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Abstract: HSPB5 or alpha B-crystallin (CRYAB), originally identified as lens protein, is one of the most
widespread and represented of the human small heat shock proteins (sHSPs). It is greatly expressed
in tissue with high rates of oxidative metabolism, such as skeletal and cardiac muscles, where HSPB5
dysfunction is associated with a plethora of human diseases. Since HSPB5 has a major role in
protecting muscle tissues from the alterations of protein stability (i.e., microfilaments, microtubules,
and intermediate filament components), it is not surprising that this sHSP is specifically modulated
by exercise. Considering the robust content and the protective function of HSPB5 in striated muscle
tissues, as well as its specific response to muscle contraction, it is then realistic to predict a specific role
for exercise-induced modulation of HSPB5 in the prevention of muscle diseases caused by protein
misfolding. After offering an overview of the current knowledge on HSPB5 structure and function
in muscle, this review aims to introduce the reader to the capacity that different exercise modalities
have to induce and/or activate HSPB5 to levels sufficient to confer protection, with the potential to
prevent or delay skeletal and cardiac muscle disorders.
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1. Introduction

Organisms, to reduce their susceptibility to various stress conditions such as envi-
ronmental, metabolic, or pathophysiological stress, have developed adaptive protective
mechanisms to maintain or re-establish cellular homeostasis [1]. Strictly dependent on type,
intensity and duration, the stressing stimulus can promote either survival with adaptation
to adverse conditions or the elimination of excessively damaged cells [2]. The mechanisms
of stress response include, among others, a transient modulation of a class of proteins
called heat shock proteins (HSPs), highly conserved during evolution [1]. In humans, HSPs
display different functions depending on tissue specific localization, intra-or extracellular
distribution, developmental expression, and level of induction and interaction with the
target protein.

Based on their approximate molecular mass, and as suggested by Kampinga and
colleagues (2008) in their new guidelines for the nomenclature of human HSP families, there
have been identified five major and broadly conserved families, namely HSPH (Hsp110s),
HSPC (Hsp90s), HSPA (Hsp70s), HSPD (Hsp60s), DNAJ (Hsp40s), and small heat shock
proteins (sHSPs) [3]. HSPs are known to protect cells at least in part through their chaperone
functions. In particular, they facilitate native protein stabilization, translocation, re-folding,
and degradation in either an ATP-dependent (large HSPs) or energy independent manner
(low weight HSPs) [4,5]. These functions are often performed with the assistance of co-
chaperones, which regulate chaperone affinity for each specific substrate. Together, HSPs
and their respective co-chaperones ensure protein quality control and protein aggregation,
which would be toxic to the cell and lead to programmed cell death or necrosis.

Moreover, HSPs are fundamental for the maintenance of cell structural integrity, in-
teracting with cytoskeletal elements [6]. Therefore, it is not surprising that the expression
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and activity of HSPs are modulated by physiological and/or pathological stimuli targeting
protein stability or homeostasis, including exercise, which recapitulates several stressors
such as metabolic disturbances, changes in circulating levels of hormones, increased temper-
ature, as well as induction of mild to severe inflammatory state, and increased production
of reactive oxygen and nitrogen species (ROS and RNS) [7,8].

Small heat shock proteins (sHSPs or HSPB) were first discovered as proteins that
were upregulated after a heat shock treatment together with several other HSPs, including
Hsp70s and Hsp40s [9]. Most eukaryotic genomes contain multiple sHSP genes ranging
from 2 in yeast to over 19 in Arabidopsis thaliana [10]. They comprise the most widespread
but also the most poorly conserved family of molecular chaperones. They show high
heterogeneity both in sequence and size [11]. Their common trait is the conserved alpha-
crystallin domain, which suggests the presence of only ten chaperones often referred to as
HSPB1-HSPB10 (Table 1).

Table 1. Nomenclature of human small heat shock proteins.

Subunit Mol. Mass

Name (kDa)

Hsp27 (HSPB1) 22.8

HSPB2 (MKBP) 20.2
HSPB3 17

aA-crystallin (HSPB4) 19.9

aB-crystallin (HSPB5) 20.2

Hsp20 (HSPB6) 16.8

HSPB?7 18.6

Hsp22 (HSPBS, E21G1, a-crystallin C) 21.6

HSPB9 (heat shock protein beta-9, cancer/testis antigen 51 (CT51)) 17.5

HSPB10 (outer dense fiber of sperm tails, ODF27, ODFPG, RT7, 8.3
ODFP, CT133) ’

Information on the human HSPB structure and function has mainly been based on
cell free in vitro data and on cell biological data with the stress-inducible human HSPB1
and HSPB5 or HSP members from other organisms. These data show that HSPB members
can act to block the aggregation of un- or misfolded proteins, and that they can specifically
protect cytoskeletal integrity or assist in cytoskeletal recovery upon stress, both functions
potentially contributing to the increased survival of cells when exposed to stress conditions
that hamper protein homeostasis and/or disrupt the cytoskeleton [12].

The most prominent and well-studied member of sHSPs family is HSPB5 (alpha B-
crystallin, CRYAB), a protein playing a crucial role in several cellular processes related
to survival and stress recovery [13,14]. HSPB5 is expressed constitutively in a variety
of tissues including lens, skeletal muscle, heart, brain, lung, and kidney, as well as in
extracellular fluids where it exhibits pleiotropic roles [14-18]. Moreover, scientific evidence
highlights the importance of this protein in maintaining cellular functions; indeed, either
HSPB5 overexpression or its deleterious mutations are found in a number of known
disorders [19-33].

Because of the emerging role in physiological and pathological conditions, we aim to
summarize in this narrative review what is known about HSPB5 structure and its role in
muscle tissue under physiological and pathological conditions. In addition, we report what
is known to date about the modulation of HSPB5 following physical activity /exercise and
how this response may have the potential to prevent or delay skeletal and cardiac muscle
disorders caused by protein misfolding.

2. HSPB5 Structure and Regulation

The HSPB5 gene is located on chromosome 11 and contains three exons spanning
3.2 kb. The HSPB5 monomeric subunit is a 175 amino acid protein of ~20 kDa, characterized
by the presence of a highly conserved central domain, called the “x-crystallin domain
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(ACD)” (60-150 aa), the flanking N-terminal region (NTR), and the C-terminal region

(CTR) [10,11,34] (Figure 1A).
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Figure 1. Schematic representation of (A) mammalian «B-crystallin protein sequence organization.
Gray box: W (tryptophan), D (aspartic acid), P (proline), and F (phenylalanine) (WDPF) amino
acid domain; Red bordeaux box: conserved region; orange box: alpha crystallin domain; AAAAA:
flexible domain; P: phosphorylated serine residues; O-GlcNA: O-linked N-acetylglucosamine site at
Thr170. (B) Exemplified monomer structure (i) of full-length HSPB5. (ii) HSPB5 monomers assemble
into dimers (building block) through «-crystallin domain interactions. Higher-order assemblies
occur through CTR and the a-crystallin domain to form (iii) hexamers, and poorly defined NTR
interactions drive the assembly of the final oligomer (iv). (C) Schematic representation of HSPB5
effects/localization within skeletal muscle tissue. HSPB5 is proposed to function at different levels of
interrelated cellular pathways, avoiding cytotoxic effects of protein aggregates and apoptosis, as well

as preserving sarcomere microstructures such as titin, desmin, actin, vimentin, and nebulette.
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A careful analysis of isolated ACDs highlights a 3-sheet sandwich structure com-
posed of eight anti-parallel strands connected by an inter-domain loop. Moreover, it has
been demonstrated that these form dimers as basic “building blocks” of higher-order
oligomers [35]. In particular, the dimer interface is formed by antiparallel alignment of the
36/ B7 strands of the ACD.

Structurally, the CTR domain shows the presence of a motif typically found in many
other sHsps and composed of three-residue isoleucine—proline-isoleucine/valine (IXI/V).
The secondary structure of an oligomer is called “hexameric block”. It is composed of
three HSPB5 dimers, joined through intermolecular interaction between C-terminal IXI/V
motif of one dimeric unit and the 4/ {38 groove in an ACD of another dimer [36]. Finally,
the NTR domain represents the most divergent region among sHsps both in length and
sequence [37]. To date, it is clear that the NTR is responsible for the assembly of higher-
order HSPB5 oligomers and their dynamic distribution. Indeed, a model of a 24-mer with
tetrahedral symmetry can be generated through extensive contacts between NTRs [38,39].

All aforementioned structural models represent a considerable advancement in our
understanding of HSPB5 architecture. However, only ~5% of the oligomeric population of
HSPBS5 exists as a 24-mer [40].

Several studies have also identified short binding sites involved in protein-target
interaction in the N-terminal sequence [41], within ACD [42], and a part of the ACD domain
of HSPB5 (called “mini-oB-cristallin”) [43], as well as in the C-terminal sequence [44]. This
supports the hypothesis that multiple binding sites throughout the molecule act together,
presumably in a different manner for different protein targets.

Higher-order HSPB5 oligomers likely represent the dormant storage forms, where
the potential substrate-binding sites are engaged in inter-subunit interactions. On the
other hand, smaller oligomers exposing hydrophobic patches might contribute, together
with dissociated HSPB5 “building blocks”, to the pool of “binding competent” species.
Presumably, the transition of HSPB5 from a low- to a high-affinity state occurs through a
remodeling of the ensemble composition by adjusting the dissociation/association rates of
building blocks, determining the oligomer equilibrium according to the specific needs of
the cell (Figure 1B).

An increase in the populations of oligomers with a higher binding capacity, and
therefore with an increased chaperone activity, could be induced by conditions that increase
the dissociation rate, destabilizing the oligomeric state.

Post-Translational and Transcriptional HSPB5 Regulation

Serine phosphorylation in HSPB5, as well as in other human sHSPs, appears to
promote a shift of its distribution from higher-order oligomers toward smaller species
(often tetramers and hexamers) [45]. The three major phosphorylation sites of HSPB5 are
serines 19 (519), 45 (545), and 59 (S59), all located within the NTR. As already highlighted by
Peschek and colleagues [46], NTR contributes decisively to the assembly and dynamics of
oligomers and act as a tunable conformation sensor in regulating HSPB5 activity. Therefore,
it not surprising that the predominance of small oligomers upon phosphorylation is based
on the localization of the phosphorylation sites in NTR and is in accordance with the
hierarchical assembly of the oligomers [46].

Depending on the type and/or duration of various stimuli, the fraction of phos-
phorylated HSPB5 ranges between 10 and 27% [47,48] and can have a dual impact on
biological functions: the phosphorylation at initial stage of stress is usually reversible and
seems to provide beneficial outcomes, while prolonged stress can induce an irreversible
phosphorylation that may lead to deleterious outcomes [49,50].

To date, it is known that MAPKAPK2/3 kinases are responsible for the phosphoryla-
tion of 559, while p42/p44 MAPKinase phosphorylates 545 [47]. The specific kinase of 519
is still unknown.

Although it is known that all aforementioned serine residues can be found phospho-
rylated after various stimuli [51], only a few studies have reported their contemporary
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involvement in muscle tissues [52-54]. Indeed, most of the available data are related to
HSPB5 expression and/or activation at Ser59 [55-63].

To date, the relationship between the phosphorylation of HSPB5 and its chaperone
activity is contradictory. It is hypothesized that the activity upon phosphorylation might
depend on the target protein and its interactions [64]. Moreover, Kore and Abraham [65]
have highlighted that a majority of the constitutively secreted exosomal HSPB5 is not
phosphorylated but present the O-GlcNAc modification on Thr170 in the flexible CTD.
The glycosylated and de-phosphorylated HSPB5 then gets selectively packaged into CD63
containing lipid rich multivesicular endosomes, which with the assistance of Rab27 GTPases
are then targeted for fusion with the cell membrane and subsequent release of intraluminal
vesicles as exosomes.

In mammals, HSPBS is constitutively expressed in tissues with high rates of oxidative
metabolism, including the heart and skeletal muscle [15]. The significance of the constitutive
expression of this sHSP is probably linked to protection of the cells against chronic stress or
to a specific function in a particular tissue.

The remarkably tissue-specific architectures of the HSPB5 promoters (position and
number of the regulatory regions), combined with the tissue-specific expression of various
transcriptional regulators, orchestrate gene expression of this sHSP [66]. The developmental
expression of HSPB5 in non-lenticular tissues, such as heart, skeletal muscle, kidney, spleen,
lung, brain, placenta, and iris, is regulated at the transcriptional level [67-69]. Results of
DNAase I foot-printing experiments allowed for the characterization of an HSPB5 upstream
enhancer required for activity in the non-ocular tissues (position —426/—259), which
consists, at least, of 5 cis-regulatory elements: 5'-aBE1 (—420/—396), «BE4 (—394/—369),
oBE2 (—360/ —327), «BE3 (—320/—302), muscle regulatory factor (MRF), (—300/ —270)-3'
(Figure 2).

Intergenic region

Promeoter region

aBEl

HSPB5
oBE4
cariox ] aBE2 1 aBE3 — MRF 3

—396 —394 369 360 —327 =320 —302 -300 —-270 76 —-69 28 22

Figure 2. Characterization of HSPB5 upstream enhancers required for the activity of sHSPs. Exon,
BE: alpha binding element, MRF: muscle regulatory factor; TATA box. These cis-elements localized
in the intergenic region of HSPB5 contain the DNA-binding sites or protein binding complexes by
which known transcription factors (e.g., AP1, CREB, RORA, AP2F, PAX3) regulate sHSP expression.

In this regard, the deletion of 87 bp containing the 5'-half of the enhancer (5'-«BE1,
oBE4, and half of the «BE2-3') abrogates the expression of HSPB5 in all tissues [70].

aBEL1 is within a region that is essential for glucocorticoid responsiveness [71] and
binds the glucocorticoid receptor (GR), thus contributing to the broad expression of
HSPB5 [15,72]. The element aBE4 is more specifically required in adult myocardial cells [73]
and contains a reverse CArG box (5'-GG(A /T)6CC-3'). This CArG box, which is involved
in the regulation of immediate-early genes such as c-fos [74], is bound by a serum response-
like factor, whose identity needs to be clarified [73]. However, in 2010, Manukyan et al.
showed that in response to various hypertrophic cardiac stimuli, the xBE4 element inter-
acts also with a dynamic complex formed by the transcription factors Nuclear Factor of
Activated Cells (NFAT), Nished, and Signal Transducer and Activators of Transcription
(STAT-3) [75].

Concerning «BE3 and «BE2, «BES3 is active in all tissues, except in lungs [76], and
a«BE2 contains an AP2-like binding sequence [77] that requires further investigation.
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The MRF element is an E-box (muscle regulatory-binding site), essential in skeletal
muscle (C2C12-derived myotubes), adult heart, and, potentially, in lung cells [78]. MyoD or
myogenin (or other members from the same family) by binding the E-box in MRF regulates
HSPB5 enhancer activity in muscle cells [68], but other elements seem to be required
since one E-box is not sufficient for full transcriptional activity [70,79]. Indeed, in primary
myocardial cells, MRF is bound by another transcription factor, up-stream-stimulated
factor (USF).

Finally, the HSPB5 promoter contains also two TATA sequences: a proximal (—28/ —22),
allowing the initiation transcription site at the +1 position; and a distal (—76/—69), con-
tributing more to the selective expression in the lens. Mutations of either or both of these
sequences in transgenic mice decrease the promoter activity preferentially in the lens
compared to the heart or the muscle [80] (Figure 2).

Studies of the inducibility of sHSPs during tissue maintenance /homeostasis and in
various stress conditions unraveled different modes of transcriptional regulation, which
vary according to the cell systems considered. A number of cis-regulatory elements that
regulate the response of HSPB5 to different stresses have been identified, including the
heat shock promoter. For instance, following specific stimuli such as heat, oxidative stress,
and inflammation, heat shock factor 1 (HSF1), a transcriptional activator, increases the
affinity for contiguous repeated pentameric sequences (i.e., N"GAANnTTCnnGAAn) within
promoter region called heat shock elements (HSE) through its trimerization [8,58,81,82].

To date, it is interesting to note that through a bioinformatics approach using an open source
biological database of protein-protein interactions such as IntAct (last access on 24 January 2022)
(http:/ /www.ebi.ac.uk/intact/) and the Biological General Repository for Interaction
Datasets (BioGRID) (last access on 21 November 2021) (https://thebiogrid.org/), followed
by BiNGO, a Cytoscape plug-in [83-85], it is possible to map the physical association/direct
interaction of HSPB5 with specific molecular targets (Figure 3A), as well as the predominant
biological processes resulting from the gene set network (Figure 3B and Table 2).

Homo sapiens

Legend

Nodes
Color ~ Species
. Homo sapiens
Shape ~ Type
protein

Edges
Color ~ Type
physical association
== direct interaction

Shape ~ Expansion method
spoke expansion

002 <500ET

Figure 3. Schematic representation of (A) HSPB5 physical association/direct interaction with nu-
merous targets and (B) the predominant biological functions resulting from the gene set network.
Details are given in Table 2. Biological databases of protein—protein interactions (IntAct), followed by
BiNGO, a plug-in of Cytoscape 3.8.2 software are used for the Gene Ontology analysis (p < 0.01, only
overrepresented categories of biological processes after correction are visualized).
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Table 2. Enriched biological functions related to HSPB5 network.

GOID

GO Description

Corrected p-Value

43010
2088
1654
7423

42981

43067

10941

48731

48856
8219

16265
7275
9408

32502

48513

60561

43281
9266

52548

52547

71681

71680
7021

43066

43069

60548

10035
9628

10623

43065

43068

10942

32501

70306

50808

48469

51259

51402

46686
6915
6916

12501

22402

70997
7601

50953

camera-type eye development
lens development in camera-type eye
eye development
sensory organ development
regulation of apoptosis
regulation of programmed cell death
regulation of cell death
system development
anatomical structure development
cell death
death
multicellular organismal development
response to heat
developmental process
organ development
apoptosis involved in morphogenesis
regulation of caspase activity
response to temperature stimulus
regulation of endopeptidase activity
regulation of peptidase activity
cellular response to indole-3-methanol
response to indole-3-methanol
tubulin complex assembly
negative regulation of apoptosis
negative regulation of programmed cell death
negative regulation of cell death
response to inorganic substance
response to abiotic stimulus
developmental programmed cell death
positive regulation of apoptosis
positive regulation of programmed cell death
positive regulation of cell death
multicellular organismal process
lens fiber cell differentiation
synapse organization
cell maturation
protein oligomerization
neuron apoptosis
response to cadmium ion
apoptosis
anti-apoptosis
programmed cell death
cell cycle process
neuron death
visual perception
sensory perception of light stimulus

8.5426 x 1070
8.5426 x 1077
2.8128 x 1078
1.2632 x 107
9.7409 x 107°
9.7409 x 107°
9.7409 x 107
2.0836 x 107
6.9007 x 107
1.2776 x 1074
1.2776 x 1074
2.5032 x 1074
2.9070 x 1074
6.8889 x 1074
9.0514 x 10
9.4592 x 1074
9.4592 x 1074
1.0865 x 1072
1.0865 x 1073
1.1177 x 1072
1.1177 x 1073
1.1177 x 1073
1.1177 x 1072
1.3476 x 1072
1.3931 x 1072
1.5046 x 1073
1.6127 x 1073
1.7256 x 10~
2.4740 x 1073
2.6516 x 1073
26637 x 1073
2.7111 x 1073
3.3749 x 1073
3.3841 x 107°
3.6119 x 1073
7.2906 x 1073
7.2906 x 1073
7.7236 x 1072
7.7236 x 1073
7.7236 x 1073
7.8452 x 1073
8.0787 x 1073
8.2637 x 1073
8.8151 x 1073
9.7040 x 1073
9.7040 x 1073

Biological processes overrepresented after correction. Significance level p < 0.01.

In particular, filtering for a Mlscore = 1 (range 0-1), where they represent only the
interactions with the highest number of experimental evidences supporting that interaction
increases, as well as the highest significance level (p < 0.01) and only biological processes
overrepresented after correction, arise about 28 nodes with a total of 117 edges. Among the
numerous biological processes (46 GO ID) modulated by the HSPB5 network, there are the
regulation of cell death (e.g., apoptosis), response to stimuli (e.g., heat, abiotic, inorganic
substances), protein oligomerization, and multicellular organismal development.
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For all readers who are interested in a broader view that encompasses all possible
physical interactions of HSPB5 with its numerous targets (161 nodes, 293 edges), as well as
their impact on different biological processes, they can consult Supplementary Figure S1
and Table S1.

HSPBS can also interact with other molecules depending on the type of tissue and stimulus.

3. Physiological Roles of HSPB5 in Skeletal and Cardiac Muscle

Many factors, including several members of the sHSP family, such as HSPB5, are
known to orchestrate the generation of multinucleated muscle fibers during skeletal muscle
differentiation [86]. In particular, the HSPB5 gene contains a skeletal-muscle preferred
enhancer (—420 to —270), which includes at least four cis-acting regulatory elements («BE-1,
aBE-2, «BE-3, and MRF) [78,87] (Figure 3), and its protein levels are elevated up to tenfold
during skeletal muscle differentiation. Early expression of HSPB5 has also been reported
during the developmental phases of the mammalian heart, where it reaches up to 3-5%
of the total soluble protein [88]. Unlike from skeletal muscle, the expression of HSPB5 in
cardiac tissue requires an additional enhancer such as xBE4 [78] (Figure 2).

In adult skeletal muscle, HSPB5 is associated with the cytoskeletal structures at
the level of Z-bands (e.g., actin and titin), and it is highly expressed in slow and fast
fibers [23,62,89]. Many different lines of evidence suggest a protective role of this sHSP in
mammalian skeletal muscle from heat, oxidative, and mechanical stresses produced during
middle age and senescence or by physical activity [58,62,90-97].

In cardiomyocytes, the intracellular localization of HSPB5 has some very unusual
characteristics. In particular, data from immunoelectron microscopy has shown that this
sHSP localizes in a narrow region of the I-band, rather than in the Z-disc, under both
normal and stress conditions.

It has been suggested that the association of HSPB5 with cardiac titin in the N2B region
and desmin filaments could either stabilize their conformation or prevent their tendency to
form aggregates [63,98,99]. It might be possible that in this tissue, HSPB5 may translocate
to the Z-line at an early phase, while a prolonged, irreversible damaging stress leads to
extreme stretching of myofibrils and concomitant extension of HSPB5 localization to the
I-bands [63,98].

Indeed, the alteration of any of the three major components (i.e., microfilaments,
microtubules, and intermediate filaments) induced by different stimuli (e.g., heat shock,
oxidative stress, and ischemia) has been demonstrated to induce the phosphorylation of
HSPB5 through specific activation of p38MAPK and MAPKAP kinases 2 and 3, as well as
its protein synthesis [47,53,58,100-102].

The increased level of HSPB5 and its phosphorylation determine, on the one hand, its
translocation to the myofilaments where it binds titin, desmin, vimentin, nebulette, and the
inactive precursor of caspase 3, leading to the stabilization of the myofilament and to the
inhibition of apoptosis [56,103] (Figure 1C); on the other hand, it enhances NF«kB activity
and its translocation into the nucleus, inducing the expression of genes involved in various
biological events such as growth, differentiation, and cell death [56,104,105].

In mammalian cells, during heat shock, oxidative stress, and ischemia, HSPB5 is
able to prevent apoptosis by several mechanisms such as the inhibition of RAS-initiated
RAF/MEK/ERK signaling pathway [106], or downstream, blocking the BAX, and Bcl-2
translocation from the cytoplasm to the mitochondria [107], as well as interacting with p53
to retain it in the cytoplasm [108], or inhibiting autocatalytic maturation of caspase-3 [109]
(Figure 1C).

Finally, a recent finding has established that HSPB5 is necessary for mammalian
skeletal muscle homeostasis via modulation of Argonaute 2 (Ago2) activity [57], as well as
in cardiomyocytes for the adaptive response to endoplasmic reticulum (ER) stress [110].
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4. Pathological Roles of HSPB5 in Skeletal and Cardiac Muscle

Given the role of HSPB5 protein in the remodeling of the cytoskeleton during devel-
opment and cell differentiation, as well as stress conditions, it is not surprising that the
myofibrillar myopathy (MFM) of skeletal and cardiac muscle, including desmin-related my-
opathies (DRM) and dilated (DCM) and restrictive (RCM) cardiomyopathy [21,23,30,111],
are caused by mutations of this sHSP gene (Table 3).

The DRM represents a subgroup of myofibrillar myopathy where myopathic man-
ifestations of disease are caused mainly by mutations in desmin or HSPB5 (also known
as aB-crystallinopathy) [29,112]. To date, it is known that aB-crystallinopathy is a mul-
tisystem disorder characterized by variable combinations of cataracts, cardiomyopathy,
myopathy, and progressive muscle weakness affecting the proximal and distal skeletal
muscle, respiratory insufficiency, and dysphagia. Cataracts are the most common affection,
but myopathies and cardiomyopathies have also been described alone in individuals with
mutations in HSPB5, which show either dominant or recessive modes of inheritance and
variable penetrance and expressivity.

To date, numerous HSPB5 mutations have been described, but only a few have been
shown to have clinical significance in terms of pathogenicity (Table 3).

In 1998, identified for the first time was a family with multisystemic involvement
associated with HSPB5 mutation (Arg120Gly) [29]. Vicart and colleagues [29] identified
a missense mutation at amino acid position 120 in HSPB5 implicated in the DRM, an
autosomal dominant myopathy characterized by weakness of the proximal and distal limb
muscles and signs of cardiomyopathy and cataracts.

In the following years, other HSPB5 mutations leading to DRM have been identified,
such as GIn151X and Prol55ArgfsTer163 [28], Gly153Ser [26], Ser115ProfsTerf129 [22],
Ser21AlafsX24 [20], as well as Asp109 His [27], Asp109Ala [21], and Alal72ProfsTer14 [113],
and only recently the mutation ¢.3G > A, classified as a new type of early-onset MFM [31].

HSPB5 mutations have also been identified in DCM, a disease characterized by car-
diac enlargement and systolic dysfunction and often manifested with congestive heart
failure [114].

Table 3. Mutations described in HSPB5 gene in pathogenic muscle tissues.

Myofibrillar Myopathy Mutations Inheritance Reference
Ser21AlafsX24 AR [20]
Aspl09Ala AD [21]
Ser115ProfsTerf129 AR [22]
Gly154Ser AD [26]
Asp109 His AD [27]
DRM GIn151X AD [25]
Prol155ArgfsTer163 AD [28]
Argl120Gly AD [29]
c3G> A AR [31]
Alal72ProfsTer14 AD [113]
Argl57His AD [23]
Gly154Ser AD [25]
DCM MetlLeu AR [30]
X176Trp AD [115]
RCM Asp109Gly AD [111]

DRM: desmin-related myopathies; DCM: dilated cardiomyopathy; RCM: restrictive cardiomyopathy; AD, autoso-
mal dominant; AR: autosomal recessive.

First, Inagaki et al. [23], and then other authors identified several mutations of HSPB5
such as Arg157His [23], Gly154Ser [25], X176Trp [115], and Met1Leu [30]. All these muta-
tions showed different functional alterations from DRM-associated mutation, including
the reduced capacity to bind the protein to the cardiac-specific N2B domain, and thereby it
may predispose early progression to heart failure under stress conditions.



Molecules 2022, 27,1147

10 of 24

Finally, RCM-associated mutations have been identified in different genes [116-118],
including HSPB5 [111]. In particular, Brodehl and colleagues [111] were the first to identify
an HSPB5 mutation (Asp109Gly) associated with severe RCM and skeletal myopathy. The
presence of cytoplasmic protein aggregates positive for HSPB5 and desmin was indeed
associated with Z-band structure partially disappeared in myocardial tissue

5. HSPB5 Modulation by Physical Activity/Exercise

In all tissues, physical activity (PA) improves the homeostasis of various macro-
molecules (DNA, RNA, and proteins) involved in the response to physiological or patho-
logical stress [119,120]. Indeed, the induction of adaptive mechanisms elicited by regular
exercise at systemic or at tissue-specific levels has been shown to delay the onset and
progression of several diseases and aging-related biomarkers [59,121]. Several studies
clearly demonstrated the potential of aerobic and resistance training either to positively
improve specific biomarkers related to different pathologies or to reduce the incidence of
morbidity and mortality in broad populations of individuals [121]. For example, endurance
exercise is well recognized to improve cardiorespiratory fitness, which is an established
risk factor for cardiovascular disease and an independent risk factor for type 2 diabetes,
while resistance training or aerobic exercises or both improve muscle and cardiorespiratory
function and are powerful intervention programs in primary and secondary prevention of
muscle diseases [122-127].

As already mentioned, results from animal and human studies show that acute or
chronic exercise could modulate HSPs in several tissues [127,128]. The changes in HSPs
induced by exercise lead to multiple cytoprotective effects on cytoskeleton components,
the sarcoplasmic reticulum, and mitochondria [129-131], as well as in the maintenance of
enzymatic activity, insulin sensitivity, and glucose transport [96,132], and toward apoptosis
inhibition [133]. For detailed information on general HSP responses to exercise, readers are
directed to other dedicated and very informative reviews [8,128,134].

As highlighted in the previous section, HSPB5 is constitutively highly expressed in
both slow and fast fibers of skeletal muscle, as well as in cardiac muscle [63], where it
harbors a major role in protecting these tissues from different stressors, possibly leading
to alterations of protein stability, particularly the microfilaments, microtubules, and in-
termediate filament components. Therefore, it is not surprising that several papers have
shown its modulation in skeletal muscle from animal and human models by different
exercise regimes; however, only a few research results are available with respect to cardiac
muscle, all referring to animal models. Table 4 recapitulates the data available so far, with
the main information on experimental models, training status/exercise protocols, and
HSPB5 modulation.

Since with repetitive exercise, the initial response of some HSPs can be lower as train-
ing progresses, the basal levels of HSPB5 content in skeletal muscle seems to be poorly
correlated to the training status of human subjects [135,136], with some contradictory
results in endurance training, where both increased [137] or decreased [138] HSPB5 con-
tent has been reported. However, the acute modulation of HSPB5 after exercise is well
documented and seems to be highly dependent on the characteristics of exercise, and
specifically on the damaging nature of muscle contraction. Indeed, in non-damaging
conditions, such as during concentric contractions determined by endurance exercise, the
HSPB5 protein level remain unchanged, independently from the organism or skeletal
muscle examined [62,135,138-141], whereas following an exercise associated with damage
to strain-bearing cell structures, HSPB5 expression can be unchanged [95,140,142] or sig-
nificantly up-regulated [97,140,143-147], possibly depending upon muscle type [148] and
training status [147,149].

Regarding the cardiac muscle, it has been shown that the basal level of HSPB5 protein
is higher in the heart of rats with low running performance, associated with an increase of
other proteins related to stress response [150], while the only paper specifically addressing
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the exercise-induced modulation of HSPB5 shows that acute endurance exercise does not
determine any early upregulation of this protein in mouse heart [63].

Irrespective of the modulation of HSPB5 expression, its phosphorylation in serine
59 and/or translocation from the cytosol to the myofibrillar components or to cellular
compartments represent an early response of this small HSP to almost all kinds of acute
exercise intervention, both in skeletal muscle and, likely, in cardiac muscle. Usually, the
phosphorylated form of HSPB5 is found increased in skeletal muscles with the highest
percentage of type I fibers, independently of the type (endurance or resistance) and nature
(damaging or not) of exercise [95,143]. Recently, our group demonstrated that the phospho-
rylation level of HSPB5 induced by an acute bout of non-damaging endurance exercise
in mouse is significantly increased only in skeletal muscle tissue with a higher amount of
type I and IIA /X myofibers, such as the soleus and red gastrocnemius [62]. Similarly, Jacko
and colleagues [141] have shown that, independent of the load volume, a multiple set of
resistance exercises in human subjects increases the HSPB5 phosphorylation level in type I
myofibers of the vastus lateralis, while it occurs in the type II fibers only after high force
demanding loadings. In cardiac muscle, Burniston et al. [151] have demonstrated that the
cardiac tissue from rats with low capacity runners exhibits a greater phosphorylation of
alpha B-crystallin at serine 59 together with enhanced expression of antioxidant enzymes
such as catalase, a common point of convergence in cardiac stress signaling. In line with
this evidence, we have recently shown that a single bout of aerobic non-damaging exercise
in mice determines an immediate and robust increase of HSPB5 phosphorylation correlated
with an increase in lipid peroxidation [63]. These results could reflect the role of HSPB5
in counteracting homeostatic perturbations, including mechanical, thermal, and oxidative
stress induced by physical exercise, as well as to reinforce the idea that the phosphorylation
of HSPB5 in these tissues possibly reflects the level of stress experienced by the skeletal and
cardiac muscle. In this respect, it is worthy of note that, unlike from skeletal muscle, where
HSPB5 function and modulation are comparable to those exhibited by HSPB1 [152], in
cardiomyocytes, HSPB1 does not show oxidative-induced changes, either at transcriptional,
translational, or post-translational modification levels [63,153].

The translocation from the cytosol to specific cellular components is one of the
primary steps in the molecular defense system mediated by HSPB5 [49]. In response
to acute exercise, the affinity of phosphorylated and non-phosphorylated HSPB5 to-
wards different myofibrillar components increases in both skeletal and cardiac muscle
tissue [95,135,140,144,145,147,154], showing specific interaction with 3-actin, desmin, and
filamin A [62,63].

With respect to the homeostasis perturbation driving the activation of HSPB5 dur-
ing exercise, it seems clear that, as for all HSPs, also this sHSP must be able to respond
quickly to small environmental modifications in order to delay the onset of irreversible
protein denaturation [155]. Small variations in temperature, pH, or reactive oxygen species
(ROS) concentration can induce HSPB5 activation, all being part of the exercise-induced
intracellular changes. Indeed, HSPB5 protein is up-regulated in pathological conditions
characterized by elevated oxidative stress, such as desmin-related myopathy, age-induced
sarcopenia, and myocardial infarction. In addition, HSPB5 up-regulation plays a pivotal
role in skeletal muscle adaptation to the physiological increase of endogenous free radicals
during muscle differentiation and contraction [156]. Although strong and compelling
evidence in support of a role for HSPB5 in oxidative stress mitigation remains missing, our
group demonstrated that “in vitro” exposure of skeletal and cardiac muscle cells to low,
non-cytotoxic concentrations of ROS is able to mimic the acute HSPB5 response in skeletal
and cardiac muscle tissues to non-damaging exercise “in vivo” [62,63], confirming the con-
tribution of the pro-oxidant environment in HSPB5 phosphorylation and interaction with
substrate/client myofibrillar proteins, offering new insights for the study of myofibrillar
myopathies and cardiomyopathies.
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Table 4. Exercise-induced modulation of HSPB5 in skeletal and cardiac muscle.
Ref Species Tissues Tissue Localization Type of Exercise Level of Analysis Change
’ Damage (Sample Collection Timing)
HUMAN MODELS

RESISTANCE-TYPE OF EXERCISE PROTOCOLS

Acute eccentric exercise

[143] H Skeletal YES NS (before and at 1 hand 14 h Protein content T
muscle (VL) .
post-exercise)
Skeletal Cytoskeleton Acute eccentric exercise mII){r §£ ire1Xc}Z)1:tseSr11(t)n T
[144] H YES Vs. (before and at 30, 4, 8, 24, 96 h X T
muscle (VL) tosol ost-exercise) Protein T
¥ P translocation
Repeated acute eccentric Protein content (2,
[145] H Skeletal YES Cytoskeleton exercise 4, 7days) T
- muscle (EF) vs. cytosol (before and at 1 h and/or 2, 4, 7 Protein T
days post-exercise) translocation
Acute eccentric exercise .
[146] H Skeletal NS NS (before and at 5 and 28 h, 5 days mRNA. expression !
muscle (VL) . Protein content T
post-exercise)
Skeletal Strength training Protein content 4
[148] H muscle (VL NS NS (before and after 2 or 7 weeks of Vastus lateralis B
and T) training) Trapezius -
Two sessions of acute resistance
) Skeletal exercise mRNA expression T
[149] H muscle (VL) YES NS (before and at 24 h after the 1st and Protein content T
the 2nd bout)
UT: mRNA
: expression
Acute low-load BFRE or heavy UT: Protein 4
Skeletal Cytoskeleton load strength exercise before translocation 4
[135] H muscle (VL) NS vS. (UT) or after' ( TR) 12-week TR: mRNA _
cytosol training expression _
(before and at 1 h post-exercise) TR: Protein
translocation
Cytoskeleton  Acute low-load BERE or heavy mRNA expression T
) Skeletal . Protein content
[147] H NS VS. load strength exercise . =
muscle (VL) cytosol (before and at 1 h post-exercise) Protein T
Y P translocation
. . Protein
Different acute resistance .
[141] H Skeletal NS Type I vs. exercise protocols phosphorylatlon T
muscle (VL) Type Il , . Protein T
(before and at 30" post-exercise) .
translocation
ENDURANCE-TYPE OR MIXED-TYPE OF EXERCISE PROTOCOLS
Protein content
. . Protein =
Acute eccentric exercise .
YES : translocation T
(before and at 3 h post-exercise) -
Protein T
[140] - Skeletal Cytos‘l;:leton phosphorylation
muscle (VL) eyto s ol Protein content
. . Protein =
Acute concentric exercise .
NO . translocation =
(before and at 3 h post-exercise) -
Protein =
phosphorylation
Skeletal Acute running exercise
[139] H NO NS (before and at 24, 48,72 h Protein content =
muscle (VL)

post-exercise)
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Table 4. Cont.
Ref Species Tissues Tissue Localization Type of Exercise Level of Analysis Change
’ Damage (Sample Collection Timing)
Endurance trained (ET) vs.
untrained (U) .
Protein content
[137] H Skeletal NS NS (basal values) o ET vs. U T
muscle (VL) Acute endurance exercise in ET Acute exercise =
(before and at 48 h and 7 days
post-exercise)
Skeletal Typelvs. Endurance athletes vs. .
[138] H muscle (VL) NS Type I untrained /resistance athletes Protein content .
Cytoskeleton - mRNA expression =
) Skeletal Endurance training Protein content
[154] H NS vs. L . b
muscle (VL) (before and after training) Protein
cytosol ) =
translocation
Skeletal Untrained vs. trained (mixed
[136] H muscle NS NO sport disciplines) Protein content =
(SMT) (baseline values)
ET: Protein content
Endurance (ET) and resistance ET: Protein =
[142] H Skeletal NS TypeIvs. training (RT, 13 bouts at 8-12 phosphorylation
muscle (VL) Type II rm in 6 weeks) (before and 45' RT: Protein content =
after 1st, 3rd, 7th, 13th bout) RT: Protein T
phosphorylation
ANIMAL MODELS
Acute or chronic
Skeletal (7 or 14 days) mRNA expression 4
[97] Rb muscle (TA) NS NS low-frequency motor nerve Acute protocol 4
stimulation (before and at 0 h Chronic protocol
post-exercise)
Protein content
Skeletal Cytoskeleton . . Protein =
Acute lengthening contractions .
[95] M muscle YES vs. (before and at 0 h post-exercise) translocation T
(EDL) cytosol P Protein T
phosphorylation
Oxidative vs. mRNA' expression
. . Protein content =
Skeletal glycolytic Acute endurance exercise Protein B
[62] M muscle (GR, NO fibers; (before and at 0', 15" and 120’ otemn. N
. phosphorylation T
GW, SOL) Cytoskeleton post-exercise) 4
Protein T
vs. cytosol .
translocation
iil::élaec Low capacity runners vs. high Protein
[151] R NS NS capacity runners . T
(heart ho- . phosphorylation
(baseline values)
mogenate)
Low running performance
Cardiac (LRP) vs. high running .
[150] R muscle(LV) NS NO performance (HRP) Protein content T
(baseline value)
mRNA expression
Cardiac . Protein content =
muscle Cytoskeleton Acute endurance exercise Protein =
[63] M NO (before and at 0', 15" and 120’ .
(heart ho- vs. cytosol . phosphorylation T
post-exercise) 4
mogenate) Protein T
translocation

BERE: blood flow restricted exercise; Rb: rabbit; R: rat; H: human; M: mouse; EDL: extensor digitorum longus; EF:
elbow flexor; GR: red gastrocnemius; GW: white gastrocnemius; LV: left ventricle; NS: not specified; SMT: semi
tendinous; SOL: soleus; T: trapezius; TA: tibialis anterior; VL: vastus lateralis.

6. Putative Role of Exercise-Induced Modulation of HSPB5 in the Prevention of
Muscle Diseases

Given the role of HSPB5 in the remodeling of the cytoskeleton during cell differentia-
tion, development and under stress stimuli, HSPB5 mutations cause several skeletal and
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cardiac muscle disorders, such as dilated (DCM) and restrictive (RCM) cardiomyopathy,
and desmin-related myopathies (DRM) (reviewed in [93]). In these pathologies, the sec-
ondary, tertiary, as well as quaternary structures of HSPB5 protein can be compromised,
as well as its chaperone activity, with increased or altered substrate affinity leading to the
formation of abnormal aggregates, such as the R120G mutation in DRM [157], or the D109G
mutation in RCM [111].

Alternatively, HSPB5 mutations can determine the impaired localization of HSPB5
within the cytoskeletal structure, such as the R157H and G154S5 mutations in DCM, possibly
predisposing one to heart failure under stress conditions [23]. Thus, the notion that the
structural and functional integrity of HSPB5 plays a pivotal role in preventing proteotoxic-
related diseases and in protecting different cells against a wide variety of stresses or
pathological insults through its antiapoptotic, anti-inflammatory, and chaperone activity
is well-documented [155]. Nevertheless, it is still difficult to clarify if the up-regulation
of HSPB5 “per se” has a causative or protective role [158]. Different reports have demon-
strated a beneficial effect of HSPB5 up-regulation and/or increased phosphorylation in
pathological conditions, including retinal diseases [159], neurodegenerative diseases [160],
ischemia/reperfusion [161], and diabetes [162], as well as in aging [163], while a deleterious
effect has been described in pulmonary fibrosis [164] and cancer [165]. In skeletal myopathy
patients, Unger et al. [166] reported an up-regulation of HSPB5 and HSPB1 (HSP27) in
myopathic versus control muscles with the massive binding of HSPB5, HSPB1, and HSPC1
(HSP90) proteins to the sarcomeric I-band region of the altered myofibers. Whereas this
interaction could be protective in preventing sarcomeric protein aggregation, the authors
also demonstrated that the interaction of the sHSPs with the titin springs could cause the
elevated passive tension of human myofibers seen in myopathy.

Noteworthily, both in vitro and in vivo animal studies have demonstrated a clear
protective role of HSPB5 in skeletal and cardiac muscle tissues. The pioneering work on
this topic was published by Ray et al. in [167], where the authors showed that the hearts
of transgenic mice overexpressing HSPB5 displayed a higher functional recovery over a
3 h reperfusion period following a 20 min ischemic period when compared to wild-type
mouse hearts. In 2010, we demonstrated that the protection exerted in vitro by vascular
endothelial growth factor (VEGF) in murine C2C12 myoblasts toward apoptosis, induced by
oxidative or hypoxic-like stress, was clearly linked to the phosphorylation of the KDR /Flk-1
receptor, the activation of NF-kB, and the overexpression of HSPB5 [90]. In the same year,
Takagi et al. [168] demonstrated that HSPB5 phosphorylation and translocation from the
cytosol to the cytoskeletal fraction was increased in cultured cardiomyocytes exposed to
H,0; and in murine hearts subjected to ischemia/reperfusion, mediating the cell protective
effect exerted in both systems by protein kinase C-related kinase 1 (PRK1 or PKN) activation.
Afterwards, various results have indeed verified that depending upon the type of stressors
and the degree of induced damage, HSPB5 is modulated at transcriptional and/or post-
translational levels in skeletal and cardiac muscle through the different molecular pathways
described in the previous section, counteracting myoblasts, myocytes, and cardiomyocytes
cell death [56,58,110,161,169-171] or stabilizing the cytoskeleton components [62,63,169].

Considering all evidence regarding the elevated concentration and the protective
function of HSPB5 in striated muscle tissues, as well as its specific response to muscle
loading, there is high expectation for a specific role of exercise-induced HSPB5 modulation
in the prevention of diseases caused by protein misfolding [158]. At present, interventional
studies in humans are not available. Nevertheless, experimental results from mouse
models seem to support this expectation. In the R120G-Tg mouse model of DRM, long-term
voluntary (running) exercise reduced the accumulation of pre-amyloid toxic oligomers,
paralleled by an increase in lifespan [172].

More recently, the group of Prof. Yamada demonstrated that HSPB5 is specifically in-
volved in the prevention of skeletal muscle weakness induced by non-damaging eccentric train-
ing in animal models of rheumatoid arthritis (RA) and idiopathic inflammatory myopathies
(IIMs). Specifically, eccentric contractions (ECCs, 4 sets of 5 contractions x 11 sessions) were
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induced by neuromuscular electrical stimulation (45 V) to the plantar flexor muscles of
adjuvant-induced arthritis (AIA) rat, a widely used animal model for RA. The training
markedly enhanced the steady-state levels of HSPB5 and its binding to the myofibrils and
prevented AIA-induced myofibrillar dysfunction, reduction in contractile proteins, and
inflammation—oxidative stress insults [173]. A similar effect has been described in mice
with experimental autoimmune myositis, utilized as an IIM animal model. In this protocol,
eccentric contractions (20 ECCs every other day for 4 weeks) in electrically-stimulated
plantar flexor muscles prevented the decrease in force and the increase in endoplasmic
reticulum (ER) stress proteins seen in untrained animals and also enhanced the expression
and myofibrillar binding of HSPB1 and HSPPB5 [174].

Although it cannot be excluded that the contraction-induced benefits result from
an additive effect of multiple pathways induced by physical exercise, the experimental
data collected so far suggest that the modulation of HSPB5 exerted by non-damaging
concentric or eccentric muscle contractions may contribute to the protection against skeletal
and cardiac muscle weakness by preserving myofibrillar structure and function as well as
protecting against oxidative stress insults [175].

7. Conclusions and Future Perspective

In addition to the lens, where HSPB5 abundance comes out in favor of a structural
function, the high expression of this protein in the heart, where it occupies 3-5% of total
soluble protein, and in many other organs, including muscle and brain, points towards
a specific role for this heat shock protein, with unique metabolic as well as structural
functions. In addition to its chaperon activity in preventing protein aggregation, it is clear
that in both skeletal and cardiac tissues, HSPB5 prevents cell death induced by oxidative
stress and other cytotoxic stimuli, counteracts the disruption of cytoskeletal assembly, and
inhibits inflammation. Moreover, HSPB5 acts in the ubiquitin/proteosome pathway and
in cell-cycle progression [176]. Indeed, the data presented in this review demonstrate
that a fine-tuning of HSPB5 modulation (i.e., phosphorylation, up- or down-regulation)
could represent a new tool to produce beneficial effects under different physio-pathological
muscle conditions where this protein is involved.

In several animal models of inflammatory diseases (i.e., multiple sclerosis, stroke,
spinal cord injury), the administration of HSPB5 has been found to exert therapeutic effects
due to its beneficial chaperone functions [177,178], as well as its ability to trigger protective
responses mediated by Toll-like receptor (TLR) 2 in CD14-expressing cells, such as microglia
and macrophages [179]. In 2015, a 48-week randomized, placebo-controlled, double-blind
Phase Ila trial in relapsing remitting multiple sclerosis (RR-MS) patients showed that
repeated intravenous administration of low HSPB5 doses were found to be safe and well
tolerated in RR-MS patients and, importantly, led to a progressive decline in MS lesion
activity as monitored by magnetic resonance imaging [180].

Skeletal muscle wasting and weakness are consequences of muscular dystrophies
and many diseases, such as cancers, disuse, and frailty in ageing. Cardiovascular diseases
are still among the most common reasons for mortality and morbidity around the world,
and despite major advances in the treatment of cardiac diseases, there is still a great need
for treatments capable of counteracting the deterioration of cardiac muscle function in
congestive heart failure [181]. The identification of effective interventions that can prevent
and/or attenuate the severity of muscle trauma and wasting and restore muscle function
are then a priority.

The application of molecular biology techniques to exercise biology has proven a
better understanding of the multiplicity and complexity of cellular pathways by which
exercise training can prevent or ameliorate the progression of many physio-pathological
conditions [182]. In the past, several research groups have shown that regular physical
activity can induce a significant enhancement in muscular and functional performance, car-
diovascular health, as well as a beneficial anti-aging systemic effect through the modulation
of stress-response proteins [122,125,181,183].
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In this review, we show how different exercise modalities have the capacity to induce
and/or activate HSPB5 to levels sufficient to confer protection to skeletal and cardiac muscle
tissues, with the potential to prevent or delay muscle disorders. However, certain questions
still remain to be addressed. First, so far, studies on the therapeutic potential of exercise-
induced HSPB5 in muscle diseases have been conducted only in rodents. Human studies
are now required for effective clinical translation of the research findings from the animal
models, at least with respect to skeletal muscle tissues. Different aerobic or resistance
exercise protocols have demonstrated their efficacy in patients affected by myositis, such
as polymyositis, dermatomyositis, and sporadic inclusion body myositis, in terms of a
reduced disease activity and inflammatory markers in muscle biopsies [184-186]. Moreover,
a randomized control trial to study the effects of high-intensity strength training in patients
affected by idiopathic inflammatory myopathies (IIM) has been already approved [187],
supporting the possibility of clarifying the role of exercise-induced modulation of HSPB5
in muscle wasting diseases. Second, HSPB5 is generally considered an intracellular protein;
however, it has been detected at low levels in extracellular fluids, where it might be released
via exosomes under specific stress conditions [16]. Actually, it has been demonstrated that
exosomal HSPB5 secreted under stress conditions from astrocytes in a mouse model of
multiple sclerosis is able to suppress astrocytes and microglia-mediated inflammatory
responses in both autocrine and paracrine manners [188]. Data on the possible modulation
of exosomal HSPB5 by contracting muscle tissue are not currently available, and both
in vitro and in vivo animal studies are required to verify the role of extracellular HSPB5 in
skeletal and cardiac muscle homeostasis.

To conclude, although further studies are recommended to clarify the role of HSPB5
during physiological stimuli, we strongly believe that this knowledge could lead to a better
personalization of training protocols with an optimal non-harmful workload in people with
different needs and health statuses. In the long term, new knowledge will be expanded so
as to accumulate specific insights towards the effectiveness of muscle contraction patterns
and the adaptive state of exercise training to be utilized in prevention and rehabilitation.

Supplementary Materials: The following supporting information can be downloaded, Figure S1:
Schematic representation of (A) HSPB5 physical interaction with numerous targets and (B) the
predominant biological functions resulting from the gene set network; Table S1: Enriched biological
functions related to HSPB5 network.
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