are still ambiguous. Protein quality 
control (PQC) presents mechanisms that imply the appropriate 
clearance of misfolded proteins and associated aggregates in 
order to maintain protein homeostasis. Because neurons have 
an exceptional cellular structure with long extensions, PQC in 
neurons is very challenging compared to other cell types. As a 
crucial component of PQC, molecular chaperones inhibit the 
formation of disease-causing aggregates. Therefore, neurons 
consist of a set of chaperones that identify misfolded proteins 
via exposed hydrophobic surfaces and facilitate their 
refolding.7–13

Chaperones are the main workforce involved in cellular 
homeostasis and stress response. Because heat shock proteins 
(HSP) are highly conserved proteins and because they have 
always been involved with stress sensing and stress resistance, 
it is not surprising that they also participate with the nervous 
system which is developed to sense environmental challenges 
and consequently respond to them.14–19

Therefore, comprehension of the multifaceted role of HSP 
in neurodegeneration, that will be discussed below, could help 
to develop new diagnostic or therapeutic targets in human 
neurodegenerative disorders.

What Are Molecular Chaperones?

HSP function as a PQC system. HSP were discovered by 
Ritossa in 1962. He observed a puffing pattern in Drosophila 
chromosomes after exposure to heat. Several studies since 
then have demonstrated the significance of HSP in clinical 
settings.20

HSP's role is to detect proteins that have been incorrectly 
folded or denatured. In order to protect the cellular environment, 
these "misfolded" proteins are refolded or degraded.21,22 
Chaperones for some proteins are also responsible for the initial 
folding. These newly transcribed genes during translation 
require immediate chaperone interactions. Other proteins, 
across the entire term of existence, often interact with 
chaperones. Molecular chaperones, in general, do not provide 
structural information for folding but rather avoid undesirable 
intermolecular interactions.23

HSP can be classified as stress repressible and stress 
inducible proteins. Stress-repressible HSP’s are primarily 
responsible for the proper folding of nascent polypeptides, 
while after protein denaturation, stress-inducible HSP’s play 
a major role in protein refolding.24

Based on their molecular weight, HSP are categorized into 
several types such as: HSP10, HSP40, HSP60, HSP70, 
HSP90, and HSP110.25 Various types of HSP appear to have 
distinct functions in protein folding and unfolding.23,26

Therefore, HSPs have an essential role in the maintenance 
of protein structure and function in all types of cells.

Investigations through a variety of models of brain 
diseases, induced by drug overexpression, have observed 
protective effects of HSP. Moreover, it has been observed that 
HSP are induced in different pathological conditions of the 
nervous system including epilepsy, trauma, cerebral ischemia, 
and neurodegenerative diseases.27 Their presence has been 
found in different cell types, such as neurons, glia, and 
endothelial cells.28 HSP that are present in the extracellular 
environment are released throughout necrotic cell death and 
through physiological secretory mechanisms. In the 
extracellular environment, HSP can bind to stress-sensitive 
recipient cells such as neurons; therefore, they can increase 
stress resistance.13

HSP27 in Neurodegenerative Diseases

HSP27 expression in neurons is low, although it can be 
increased by proteotoxic stress. In neurodegenerative diseases, 
increased levels of HSP27 in neurons and glia correlate with 
pathogenic deposition of abnormal proteins.29 HSP27 act as a 
mediator in survival responses of the central nervous system 
(CNS) insults as a result of antioxidant activity and through 
the suppression of cell death pathways.30 Consequently, 
describing the possible mechanisms of HSP27's participation 
in neuronal survival will contribute to identifying new 
approaches for preventing neuronal death (Figure 1).

Wagstaff et al.31 in an attempt to identify the HSP implicated 
in the apoptosis-protective effect constructed a Herpes 
Simplex Virus-based Vector in order to express individual 
HSP genes with high efficiency, which may be used to 
investigate their protective effects in vitro. Their results have 
shown the protective effect of overexpressing HSP27 against 
necrosis and programmed cell death. For the first time, such a 
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protective effect of HSP27 was presented in neuronal cells. 
The possible proposed mechanisms of protection against 
apoptosis were through induction of the Fas/APO-1 pathway 
as well as by a protein kinase C inhibitor.14

Later on, Abisambra et al.18 investigated the role of HSP27 in 
the mechanism that develops Alzheimer's disease (AD). In their 
study, they investigated the ability of HSP27 to modulate tau 
dynamics. Tau presents the subunit protein that is one of the 
crucial hallmarks of AD and therefore it is of great importance 
in resolving disease mechanisms.32 Because the mechanisms of 
HSP27 that are involved to facilitate the clearance of abnormal 
protein have been difficult to describe, they used a combined 
methodology of biophysical and physiological approaches that 
led to the discovery of an important aspect of HSP27 biology. 
While both mock phosphorylated HSP27 and wildtype HSP27 
in vitro showed the ability to bind and prevent tau aggregation, 
only wildtype HSP27 had the ability to clear tau from the brain 
and therefore protecting from functional deficits. The mock-
phosphorylated form of HSP27 in fact stabilized tau in the brain. 
This may point to the possibility that HSP27 may be capable to 
switch between phosphorylated and nonphosphorylated states 
in order to achieve the clearance of abnormal tau proteins. 
Otherwise, HSP27 might enable the accumulation of soluble tau 
intermediates. According to the findings of this study, HSP27 
might assist in tau clearance from the brain and rescue from 
persistent increase in synaptic strength between hippocampal 
neurons, which is linked to memory and learning. Though, 
when this ability is conceded, HSP27 may potentially assist in 
the generation of soluble tau intermediates.18

Additionally, the development of AD results from the 
extracellular accumulation of Aβ-rich plaques, as well. 
Amyloid β (Aβ) peptides present cleavage products of the 
amyloid precursor protein that are likely to aggregate into 
amorphous aggregates, toxic oligomers, and fibrils.33 It has 
been reported in in vitro studies that HSP27 affect Aβ that is 
associated with senile plaques in AD brain tissue.34 Even 
though a connection between HSP27 and Aβ has been reported, 
molecular mechanisms of this interaction remain not fully 
understood.35 Although it is shown that in cellular systems, 
extracellular Aβ1-42 generates the expression of HSP27, yet, 
extracellular HSP27 exogenous exposure enhanced Aβ1-42 
cellular toxicity.36 Studies that involve recombinant protein 
have suggested that the role of HSP27 is to affect Aβ quaternary 
structure, isolating toxic oligomers into less toxic,36 although 
other studies have demonstrated a role of HSP27 in the 
reduction of Aβ aggregation.34,37

Recombinant protein studies have revealed that the role of 
HSP27 is to modify Aβ quaternary structure, separating toxic 
oligomers into less toxic ones. Furthermore, some data suggest 
that HSP27 might be involved in proteinopathies associated 
with Parkinson’s disease (PD) and dementia with Lewy Bodies.33

α-Synuclein (α-syn) is a disordered neuronal protein 
involved in the control of synaptic vesicles.33,38 Additionally, it 
is the principal structural component in large protein aggregates 
known as Lewy Bodies. These protein aggregates are formed 

in neurodegenerative synucleinopathies, such as PD.39 It has 
been reported that HSP27 is involved in the reduction of α-syn 
aggregation. A recent study describes that the reduction of the 
disulfide bond in HSP27 increased its chaperone activity 
toward multiple client proteins, including α-syn.40,41

Moreover, in order to fully understand the relationship that 
implicates the involvement of HSP27 in synucleinopathies, 
further in vivo studies are required to be performed in the future.

Furthermore, some data present the role of HSP27 in 
cerebral ischemia. There is also a growing evidence that 
overexpression of HSP27 provides a strong cytoprotective role 
in cerebral ischemia.42 However, the actual mechanism 
underlying this protection is yet unknown. It has been suggested 
that in ischemic neurons HSP27-mediated neuroprotection is 
due to a direct or indirect inhibition of the mitochondrial cell 
death pathway.43 While HSP27 has been proposed as a possible 
therapeutic protein in forebrain ischemia, its inability to 
penetrate cells limits its use for this purpose. Thus, in an 
endeavor to deliver HSP27 protein to cells and tissues, An et al. 
in 2008 examined the possibility of protein transduction using 
PEP-1 peptide, which was designed to enhance the biological 
activity of transduced proteins in cells.44 To achieve this, they 
mixed HSP27 with PEP-1 peptide, using HSP27 as a target 
protein for direct transduction in vitro and in vivo. According 
to their findings, protection against cell death resulted when the 
PEP-1–HSP27 fusion protein was directly transduced into 
neuronal cells and across the blood–brain barrier. Therefore, 
they suggested that the PEP-1 peptide in combination with 
HSP27 could be effective as a possible therapeutic agent used 
to treat temporary forebrain ischemia.

While it is widely established that the CNS does not 
normally regenerate, peripheral nerves after injury regenerate 
spontaneously because of activation of the inherent growing 
ability of neurons and a conducive environment.45 Even 
though peripheral nerves have the ability to regenerate after 
injury, motor functional repair in human damaged proximal 
nerves is minimal. One of the potential explanations is that 
induced axonal growth after the injury is too slow.46–48

Concerning the possible involvement of HSP27 in 
peripheral nerve injuries, several studies in animal models 
were conducted. Ma et al.17 conducted a study in mice about 
the role of HSP27 after peripheral nerve injury. They reported 
that HSP27 increased axonal growth after peripheral nerve 
damage that stimulates motor recovery. They applied an 
unbiased bioinformatics technique to uncover genes that play 
a vital role in regenerative response following nerve 
transaction or crush injuries in dorsal root ganglion (DRG) 
neurons of mouse models. The authors identified HSP27 as a 
possible candidate to increase neuron regeneration.49

Lindsay50 reported that in adult rats, sensory neurons 
survive axotomy and Neuron Growth Factor (NGF) 
withdrawal, while in general neonatal sensory neurons do not. 
The potential explanation for this is that injured adult DRG 
neurons themselves develop into the source of the survival-
promoting growth factors usually provided by the target tissue. 
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Considering that Lewis et al.16 investigated the involvement of 
HSP27 in neonatal sensory neurons following peripheral nerve 
damage and NGF withdrawal. Their findings suggested that 
HSP27 contributes substantially to the survival of sensory 
neurons and is possible to be a significant factor for the survival 
of adult sensory neurons, as well. From the reported results it 
can be indicated that the regulation of the HSP27 is associated 
with sensory neuronal survival and that the overexpression of 
human HSP27 in neonatal rat sensory neurons is necessary to 
decrease apoptosis after NGF withdrawal in vitro. Therefore, 
HSP27 can act as an inherent survival factor that has a crucial 
role of decreasing cell death in sensory neurons. But, from the 
in vitro studies, it has been observed that overexpression of 
HSP27 can also save sympathetic neurons from NGF 
withdrawal; hence, it can be proposed that this role for HSP27 
is not limited only to sensory neurons. The mechanism that 
might be responsible for the antiapoptotic role of HSP27 in 
neurons can be explained through stabilization of actin 
microfilaments, increment of glutathione levels and reduction 
of generation of reactive oxygen species, enhancement of 
protein refolding, and association with protease complexes, or 
maybe any other novel function.16,51

As a conclusion, HSP27 has been found to have a stronger 
protective impact on the neurological system, though there is 
a lack of knowledge regarding the role of HSP27 in immune-
mediated neurological diseases.

Multiple sclerosis is the most common chronic inflammatory 
disease that affects the CNS. It presents the most diffuse 
chronic inflammatory disease of the CNS. The pathophysiology 
of this disease is clearly influenced by both immune-mediated 
and neurodegenerative mechanisms.52

Both immune-mediated and neurodegenerative processes 
obviously play role in the pathogenesis of this disease. During 
the relapse phase of multiple sclerosis, patients' serum, and 
cerebral fluid have been shown to have increased levels of 
HSP27.27,53,54 Based on these findings, it can be suggested that 
through MS attacks, HSP27 may be overexpressed in order to 
protect neuronal cells by reducing misfolding of proteins and 
aggregation.

Concerning Guillain–Barré syndrome (GBS) an immune-
mediated polyneuropathy, Yonekura et al.55 and Helgeland 
et al.56 examined antibodies against HSP in cerebrospinal 
fluids (CSF) and sera from patients with GBS. Considerably 
higher IgG antibody titers against HSP27 were found in CSF 
from GBS patients.56

Recently, one promising study performed by Asthana et al.57 
in mouse models reported that HSP27 is a main therapeutic 
target on nerve repair in GBS immune-mediated polyneuropathy. 
According to their findings, in a clinically appropriate GBS 
animal model that was established with purified antibodies 
against gangliosides, forced expression of HSP27 increased 
functional recovery. Neurobehavioral, electrophysiological, 
and histological techniques revealed that HSP27 has a protective 
role on GBS during nerve regeneration and motor endplate 
reinnervation. They suggest that more research is needed in 

order to find the possibilities of discovering small compounds 
that can stimulate HSP27 under physiological conditions as a 
potential therapeutic agent for nerve regeneration.57

Eventually, the therapeutic potential of HSP27 in most 
neurological disorders is yet not fully clarified, although their 
role cannot be neglected. So far, not much attention has been 
placed to these compounds; nonetheless, it is possible that 
these small molecules may shift the conventional paradigm 
and provide novel insights into the creation of innovative 
therapeutics for neurological disorders. It has been shown 
that HSP27 might be involved in multiple diseases 
modifications. Therefore, it is obvious that HSP27 may be a 
promising new therapeutic target in treating neurodegeneration 
diseases.

HSP70 in Neurodegeneration Diseases

Neurodegenerative diseases, such as AD and PD, share a 
similar feature: the aggregation and deposition of misfolded 
proteins inside and outside neurons of the brain, as well as 
selective neuronal loss in the CNS.58–60

In recent years, several studies have demonstrated that the 
activation of the heat shock response, and in particular the 
elevation of HSP70 levels, has a neuroprotective effect in 
several animal neurodegeneration models (Figure 1).13,61

PD is characterized primarily by the accelerated and 
selective loss of dopaminergic neurons in the substantia nigra 
pars compacta, followed by a dopamine decrease in the 
nigrostriatal pathway, and the appearance of intracytoplasmic 
fibrillar α-syn protein aggregates (Lewy Bodies) in the 
remaining nigral neurons. α-syn is a 140-amino acid neuronal 
protein that is considered to regulate cell differentiation, 
synaptic plasticity, and dopaminergic neurotransmission.61 
Based on several reports, numerous results conducted on PD 
mechanism have indicated that HSP70 may solubilize α-syn 
and induce the degradation of its insoluble forms via chaperone-
mediated autophagy and the proteasome.62,63

Although PD neurodegenerative pathology and involved 
molecular etiopathogenesis are yet not fully understood, 
novel contributions have been achieved with the Drosophila 
model, as the first animal model in which the importance of 
molecular chaperones, specifically HSP70 alongside with 
α-syn-induced neurodegeneration, has been investigated.64

Using a Drosophila model, it has been reported that 
controlled expression of the protein chaperone HSP70 inhibits 
dopaminergic neuronal death caused by α-syn expression. 
Furthermore, interfering with endogenous chaperone function 
increases α-syn toxicity. The author noticed that Lewy Bodies 
in human postmortem tissue are immunopositive for 
molecular chaperones which proves the significance of these 
findings to human diseases. These results suggest that 
aberrant protein-folding and -aggregation may be common 
processes in the pathophysiology of polyQ- and α-syn-related 
neurodegenerative disorders.65–67



Beretta and Shala 75

In addition, Protein deglycase or Protein 7 (DJ-1) and α—
syn have been associated with hereditary early onset forms of 
PD, as well. Based on this, Batelli et al.68 explored the putative 
functional link between these two proteins in a cellular model 
of oxidative stress, in order to confirm if they belong to the 
same antioxidant pathway, which is a detrimental state that is 
thought to play a crucial role in neurodegenerative diseases.

From the reported results, they found that DJ-1 inactivation 
may promote aggregation of α-syn and lead to toxicity, while 
the HSP70 model may be implicated in the regulation of 
α-syn fibril formation and in the antioxidant response. They 
suggested that DJ-1 and HSP70 might be therapeutic targets 
in PD because of their role in neutralizing oxidative stress and 
their involvement in the solubility of α-syn aggregates.68

It was observed that HSP70 might have a similar role in AD, 
as well. The pathological characteristic and etiological 
component of AD, often known as the "protein-folding" disease, 
is caused by extraneuronal amyloid-beta (A) deposits and 
intracellular neurofibrillary tangles formed of the protein tau.29

Several studies indicate that in the brain of AD patients, 
the neuroprotective mechanism of HSP70 and other molecular 
chaperones fails.69 It is apparent that the expression and 
functionality of the inducible form of HSP70 and other 
important HSPs are decreased in aged tissues. Neurons that 
are affected by high frequency in AD disease located in the 
hippocampus and entorhinal cortex show relatively low levels 
of HSP70.70

So far, in numerous animal models of AD, the neuroprotective 
role of HSP70 has been demonstrated. A large body of data 
indicates that many symptoms resembling the main 
manifestations of AD are triggered in rats following olfactory 
bulb injury.71 For this reason, olfactory bulbectomy (OBX) mice 
can be used as an animal model of AD.

Bobkova et al.72 investigated endogenous inducible forms of 
HSP70 in different brain areas of mice after OBX. They found 
out that the surgical damage of the olfactory bulbs triggers the 
development of several pathologies, including amyloid-β 
accumulation and a strong decrease of neuron density in the 
cortex and hippocampus accompanied with significant 
disturbance of spatial memory. Following quantifying the 
endogenous inducible form of HSP70 in several brain locations 
of OBX mice, they discovered distinct oscillations in HSP70 
levels depending on the time after the surgery and the age of 
mice. It is remarkable to mention that the maximal stimulation 
of HSP70 synthesis in the hippocampus was manifest in the 
recovery period of OBX animals.72

Later on Bobkova et al.73 studied the potential therapeutic 
effect of exogenous HSP70 in mouse. They used two rodent 
models of AD-like neurodegeneration: olfactory bulbectomized 
mice (OBX) and 5XFAD transgenic mice. The functional, 
morphological, and biochemical features of OBX mice were 
comparable to those described for AD patients, including 
significant memory loss, a decreased utilization of cerebral 
glucose, and an elevated amount of brain amyloid β protein 
precursor and Aβ.72,74,75 In OBX mice, it has reported a 

significant loss of neurons in the hippocampus and temporal 
cortex,74 which are the brain areas most damaged in AD 
patients,75 whereas 5XFAD mice shown an elevated amount of 
amyloid plaques that form early in their lifetime in diverse 
brain locations.76

Full-length recombinant human HSP70 was administered 
intranasally to these two complimentary AD models: OBX and 
5XFAD mice. Memory improvement following the HSP70 
therapy is linked with a drop in Aβ levels, while in 5XFAD 
mice, with a reduction in the density of amyloid plaques. 
According to the findings of these studies, the HSP70 therapy 
is extremely successful in alleviating all main indications of 
neurodegeneration generated in OBX and 5XFAD mice at the 
histological and cognitive levels.75,76

Additionally, the huge amount of work suggests that 
intracellular accumulation of amyloid β is increasingly 
established as an initial occurrence in the pathogenesis of AD.76 
HSP70 overexpression efficiently protects neurons against 
intracellular amyloid deposition in a cellular model of AD.77,78

One of the objectives of this review is to explore the roles 
of HSP70 in neurodegeneration. As a summary, it can be 
suggested that HSP70 has a neuroprotective role in diseases 
that affect CNS. Therefore, future strategies can be suggested 
for targeting HSP70 in the development of neurodegenerative 
disease treatments.

Considering the role of HSP70 in peripheral nerve 
diminishing disorders, Tidwell et al.79 reported that in neonatal 
mouse after exogenous, HSP70 showed very promising results 
in reducing the loss of neurons.

The authors investigated the modulation of the constitutive 
and stress-induced 70-kD HSP in the neonatal mouse 
following sciatic nerve axotomy. According to the findings, 
endogenous levels of HSP 70 in lumbar motor neurons and 
DRG sensory neurons did not increase substantially up to 24 h 
after axotomy.

Although after the administration of HSP 70 preparations 
to the sciatic nerve stump after axotomy, the survival of both 
motor and sensory neurons was significantly improved.

These findings support the concept that the rapid 
administration of exogenous HSC70 or HSP70, or both, may 
improve the survival of injured neurons by stimulating the 
production of endogenous HSP70.

A huge amount of data shows that HSP70 plays important 
roles in immune responses. The specific physiological 
environment substantially impacts the immune functions of 
HSP70. The first factor is the localization of HSP70, whether 
it is intracellular, on the cell surface, or in circulation. 
Intracellular HSP70 protects the cell and inhibits cytokine 
production, whereas extracellular HSP70 stimulates cytokine 
production and tags cells for destruction. The second factor is 
the type of receptors on the target cells that bind to HSP70. 
Toll-like receptors (TLRs) provide HSP70 the potential to 
trigger cytokine production and promote the innate response, 
whereas scavenger receptors assist HSP70 transport antigens 
to antigen-presenting cells and therefore stimulate the adaptive 
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 Figure 1.    Schematic Presentation of the HSP27, HSP70, and HSP90 Involvement in:  (a)  Neurodegeneration (ND): Alzheimer Disease 
(AD), Parkinson’s Disease, Cerebral Ischemia and Peripheral Nerve Degeneration;  (b)  Immune Mediated ND: Multiple Sclerosis (MS) 
and Guillain-Barré syndrome (GBS).    

response. The third component is the condition under which 
HSP70 is synthesized and released from the cell. HSP70s, for 
example, are implicated in the creation of antigen-dependent 

immunological memory in the case of microbial invasion, and 
in the establishment of antigen-independent immune memory 
in the case of other stressors. 80–82  Because HSP70 is involved 
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in different ways in mechanisms that trigger an immune 
response, it is expected that HSP70 plays a significant role in 
neuroimmunological diseases, as well.

Helgeland et al.56 and Yonekura et al.55 reported that in CSF 
and sera from GBS patients increased titer of IgG autoantibodies 
against HSP70 has been found. It has been also reported that 
TLR2-, CD14-, or HSP70-based immunomodulation might be 
potentially implicated in the control of the undesirable effect of 
innate immune system activation for inflammatory 
neuropathies.82 Loshaj-Shala et al.83 in their study reported that 
Campylobacter jejuni chaperone proteins DnaK (∼70 kDa) and 
the different forms of HSP70 extracted and identified from 
human peripheral nerve have significant primary sequence 
homology and conservation of known epitopes.

Based on their findings, they concluded that C. jejuni 
chaperone proteins (70 kDa) can be suggested as potential 
antigens regulating the induction of immune-mediated disorders, 
such as GBS, or at least play a substantial role in this disease, 
presumably via a molecular mimicry mechanism.83

To sum up, various studies suggested the neuroprotective 
effect of HSP70 through the reduction of cell death and 
recovery improvements in neurodegenerative disorders. 
Hence, additional studies of HSP70 might show alternative, 
“druggable” therapeutic targets for these conditions.

HSP90 in Neurodegeneration

HSP90 has been linked with a variety of neurodegenerative 
diseases characterized by protein aggregation including AD and 
PD. The hyperphosphorylated tau protein and the fibril- and 
plaque-forming protein amyloid-β (Aβ), which are involved in 
AD, present a substrate for HSP90 clients.84 Evans et al.,77 based 
on the results from their investigation, proposed that in order to 
avoid aggregation, HSP90 can target abnormal folds in both Aβ 
and tau. In PD, deposits of α-synuclein in Lewy Bodies are 
HSP90 substrate.85 Therefore, the upregulation of HSP90 function 
may be effective in treating certain neurodegenerative disorders 
in these circumstances. In AD, however, HSP90 suppression may 
reduce the activity of kinases that hyperphosphorylate tau, thus 
decreasing aggregation. Additionally, as a result of HSP90 
suppression, abnormal disease-associated proteins may be 
targeted for degradation (Figure 1).86

Several data recognize that HSP90 plays important role in 
immune responses. The impact of HSP90 in the immune system 
depends on the physiological environment—extracellular, 
intracellular, or cell surface.

Primarily, it should be noted that HSP90 chaperones 
predominantly are intracellular molecules that are engaged in 
facilitating the maturation of several receptors and kinases.87 
In eucaryotes cells, HSP90 occurs in four forms, that is, as 
two cytosolic isoforms (one is inducible, and the other is 
constitutive). The other two isoforms are localized in the ER 
and the mitochondrion. The presence of cytosolic HSP90 in 
the extracellular matrix originates from exosome secretion.88 
The inducible cytosolic isoform of HSP90 is secreted into the 

extracellular matrix throughout phosphorylation of its Thr-90 
residue and cell stress.89

Several data propose that extracellular HSP90 might assist 
the folding and hence the activation of immune cells including 
natural killer cells and T lymphocytes via their receptors.90 
HSP90, which is surface exposed, acts as a signal for the 
molecular patterns that are associated with danger or damage, 
through the activation of the innate immune response, and 
eventually the adaptive immune system.91

In contrast, both intracellular and extracellular HSP90 are 
implicated in antigen presentation. The intracellular type of 
HSP90 adheres to antigenic proteins, allowing them to be 
processed into antigenic peptides. The produced antigenic 
peptides are finally presented to MHC-I/II by HSP90.90 While 
extracellular HSP90 interacts with cell surface receptors through 
binding to substrate peptide antigens, it facilitates endocytosis 
of the HSP90-antigen complex.92 Thus, HSP90 participates in 
the cross-presentation of antigens to immune cells.

In addition, based on the involvement of HSP90 in 
mechanisms that trigger an immune response, it is expected 
that HSP90 might have an impact on neuroimmunological 
diseases, as well.

Yonekura et al.55 reported that in CSF and serum from GBS 
patients, the significantly increased titer of IgG autoantibodies 
against HSP90 has been found as compared with motor neuron 
disease.55

Taken altogether, the complex role of HSP90 on immune 
pathways and neurodegeneration mechanisms (Figure 1) needs 
to be further investigated. Such a multifaceted role could lead to 
knowledge to develop HSP90 as a promising therapeutical 
strategy for several diseases, which involve neurodegeneration 
and all other diseases that are linked with protein misfolding.

Therapeutical Approaches of Heat Shock 
Proteins

HSP presents remarkable therapeutic targets for a variety of 
diseases. The most promising approach was studied through 
the last two decades in developing HSP90 inhibitors HSP90 
inhibitors for therapeutic applications as an anticancer therapy. 
However, for the time being, the chances for HSP90 inhibitors 
development as a cancer therapy did not result in acceptable 
efficacy/safety margins.93

While these studies did not result yet with an approved 
compound, many approaches that can be used toward the 
future development of other HSP agents have been launched. 
Regardless of all that, during this time it was learned that is 
still not clear how to use these agents. This remains a major 
challenge that needs to be sorted out in order to ensure that 
these agents play a role in the treatment of cancer in the future.

However, the use of HSP agents is not limited to cancer 
treatment only. A wide range of neurodegenerative disorders 
are characterized by neuronal cell death after misfold, 
aggregation, and accumulation of abnormally processed or 
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mutant proteins. Therefore, pharmacological targeting of 
HSP may have an application in neurodegenerative disorders. 
The application has been impeded because of the inability to 
create compounds that can cross the blood–brain barrier and 
reach therapeutic brain concentrations at nontoxic dosages.94,95

In the following, several concepts associated with the 
specific targeting of chaperones in neurodegeneration tested 
on cell and animal models will be discussed.

Studies that tested the therapeutical potential of HSP27 as 
a therapeutical target were performed o animal models in 
different neurodegenerative conditions. The obtained results 
were promising, although further studies need to be performed.

Therapeutical Targeting/Inhibition

In 2004, Shimura et al. first showed the therapeutic potential 
of HSP27 in AD. The experiment was conducted in human 
cortical neuron 2A cultured cells, in which HS27 was 
delivered. It was noticed that the level of phosphorylated tau 
decreased.96 Later, HSP27's potential therapeutic potential in 
in vitro and in vivo models was demonstrated, showing that 
HSP27, which is overexpressed, and its constituents 
phosphorylated mutant form interacted with tau and inhibited 
it from accumulating.18 Additionally, Toth et al. in 2013 
showed that in a mouse model of AD, HSP27 also reduced 
the amount of aggregated amyloid-β.97

Further, it has been reported for the impact of HSP27 
injection treatment in transient middle cerebral artery occlusion 
in mice, which is an ischemic stroke model. Based on the 
result that has been reported intravenously administration of 
HSP27 showed protection of the brain in different stroke rat 
models.98 The authors claim that they did not observe any 
significant adverse effect of HSP27. Further studies are needed 
in order to develop HSP27 intravenous therapy for the 
treatment of stroke. It might open new perspectives for 
establishing therapy for ischemic stroke, which could be also 
useful for other diseases as well, including AD and PD.

In the search for neuroprotective drugs development, 
targeting HSP70 appears as a promising approach. HSP70 
targeting is related to the development of inhibitors aimed at 
the adenosine triphosphate (ATP)-binding site, i.e., the 
allosteric sites in the nucleotide-binding domain, which also 
serves as the substrate-binding domain.99 It has been shown 
that previously investigated compounds with for anticancer 
ability that consists of the skeleton (benzothiazolin-2-yliden)-
4-oxothiazolidin-2-ylidene (rhodacyanine) interact to distinct 
allosteric sites of HSP70.99 Among them, MKT-077 and 
YM-01 homologs targeting HSP70 were suggested as 
candidates in AD therapy because of their capacity to promptly 
and efficiently reduce Tau levels in vitro and ex vivo.100, 101 
Despite their promising results in Tau dynamics, because of 
their low Blood-Brain-Barrier (BBB) penetration and renal 
toxicity, these homologs were not further considered.100,102,103

Additionally, Methylene Blue and Azure C present an 
important class of molecules, phenothiazines. Through the 
inhibition of HSP70 ATPase function, they are able to reduce 
levels of total Tau and phosphorylated-Tau, although with 
low selectivity.104,105 This suggests that phenothiazine 
derivatives might be used as multimodal drug toward AD. 
Furthermore, the synergistic effect of HSP70 ATPase activity 
and Tau aggregation inhibition appears to be a promising 
approach, therefore during drug screening, these two targets 
should be combined.103

Furthermore, a drug approved for ulcer therapy, 
geranylgeranylacetone, demonstrates the ability to stimulate 
HSP70 expression while maintaining a safe profile. It improved 
cognitive function in an AD mouse model, lowering Aβ levels, 
A βplaque formation, and synaptic loss.106 The mechanism of 
action of geranylgeranylacetone was first unknown, however, 
it was later demonstrated that improvement in the AD model 
arises through modulation of the ERK/p38 Mitogen-activated 
protein kinase (MAPK) signaling pathway.107

Moreover, a well-known traditional Chinese medication, 
the extract of Ginkgo biloba leaves, reduces neurotoxicity of 
the Aβ1–42 oligomer in human-derived cell line (SH-SY5Y 
cell), by increasing HSP70, among other proteins.108

In general, targeting HSP70 appears to be a viable approach 
in the quest for neuroprotective medicines, particularly for 
the management of Tau in AD and other tauopathies. Further 
research in this area should focus on the selective targeting of 
constitutive proteins versus stress-induced proteins.

Regarding HSP90, a large body of evidence shows that 
inhibiting HSP90 may be effective in the treatment of AD by 
neutralizing Tau protein hyperphosphorylation and 
aggregation.94 Inhibitors of HSP90 mostly interact with the 
nucleotide-binding pocket in the N-terminal domain, where 
they attach to the ATP-binding site, blocking the ADP-  
and ATP-bound conformational changes required for 
chaperone action. Inhibitors such as Geldanamycin (GA), 
17-N-allylamino-17-demethoxygeldanamycin (17-AAG), 
and radicicol target this protein site.109

GA was isolated from the Streptomyces species and was 
the first HSP90 inhibitor identified. Initially, it was investigated 
for antibacterial and anticancer action modes; however, 
toxicity concerns hampered further research.94 Various GA 
analogs have been designed, with 17-AAG being especially 
considered as an effective HSP90 inhibitor with a safer profile 
and improved solubility. The findings from pharmacokinetic 
data collected during the study of 17-AAG as an antitumoral 
medication led to its repurposing as a therapeutic for AD and 
other neurodegenerative disorders. In vivo activity of 17-AGG 
was established in a rat.110 Oral administration of 17-AAG 
stimulates overexpression at the cellular level of HSP’s 
(HSP27, HSP40, and especially HSP70), resulted with reduced 
brain damage and improved cognitive functioning. The impact 
of this inhibitor on Tau—a crucial target for AD—was studied 
in mice models. It was shown that a high dosage of 17-AAG 
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reduced neurofibrillary tangles in transgenic mice.111 Similar 
pathways were observed for radicicol, which has also been 
proposed as a therapy for neurodegenerative diseases.112

Thus, acquiring further knowledge is vital as many issues 
should be explained. In summary, therapeutic targeting of HSP 
might provide a foundation for future therapies in the perspective 
of multitargeted drug development and a polypharmacological 
approach to complicated neurodegenerative diseases.

Conclusions and Perspectives

Over the past several years have realized a remarkable rise in 
the number of studies of the involvement of HSP in 
neurodegenerative diseases, expecting that these studies could 
lead to a new strategy for the prevention and treatment of 
neurodegenerative conditions.113

In this review, we have briefly focused on some of the 
recent areas of research on the molecular role of HSP27, 
HSP70, and HSP90 in nervous system diseases.

Based on the huge amount of data that confirms the 
neuroprotective role of HSP27, therapeutic approaches that 
lead to modification of HSP27 levels and function might be 
effective insight for treating different neurological disorders.

In order to select the most appropriate strategy for each 
disease, the circumstantial environment of the neuron must be 
considered. Increasing or decreasing HSP27 levels in some 
circumstances may be valuable, but in others, it might be more 
suitable to regulate the phosphorylation state and therefore the 
oligomerization properties of HSP27. Thus, by understanding 
these mechanisms, approaches targeting the chaperone 
network can move toward more individualized and effective 
therapeutic strategies.18

Considering HSP70, the present findings not only show 
exogenous HSP70 as a possible therapeutic agent for the 
treatment of numerous CNS neurodegenerative diseases but 
also highlight the unique function of mammalian HSP70. It is 
important to note that HSP70 may form complexes with tau 
and participate in its degradation,114 suggesting that HSP70 
therapy may be useful not just for AD but also for other 
neurodegenerative disorders related with tauopathies.

Besides neuroprotective role in the CNS, some data suggest 
that HSP70 in neonatal mouse may significantly increase the 
survival of both motor and sensory neurons of peripheral 
nerves.84 These encouraging findings urged pharmacological 
research on active compounds that modulate HSP70. Still, 
more studies should be performed to confirm these protective 
mechanisms in humans.

Because of the complex role of HSP90 on immune 
pathways and neurodegeneration mechanisms, it could lead 
to new insight for the development of HSP90 as a promising 
therapeutical strategy for numerous diseases, which involve 
neurodegeneration and all other diseases related with protein 
misfolding.

Regarding future perspectives, the mechanisms by which 
HSP27, HSP70, and HSP90 are generally involved in life 

circles of the cell, and in particular their role in directly 
caused neurodegeneration processes or immune-mediated 
neurodisorders, their facilitation in neuroprotection is still 
poorly understood. Additional research is required to get a 
sight of the complete and very promising therapeutic potential 
of this HSP during neurodegenerative processes.
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