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Abstract

The heat shock protein 60 (Hsp60) is a highly conserved molecular chaperonin belonging
to the chaperone system, a complex network that maintains proteostasis and regulates
numerous cellular processes beyond protein folding. Initially described as a mitochondrial
protein essential for the folding of newly imported polypeptides, Hsp60 is now recognized
as a multifunctional molecule. Its expression, localization, and post-translational mod-
ifications dynamically influence cell fate and tissue homeostasis. Alterations in Hsp60
quantity, structure, or distribution underlie a heterogeneous group of disorders known
as chaperonopathies, which may occur “by defect,” “by excess,” or “by mistake” (also
called “by collaborationism”). Genetic Hsp60’s chaperonopathies are associated with rare
neurodegenerative and cardiovascular diseases, whereas acquired forms contribute to
widespread conditions, including autoimmune, inflammatory, and malignant patholo-
gies. This review provides a comprehensive overview of Hsp60 biology across human
systems, emphasizing its structural plasticity, context-dependent functions, and dual role
in health as both a biomarker and a therapeutic target. The emerging paradigm of chaper-
onotherapy, encompassing positive strategies to restore protective chaperones and negative
strategies to inhibit pathogenic ones, highlights the translational potential of targeting
Hsp60. Understanding the molecular mechanisms governing its activity will be essential
for developing precision medicine approaches aimed at modulating the chaperone system
in human disease.

Keywords: Hsp60; chaperonopathies; chaperonotherapy; genetic mutations; post-translational
modifications; neurodegeneration; inflammation; autoimmunity; carcinogenesis;
systemic conditions

1. Introduction

The Chaperone System (CS) is a complex and dynamic network of molecular chap-
erones, co-chaperones, cofactors, interactors, and receptors that safeguard protein home-
ostasis and participate in diverse non-canonical functions, including interactions with the
immune system and roles in carcinogenesis [1]. Heat shock protein 60 (Hsp60), one of
its major members, must be studied within this context, as neither its physiological nor
pathological activities occur in isolation [2].
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The CSis evolutionarily ancient, originating in early unicellular organisms and expand-
ing in structural and functional complexity with multicellularity [3]. When components
of the CS become quantitatively, structurally, or functionally abnormal, they can cause
diseases, namely chaperonopathies, which may be categorized as by defect, by excess, or by
mistake (the latter, also called “by collaborationism™) [4]. These discoveries have fostered
the development of chaperonotherapy: positive approaches aim to restore deficient chap-
erones, whereas negative strategies are aimed at selectively counteracting the pathogenic
activities of Hsp60 without interfering with its essential physiological functions [5].

Hsp60 exemplifies this duality, being involved in both physiological processes and
multiple pathologies. Crucially, the subcellular and extracellular localization of CS com-
ponents, including Hsp60, strongly influences their roles in health and disease. Therefore,
mapping these distributions through immunomorphological techniques has revealed their
value as biomarkers for diagnosis, prognosis, and therapy monitoring [6,7]. For instance,
aberrant localization of Hsp60 in Hashimoto thyroiditis illustrates how altered distribution
can trigger immune responses [8]. Similarly, immunohistochemical studies have shown
that Hsp60, typically mitochondrial with a punctate pattern in normal tissues, increases
and redistributes in pathological conditions, including inflammation, autoimmunity, and
cancer [9].

Collectively, these findings highlight the necessity of considering Hsp60 as an in-
tegral component of the CS, whose mobility, ability to form functional complexes, and
pathological mislocalization underlie its contributions to disease and therapeutic potential.

To this end, we conducted bibliographic research between January and September 2025
using major scientific databases, including PubMed, Scopus, and Web of Science. The key-
words and Boolean combinations employed (“Hsp60,” “heat shock protein 60,” “chaperone
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chaperonopathies,” “inflammation,
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system, autoimmunity,” “cancer,” “neurodegener-

i i

ation,” “cardiovascular,” “mitochondrial proteostasis”, etc.) were selected to cover both
canonical and non-canonical roles of Hsp60 across biological systems and pathological
contexts. Original research articles, reviews, and relevant preclinical and clinical studies
published primarily in English were included, without restriction by geographic origin.
Priority was given to peer-reviewed papers published in the last two decades, though
seminal works of historical relevance were also considered. References were screened for
conceptual relevance and methodological rigor, and additional articles were identified by
examining the bibliographies of selected publications. Our aim was to write a narrative
review providing the most comprehensive overview possible of current knowledge on
the role of Hsp60 in the etiopathogenesis of human diseases, with the goal of inspiring
and stimulating further research in this field and ultimately improving the diagnosis and

treatment of at least some of these conditions.

2. Molecular Properties of the Chaperone Hsp60

Hsp60 is a member of the Group I chaperonins, part of the CS [10]. Group I chap-
eronins are ATP-dependent molecular chaperones found in bacteria and in eukaryotic
organelles of endosymbiotic origin (see below), such as mitochondria and chloroplasts,
where they assist protein folding through a barrel-shaped oligomeric structure. Hsp60 plays
essential canonical roles in maintaining protein homeostasis under both physiological and
stress conditions, and participates in non-canonical processes, including gene regulation,
differentiation, inflammation, carcinogenesis, senescence, and apoptosis [11].

Although traditionally considered intracellular (particularly, intramitochondrial), nu-
merous studies have shown that Hsp60 can also be released into the extracellular milieu,
thereby influencing neighboring cells and systemic responses [12]. Structurally, human
Hsp60 shares high similarity with GroEL—the bacterial homolog of mitochondrial Hsp60,
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i.e., the prototypical Group I chaperonin, originally characterized in Escherichia coli (E.
coli)—forming heptameric rings that assemble into functional tetradecamers with the co-
chaperonin Hsp10, driven by ATP-dependent allosteric transitions [13].

However, unlike GroEL, Hsp60 exhibits unique oligomeric dynamics, existing as a mixture
of monomers, heptamers, and tetradecamers, with “football”-shaped complexes predominating
and lacking the inter-ring negative cooperativity characteristic of GroEL [13-15]. Compared to
GroEL, human Hsp60 displays a lower intrinsic oligomeric stability and a higher degree of
structural plasticity, which is thought to underlie its broader range of context-dependent
functions [7,13]. This structural diversity, revealed by crystallography and cryo-EM studies,
suggests that distinct oligomeric states of Hsp60 may underlie its context-dependent
physiological and pathological functions [15-18]. Importantly, aberrant oligomerization
and stability differences compared to GroEL are linked to pathological conditions, including
cancer and neurodegenerative diseases [19-21].

Additional complexity arises from post-translational modifications (PTMs), such as
acetylation, nitration, nitrosylation, and phosphorylation, which modulate Hsp60 localiza-
tion, stability, and interactions [22]. These modifications can either support physiological
adaptations—for example, S-nitrosylation promotes mitochondrial biogenesis—or drive
pathology, as in the case of hyperacetylation-induced senescence and cancer cell death
or nitration-associated impairment of insulin secretion and contribution to diabetes and
liver injury.

Thus, Hsp60 structural plasticity and PTM-driven regulation not only underpin its
multifaceted canonical and non-canonical roles but also highlight its involvement in chaper-
onopathies and its potential as a target for positive or negative chaperonotherapy [6,23-25].

3. General Pathology

Hsp60’s dual role in tissue homeostasis and pathophysiology clearly emerges in
general pathology as described below and summarized in Figure 1.

3.1. Genetic Modifications

Human Hsp60 is one of the most ancient and conserved proteins of the CS, ubiqui-
tously present in bacteria, mitochondria, and chloroplasts, thus supporting the endosymbi-
otic theory [16,26]. According to the endosymbiotic theory, mitochondria originated from
ancestral free-living bacteria that established a symbiotic relationship with early eukaryotic
cells, explaining the bacterial ancestry of proteins such as Hsp60 [26]. It was initially identi-
fied as GroEL, essential in bacteriophage assembly, and later recognized as a key player
in protein folding mediated by ATP and GroES [26-28]. Its essential role is confirmed by
the lethal effects of inactivating orthologous genes in Saccharomyces cerevisiae, Drosophila
melanogaster, and mice, where complete loss of the protein leads to early embryonic death,
whereas haploinsufficiency is associated with late-onset progressive motor deficits [29-31].

The conservation between GroEL and human Hsp60 is extremely high at both sequence
and three-dimensional structural levels, particularly in residues involved in nucleotide
binding, co-chaperone interaction, and substrate recognition, which explains why GroEL
was used as a model to investigate Hsp60 function [7,21]. Encoded by the nuclear gene
HSPD1, Hsp60 performs canonical functions in maintaining mitochondrial proteostasis by
assisting the folding of nearly half of the matrix proteins, including ribosomal subunits,
tRNA ligases, respiratory chain components, and quality-control proteins such as HSPA9
and SOD2 (i.e., the mitochondrial superoxide dismutase 2) [32,33]. In addition, non-
canonical localizations have been described in the cytosol, plasma membrane, biological
fluids, and extracellular vesicles (EVs), where Hsp60 exerts “moonlighting” activities, such

https://doi.org/10.3390/applbiosci5010007


https://doi.org/10.3390/applbiosci5010007

Appl. Biosci. 2026, 5,7

40f23

as activating antitumour immune responses or acting as a danger signal in cardiomyocyte-
derived exosomes [34,35].

General pathology

Genetic modifications Inflammation and Autoimmunity
UN /E ¢.86A>G missense mutation Al‘:tol?llr:jtllt?:lg ISnC| erosis Au;o(r:zﬁtslvl . .- s o..
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/M%@@%m erythematosus
¢ Thyroiditis
o Hypomyelinating Leukodystrophy ¢ Inflammatory bowel diseases
4 (HLD4) ¢ Behget'’s disease
e Spastic Paraplegia 13 (SPG13) e Guillain-Barré syndrome W
¢ Dilated cardiomyopathy (DCM) e Autoimmune bullous ‘
o Multifactorial diseases (genetic dermatoses
L modifier) ) o Atherosclerosis )

Carcinogenesis

Pro-tumoral role in:
e Oral squamous cell carcinoma (OSCC)
e Thyroid cancer
Non-small cell lung cancer (NSCLC)
Gastric carcinoma
Colorectal cancer
Hepatocellular carcinoma (HCC)
Breast cancer
Cervical cancer
Prostate cancer

Anti-tumoral role in:
o Head and neck squamous cell carcinoma (HNSC)
o Hepatocellular carcinoma (HCC)
o Clear cell renal cell carcinoma (CCRCC)

Figure 1. The figure illustrates the involvement of Hsp60 in the etiopathogenesis of human diseases.
Specifically, genetic alterations, inflammation/autoimmunity, and carcinogenesis were chosen as
overarching themes under which the main aspects of general pathology—i.e., the study of disease
etiopathogenesis—are organized. Selected examples that are described in greater detail in the main
text are also shown. In particular, mutations in the HSPD1 gene have been linked to diseases affect-
ing the nervous system (Hypomyelinating Leukodystrophy 4 and Spastic Paraplegia 13) and the
cardiovascular system (Dilated Cardiomyopathy). In the context of autoimmune and inflammatory
conditions, Hsp60 can act both as an autoantigen, promoting autoantibody production and autore-
activity, and as a chaperokine, triggering inflammation when surface-exposed or secreted. Finally,
in carcinogenesis, Hsp60 may function either as a pro-tumorigenic or an anti-tumorigenic factor,
depending on the cellular context. Created in BioRender (https://BioRender.com/cnq6d32; accessed
on 27 November 2025).

Quantitative, structural, or functional abnormalities of Hsp60 can result in chaper-
onopathies, a heterogeneous group of genetic or acquired diseases. The former, caused by
mutations in genes encoding for CS members, are relatively rare and typically manifest
early. Instead, the latter are more frequent, especially in adults, and are associated with
cancer, autoimmune, inflammatory, and degenerative disorders [1,4-6,36]. In the case of
Hsp60, acquired forms prevail, but genetic variants of HSPD1 are now recognized as more
common than previously thought, including missense, frameshift, nonsense, and UTR mu-
tations, many of which are of uncertain clinical significance according to American College
of Medical Genetics and Genomics/Association for Molecular Pathology guidelines [37].
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Some well-conserved missense mutations have been linked to rare neurochaperonopathies.
These include the hypomyelinating leukodystrophy 4 (HLD4), an autosomal recessive
condition caused by the ¢.86A>G (p.Asp29Gly) missense mutation, characterized by early
onset with hypotonia, developmental delay, spasticity, seizures, growth arrest, severe hy-
pomyelination on MRI, and premature death [38,39]. More recently, heterozygous de novo
variants, such as p.Leu47Val, have been associated with dominant, milder forms [40,41].

Another related disease, hereditary spastic paraplegia SPG13, belonging to the pure
subtype, has been linked to the Hsp60’s missense mutations p.Val98lle and p.GIn461Glu.
Clinical features include progressive lower limb spasticity and weakness, highly variable
penetrance, with onset ranging from childhood to late adulthood [42—44]. In vitro and
in vivo studies have shown that these variants cannot replace GroEL in E. coli, impairing
cell survival under heat stress and compromising protein refolding activity, with reduced
ATPase function, oligomer destabilization, and nucleotide-dependent dissociation into
monomers, thereby severely affecting mitochondrial function and supporting the hypoth-
esis of a dysfunctional Hsp60/Hsp10 complex [45-48]. Eukaryotic models confirmed
mitochondrial morphological and functional alterations, with a decreased membrane po-
tential and impaired biogenesis, highlighting the centrality of mitochondrial dysfunction
in pathogenesis [49].

Beyond the nervous system, HSPD1 missense mutations have been associated with
cardiovascular disorders, such as dilated cardiomyopathy (DCM). The p.Thr320Ala variant
was found in a Japanese family with arrhythmias and sudden cardiac deaths at a young
age [50]. Affected individuals displayed ventricular dilation, systolic dysfunction, and a
clinical course often requiring transplantation, consistent with the heterogeneous genetic
basis of DCM. HEK293 cells expressing the Hsp60 carrying the p.Thr320Ala missense
mutation showed elevated autophagy markers, increased Reactive Oxygen Species (ROS),
impaired mitochondrial dynamics, and reduced respiratory complex activity. In addition,
in vivo, a zebrafish model with an analogous mutation presented dilated ventricles, thin
walls, sarcomere rupture, decreased exercise tolerance, and shortened lifespan, all partially
rescued by ROS and autophagy inhibition.

Recent evidence indicates that HSPD1 variants can function as genetic modifiers in
multifactorial diseases, modulating the phenotypic expression of mutations in other genes.
This has been observed in conditions such as multiple mitochondrial enzyme deficiency,
ethylmalonic aciduria, and sudden infant death syndrome, for which HSPD1 variants are
not the direct cause [51-55].

In summary, Hsp60 genetic chaperonopathies arise from HSPD1 mutations that dis-
rupt protein structure and function, primarily affecting the nervous and cardiovascular
systems due to their dependence on mitochondrial homeostasis. While numerous po-
tentially pathogenic variants exist, only a small fraction has been characterized, and for
those already associated with disease (e.g., SPG13, HLD4, DCM), the precise molecular
mechanisms remain incompletely understood. Nevertheless, converging evidence supports
mitochondrial dysfunction as the unifying pathogenic mechanism, underscoring the need
for further studies to elucidate molecular interactions, refine diagnostics, and develop
targeted chaperonotherapy strategies.

3.2. Inflammation and Autoimmunity

Hsp60 may play central etiopathogenic roles in inflammation, autoimmunity, and
virus-induced diseases when it is quantitatively or qualitatively altered or misplaced
outside its native localization, i.e., mitochondria, where it normally ensures protein home-
ostasis and mitochondrial function [56].
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Autoimmune diseases are complex disorders affecting approximately 5% of the global
population, predominantly women, and result from an interplay of genetic predisposition
and environmental triggers such as infections, lifestyle, and stress [57]. One of the main
mechanisms linking infections with autoimmunity is the molecular mimicry phenomenon,
whereby foreign antigens share sequence or structural epitopes with host proteins, leading
to cross-reactive antibodies or autoreactive T and B cells that compromise self-tolerance and
perpetuate chronic inflammation [58]. Prolonged infection-driven inflammation, mediated
by sustained release of cytokines such as IFN, IL-1§3, IL-6, IL-12, IL-17, and TNF-&, damages
tissues and fosters autoantibody production, reinforcing the overlap between autoimmunity
and chronic inflammatory diseases [56,59].

Within this context, Hsp60 emerges as a prototypical “chaperonopathy by mistake” (or
“by collaborationism”), acting not only as an essential mitochondrial chaperonin but also
as an autoantigen, a pro-inflammatory mediator, and a facilitator of tumourigenesis [4,36].
Extramitochondrial Hsp60 exerts immune-regulatory and inflammatory functions, linking
innate and adaptive responses, with both protective and pathogenic outcomes [12,60-62].
Anti-Hsp60 autoantibodies have been reported in multiple sclerosis, rheumatoid arthri-
tis, diabetes, myasthenia gravis, systemic lupus erythematosus, thyroiditis, inflammatory
bowel disease, and Behget’s disease [63]. These antibodies can be produced either in re-
sponse to endogenous Hsp60 released upon tissue damage, or due to exposure to microbial
homologs, such as those from E. coli, Helicobacter pylori (H. pylori), and Chlamydia trachomatis
(C. trachomatis), through mechanisms of molecular mimicry [64-66]. Importantly, Hsp60
autoreactivity does not invariably imply pathology. In some contexts, such as juvenile
idiopathic arthritis, Hsp60-reactive T cells produce anti-inflammatory cytokines (e.g., IL-10)
that favor remission, whereas in others they release pro-inflammatory cytokines promoting
disease [8,67,68].

The recent COVID-19 pandemic reinforced the relevance of mimicry, with overlapping
antigenic epitopes between SARS-CoV-2 proteins and human Hsp60 potentially under-
pinning autoimmune disorders like Guillain-Barré syndrome and autoimmune bullous
dermatoses [69-72].

Beyond autoimmunity, Hsp60 acts as a “chaperokine,” driving inflammation when
surface-exposed or secreted. It promotes dendritic cell maturation, cytotoxic T-cell activa-
tion, macrophage-dependent cytokine release via CD14 and TLR4, nitric oxide production,
and synergistic amplification of TLR signaling with bacterial LPS [6]. Chronic exposure,
however, can induce tolerization and monocyte deactivation [73].

Furthermore, Hsp60 also shapes adaptive immunity. Via TLR2 signaling, it regulates
T-cell transcriptional programs, downregulating pro-inflammatory mediators (e.g., NFkB,
NFAT, T-bet), while upregulating SOCS3 and GATA-3, thus shifting responses toward
anti-inflammatory Th2 phenotypes and promoting Treg expansion [74-76]. Similarly, B-
cells respond through TLR4-MyD88 signaling, proliferating and secreting IL-6 and IL-10,
enhancing antigen presentation, and promoting autoantibodies production [77,78]. These
immune-modulatory activities link Hsp60 to the development of atherosclerosis, in which
the endothelial stress induces surface Hsp60 expression, triggering autoreactive and cross-
reactive T-cell responses. This is supported by evidence of Hsp60-specific T cells within
atherosclerotic plaques and by the colocalization of microbial and human Hsp60 in vascular
lesions [79].

Finally, viral infections further exploit Hsp60 as a pro-virulence factor. In hepatitis B
virus (HBV) infection, Hsp60 interacts with viral polymerase, promoting its activation and
replication, while Hsp60’s antisense-mediated knockdown impairs nucleocapsid matura-
tion [80]. Multichaperone complexes, including Hsp60, Hsp70, and Hsp90, also facilitate
HBYV replication [81]. On the other hand, it has been observed that Hsp60 can paradoxically
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exert antiviral effects by binding HBV X protein and promoting apoptosis of infected
cells [82]. Elevated soluble Hsp60 in HBV patients enhances IL-10 secretion by Treg cells
via TLR2 and TLR4 pathways, contributing to immunosuppression and viral persistence, a
mechanism reversed by entecavir therapy [83].

From a mechanistic perspective, many of these inflammatory and autoimmune effects
can be traced back to changes in Hsp60 localization and PTMs. When released into the
cytosol, plasma membrane, or extracellular milieu, Hsp60 acquires chaperokine-like proper-
ties, engaging TLR2 and TLR4 signaling pathways and reshaping both innate and adaptive
immune responses [77,78]. Moreover, PTMs such as nitration, acetylation, or S-nitrosylation
have been shown to influence Hsp60 stability, immunogenicity, and receptor interactions,
thereby modulating whether immune responses are pro-inflammatory or tolerogenic [22].
Thus, the pathogenic or protective role of Hsp60 in autoimmunity is not solely dependent
on its abundance, but critically on its molecular state and cellular compartmentalization.

3.3. Carcinogenesis

Hsp60 aberrant expression, mislocalization, or PTMs have been detected in many
human cancers, where the chaperonin can act either as a tumour promoter oz, in certain
contexts, as a tumour suppressor [22]. Hsp60 interacts with major oncogenic pathways,
including phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT), mitogen-activated
protein kinase (MAPK), and Wingless/ 3-catenin (Wnt/ 3-catenin), thereby promoting cell
proliferation, migration, invasion, and metastasization, while also protecting malignant
cells from proteotoxic and oxidative stress. This condition is referred to as a “chaperonopa-
thy by mistake” (or “by collaborationism”) in which the chaperone erroneously supports
cancer rather than organismal homeostasis [84]. Through direct interactions with p53
(the tumor suppressor protein that regulates cell cycle arrest, DNA repair, and apoptosis),
survivin, and IKK, Hsp60 inhibits apoptosis, stabilizes anti-apoptotic complexes, reduces
ROS, and sustains Nuclear Factor kappa B (NF-«B) signaling, thus contributing to tumour
cell survival and resistance to therapy, while extracellular Hsp60 engages TLR4 to promote
angiogenesis, invasion, and immune evasion [85-88].

Importantly, Hsp60 also modulates the immune system during carcinogenesis. Some-
times it acts as a danger signal that triggers anti-tumour responses, while other times it
facilitates immune tolerance and tumour escape, a dual role that complicates its therapeutic
targeting [89-92]. Clinically, Hsp60 abnormal levels, distribution, or PTMs, both in tissues
and circulating EVs, are emerging as promising diagnostic and prognostic biomarkers, and
negative chaperonotherapy, based on inhibitors or gene silencing, is being developed to
counteract its pro-oncogenic functions, although compensatory pathways within the CS
pose challenges [24,60,93].

In head and neck squamous cell carcinoma, loss of Hsp60 expression during disease
progression correlates with poor survival, suggesting a tumour-suppressive role, whereas in
oral squamous cell carcinoma (OSCC) Hsp60 is upregulated and cooperates with survivin
to stabilize cancer cell survival, with Hsp60/survivin expression predicting poor prognosis
and representing a therapeutic target for inhibitor-based therapies or even future vaccine
approaches [94,95].

In thyroid cancer, Hsp60 is upregulated in multiple histotypes, including papillary,
follicular, medullary, and anaplastic carcinoma, where PTMs such as acetylation, nitration,
or ubiquitination alter its structure, impair mitochondrial function, and drive tumourigene-
sis, while its immunohistochemical detection offers valuable information for diagnosis and
tumour staging [96-98].

In non-small cell lung cancer (NSCLC), both Hsp10 and Hsp60 are co-overexpressed,
cooperating to stabilize procaspase-3 complexes, suppress apoptosis, and correlate with
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poor prognosis, while also serving as candidate biomarkers detectable in tissue and
plasma [99-102].

Gastric carcinoma also shows a staging-dependent progressive increase in Hsp60
levels, from dysplasia to invasive cancer, indicating its role in sustaining proliferation and
metabolic stress responses, again exemplifying chaperonopathy by mistake and justifying
the exploration of Hsp60 inhibitors as anticancer strategies [103,104].

In colorectal cancer, Hsp60 is upregulated in epithelial and stromal compartments,
localizes in the cytosol and plasma membrane, activates immune pathways through TLR4,
and is released in EVs that support metastasis, thus serving as both a therapeutic target for
chaperonotherapy and a biomarker for early diagnosis and post-surgical monitoring [105-108].

In hepatocellular carcinoma, Hsp60 is increased in inflammatory and neoplastic tissues,
correlating with mitochondrial biogenesis and ERK signalin. Some data indicate anti-
metastatic effects of Hsp60 overexpression, while silencing experiments confirm its essential
role in sustaining proliferation and survivin stability in tumour cells, highlighting its
context-dependent duality [109-112].

Conversely, in clear cell renal cell carcinoma (CCRCC), Hsp60 expression is reduced, and
its downregulation drives tumour-promoting metabolic reprogramming via MEK/ERK and
c-Myc activation, increased glutamine metabolism, and NRF2-mediated antioxidant responses,
suggesting that Hsp60 may function as a tumour suppressor in this context [113,114].

In breast cancer, Hsp60 overexpression is strongly associated with Her2-positive tu-
mours and MAPK-mediated signaling, sustaining tumour growth, invasion, and resistance
to apoptosis. Moreover, its release in EVs contributes to lung metastasis formation, making
plasma EV-Hsp60 levels minimally invasive biomarkers for monitoring disease progression
and therapeutic response [115,116].

In cervical cancer, Hsp60 expression is elevated across precancerous and invasive
stages, where it supports tumour progression and cooperates with viral and microbial
oncogenesis. In fact, human papillomavirus oncogenes E6/E7 inhibit p53 and Rb, while
persistent C. trachomatis infection and immune responses against chlamydial Hsp60 (C-
Hsp60) exacerbate inflammation and oncogenic signaling through NF-kB and cytokine
release [117-120].

In prostate cancer, increased Hsp60 levels are evident from early stages such as pro-
static intraepithelial neoplasia (PIN), where the chaperonin prevents protein aggregation,
supports inflammation, and interacts with anti-apoptotic molecules, facilitating progres-
sion towards invasive adenocarcinoma, highlighting its value for both diagnostic and
therapeutic applications [121,122].

Taken together, these findings emphasize the multifaceted and context-dependent
roles of Hsp60 in human carcinogenesis, acting as either a tumour facilitator or suppressor
depending on cancer type, molecular milieu, and immune interactions. Consequently,
Hsp60 serves simultaneously as a valuable biomarker, a prognostic beacon, and a therapeu-
tic target, with the refinement of chaperonotherapy—particularly negative strategies—in
combination with conventional anticancer drugs representing a promising frontier in
precision oncology.

Overall, from a mechanistic point of view, the functional duality of Hsp60 in cancer
can likewise be interpreted through its structural plasticity and mislocalization. Distinct
oligomeric states and PTMs influence its interactions with apoptotic regulators, such as
p53 and survivin, as well as its capacity to stabilize oncogenic signaling complexes [66].
Cytosolic and extracellular Hsp60, often associated with EVs, further contributes to tumor—
immune crosstalk and microenvironment remodeling [108]. These observations support the
concept that Hsp60-driven carcinogenesis represents a chaperonopathy “by mistake” [6], in
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which altered molecular states of the chaperonin, rather than its canonical folding activity,

dictate pathological outcomes.

4. Systemic Pathologies

The following paragraphs will illustrate the main systemic disorders involving Hsp60,

summarized in Figure 2.

Systemic Pathologies
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Figure 2. The figure summarizes the main systemic diseases involving Hsp60. Disorders of the
musculoskeletal, cardiopulmonary, splanchnic, and nervous systems correspond to the four sec-
tions into which the so-called systematic human pathology is organized in the text, with selected
literature-based examples highlighting Hsp60 involvement. These include musculoskeletal disorders
such as myopathies, neuromuscular diseases, sarcopenia, and muscular dystrophies; splanchnic
disorders including gastrointestinal inflammation, colorectal cancer, H. pylori infection, renal and
reproductive disorders, diabetes, and thyroid autoimmunity; cardiopulmonary diseases such as
endothelial dysfunction, vascular inflammation, atherosclerosis, heart failure, COPD, asthma, lung
cancer, and infections; and nervous system disorders including neurodegeneration, multiple sclerosis,
and cancer. Further details for each of these conditions, along with the corresponding references, are
provided in the main text. Created in BioRender (https://BioRender.com/cnq6d32; accessed on 27
November 2025).

4.1. Alteration of Locomotor System

Increasing evidence has demonstrated that Hsp60, beyond its canonical mitochondrial
roles in protein folding and quality control, plays a key role in the maintenance of muscu-
loskeletal tissue homeostasis and in the pathogenesis of both cartilage and skeletal muscle
diseases, acting either protectively or pathogenically depending on its expression levels,
localization, and interactions with immune and stress-response pathways [123,124].

In cartilage, Hsp60 contributes to tissue integrity under physiological conditions by
assisting chondrocyte survival and metabolic balance. For instance, in both osteoarthritis
(OA) and rheumatoid arthritis (RA), Hsp60 showed protective effects. Particularly, in OA,
Hsp60 showed a chondroprotective effect through the regulation of SOX9 ubiquitination
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in affected joints [125]. In RA, Hsp60 protects against experimental arthritis [126]. This
protective effect has been attributed to the ability of Hsp60-derived peptides to induce
regulatory immune responses, including the expansion of IL-10-producing T cells and the
modulation of pro-inflammatory cytokine production [67,68].

In skeletal muscle, where mitochondrial function is fundamental to provide energy
supply and ensure contractility, Hsp60 is also critically involved in physiology and pathol-
ogy. Basal Hsp60 expression ensures mitochondrial proteostasis in muscle fibers, par-
ticularly in oxidative type I fibers, supporting endurance and resistance to stress, while
exercise and training upregulate Hsp60, enhancing mitochondrial biogenesis, antioxidant
defenses, and metabolic efficiency, thus contributing to muscle adaptation [127]. However,
imbalances in Hsp60 expression are linked to diverse myopathies and neuromuscular
disorders. For instance, reduced Hsp60 levels impair mitochondrial respiration, increase
ROS, and promote apoptosis, favoring degenerative conditions such as sarcopenia and
cachexia, while abnormal accumulation or extracellular release can trigger inflammatory
responses, exacerbating muscular dystrophies [128].

Moreover, Hsp60 mutations in the nuclear HSPD1 gene underlie hereditary motor
neuron diseases such as spastic paraplegia SPG13 and hypomyelinating leukodystrophy
HLD4, highlighting the dependence of muscle and neuromuscular systems on proper
chaperonin function [41,43]. Inflammatory myopathies, including dermatomyositis, also
show enhanced Hsp60 expression in infiltrating immune cells and damaged fibers, where
it acts as a danger-associated molecular pattern (DAMP), activating TLR-mediated sig-
naling and perpetuating autoimmune injury [129]. Nonetheless, as observed in cartilage,
Hsp60 can play protective roles in muscle by promoting mitochondrial repair and counter-
acting stress-induced apoptosis, underscoring its ambivalent involvement in health and
disease [130].

Taken together, evidence from cartilage and muscle studies depicts Hsp60 as a molecu-
lar switch at the crossroads of proteostasis, immunity, and metabolism. Its balanced activity
preserves tissue homeostasis, while its dysregulation drives degenerative, inflammatory,
and autoimmune processes. These properties make Hsp60 both a promising biomarker
for musculoskeletal pathologies and a target for “chaperonotherapy” which may involve
negative strategies to inhibit its pathogenic excesses or positive strategies to harness its
cytoprotective potential, depending on the disease context.

4.2. Pathologies of the Cardio-Pulmonary Systems

Hsp60 plays pivotal roles in both the Cardiovascular System (CVS) [131] and the Respira-
tory System (RS) [132], where its canonical function of maintaining mitochondrial proteostasis
overlaps with non-canonical activities in inflammation, immunity, and carcinogenesis.

In the CVS, Hsp60 is essential for cardiac and vascular homeostasis, but, when ab-
normally expressed or misplaced, it contributes to a spectrum of cardiovascular diseases
(CVDs). Under physiological conditions, Hsp60 supports cardiomyocyte survival and
mitochondrial integrity, and its controlled release into circulation serves as a signal of
cellular stress [133]. However, excessive extracellular, circulating Hsp60 acts as a DAMP,
binding receptors such as TLR4 and CD14, activating NF-«B signaling, and triggering
cytokine release, thereby promoting vascular inflammation and atherosclerosis [90,134].

Elevated Hsp60 serum levels are associated with endothelial dysfunction, progression
of atheromatous plaques, and increased risk of acute coronary syndromes, while anti-Hsp60
autoantibodies have been identified in patients with hypertension, diabetes, and atheroscle-
rosis, further confirming it as both a biomarker and a pathogenic mediator [135-137]. Notably,
mitochondprial dysfunction linked to altered Hsp60 expression has been described in heart
failure and ischemic cardiomyopathy, conditions in which decreased mitochondrial Hsp60
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impairs energy metabolism and enhances apoptosis, whereas abnormal accumulation in
the cytosol or extracellular space exacerbates inflammatory cascades and tissue remodel-
ing [35,136,138]. In this context, it is worth noting that Hsp60 has also been proposed as a
candidate gene influencing cardiac performance under heat stress in experimental models,
supporting a broader role for this chaperonin in cardiac stress adaptation mechanisms [139].

In parallel, the role of Hsp60 in the RS has drawn increasing attention, due to its
involvement in chronic obstructive pulmonary disease (COPD), asthma, lung cancer, in-
fections, and COVID-19. In COPD, Hsp60 displays a Janus-like role: downregulated in
preneoplastic bronchial lesions of smokers yet overexpressed in bronchial mucosa during
inflammation, where it promotes neutrophil recruitment and survival through oxidative
stress-induced NF-«B activation and extracellular release [140,141]. This dual behavior
highlights its pathogenic contribution to both chronic inflammation and carcinogenesis.
In asthma, anti-Hsp60 autoantibodies have been detected and linked to disease severity,
while increased Hsp60 expression in alveolar macrophages suggests a regulatory role in
immune responses, likely influenced by gene-environment interactions such as the asthma-
associated locus GSDMB on chromosome 17q21, which upregulates Hsp60 and promotes
airway remodeling [142,143]. Therapeutic interventions such as bronchial thermoplasty re-
duce Hsp60 levels in bronchoalveolar lavage fluid, mitigating airway remodeling, whereas
experimental peptides derived from Hsp60, such as SYMHE], suppress airway inflamma-
tion and shift T-cell responses toward regulatory phenotypes in murine asthma models,
suggesting the therapeutic potential of chaperonotherapy [144,145].

Respiratory infectious diseases further exemplify Hsp60’s multifaceted role. In Chlamy-
dia pneumoniae infection, chlamydial Hsp60 (cHsp60) induces immune responses that ex-
acerbate COPD and asthma, with seropositivity correlating with impaired lung function,
while in viral infections such as PRRSV and influenza, Hsp60 participates in antiviral
signaling or, conversely, is hijacked to facilitate viral replication [146].

The COVID-19 pandemic has further emphasized the relevance of Hsp60. Increased
tissue and plasma levels correlate with acute respiratory distress syndrome (ARDS) and
systemic inflammation, while PTMs of Hsp60 and Hsp90 in endothelial cells of COVID-
19-affected subjects point to roles in thrombogenesis and immunopathology, possibly
via molecular mimicry with viral proteins [147]. Clinical studies on Hsp60-derived pep-
tides, such as CIGB-258, in severely ill COVID-19 patients demonstrated reductions in
pro-inflammatory cytokines, expansion of regulatory T cells, and clinical recovery without
adverse effects, highlighting the feasibility of chaperonotherapy in viral hyperinflamma-
tion [148].

Collectively, evidence from cardiovascular and respiratory research illustrates the
Janus-like nature of Hsp60: it is cytoprotective under homeostatic conditions yet pathogenic
when dysregulated, acting as a molecular hub between mitochondrial dysfunction, immu-
nity, and inflammation. This duality makes Hsp60 a promising biomarker and therapeutic
target to treat CVDs, COPD, asthma, lung cancer, and viral infections, suggesting the need
for precision chaperonotherapy—either negative, to inhibit its pathogenic roles, or positive,
to restore its protective functions—tailored to the disease context.

4.3. Disorders of Other Splanchnic Systems

Hsp60 exerts fundamental yet ambivalent roles in the Digestive System (DS), Urogeni-
tal Apparatus (UA), and Neuroendocrine System (NES), where its canonical mitochondrial
functions overlap with pathogenic activities involving inflammation, immunity, autoimmu-
nity, and carcinogenesis.

In the DS, Hsp60 could participate in the homeostasis of the triad Microbiota-Immune
System—CS. Moreover, its abnormal expression might contribute to inflammatory bowel
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diseases (IBD), colorectal carcinoma (CRC), and H. pylori infection (HPI). In particular, in
IBD, Hsp60 is overexpressed in intestinal mucosa and secreted via EVs, where it promotes
pro-inflammatory cytokine release (IL-1f3, IL-6, TNF-«) and molecular mimicry with micro-
bial GroEL proteins, thereby amplifying autoimmunity and chronic inflammation [149-152].
In CRC, Hsp60 upregulation in epithelial and stromal cells supports tumour growth, angio-
genesis, and immune evasion, whereas its exosomal release correlates with metastasis and
patient prognosis, suggesting its potential as a biomarker and therapeutic target [106-108].
In HPI, Hsp60, including that released by EVs, plays a multifaceted and indispensable role
in the survival and pathogenicity of vehiculated [66].

In the UA, Hsp60 plays multifaceted roles in renal, female, and male reproductive
health. In the kidney, its expression increases under oxidative, metabolic, or thermal
stress, supporting mitochondrial stability and protein folding, but its dysregulation is
implicated in diabetic kidney disease, renal ischemia, and CCRCC, where both under-
and overexpression correlate with disease stage and prognosis [153-155]. In the female
reproductive system, Hsp60 regulates folliculogenesis, luteal function, and uterine recep-
tivity, while its aberrant expression is linked to cystic ovarian disease, implantation failure,
and infertility [156-159]. Similarly, in the male reproductive system, Hsp60 is essential for
spermatogenesis, sperm maturation, and motility, yet its misregulation induces apoptosis,
germ-cell loss, or abnormal mitochondrial sheath organization, contributing to infertility.
Testosterone-mediated control of Hsp60 expression further illustrates its central role in male
reproductive physiology [156,160,161]. Molecular mimicry between human and chlamydial
Hsp60 exacerbates autoimmunity in the genital tract, providing a mechanistic explanation
for Chlamydia-induced tubal and male infertility [162-168]. In prostate cancer, Hsp60 over-
expression correlates with Gleason score, androgen resistance, and poor survival, while
its functional interactions with mitochondrial ClpP and IL-8 pathways highlight novel
therapeutic avenues for negative chaperonotherapy [121,122,169,170].

Regarding the NES, in adrenal tumours associated with Cushing’s syndrome, Hsp60
accumulation correlates with apoptotic signaling, though its etiopathogenic role remains
unclear [171]. In diabetes mellitus (DM), Hsp60 downregulation in hypothalamic neurons
promotes insulin resistance and mitochondrial dysfunction, while Hsp60 PTMs in pancre-
atic 3-cells under hyperglycemia trigger apoptosis and impaired insulin production, linking
the chaperonin to both TIDM and T2DM pathogenesis [172]. In autoimmune thyroid dis-
eases, including Hashimoto’s thyroiditis, Hsp60 functions as an autoantigen, cross-reacting
with thyroglobulin and thyroid peroxidase, activating dendritic cells via TLR2/3, and
sustaining NF-kB-driven inflammation, thereby contributing to thyroid autoimmunity [8].

Collectively, evidence from these three systems highlights the pathogenic role of
Hsp60 when dysregulated or mislocalized. Its involvement in a number of disorders under-
scores its potential as both a biomarker and a therapeutic target, but further investigations
are needed.

4.4. Involvement in Diseases of the Nervous System

Hsp60 plays essential roles in the formation, maintenance, and pathology of the ner-
vous system (NS) from embryogenesis through adulthood. Beyond its canonical chaperon-
ing functions, Hsp60 also exhibits immunomodulatory, pro- and anti-apoptotic properties
that depend on its intra- or extra-mitochondrial localization [11]. During neural develop-
ment, Hsp60 contributes to neuroectodermal differentiation and neural tube formation,
being expressed in gametes and embryonic tissues and indispensable for embryonic sur-
vival, as evidenced by the embryonic lethality of Hsp60-knockout mice [30,173]. Moreover,
its deficiency particularly affects neuronal and glial lineages, highlighting its critical role in
NS morphogenesis [174].
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Alterations in Hsp60 are linked to various neurodegenerative disorders (NDDs),
which are broadly characterized by impaired proteostasis, protein misfolding, and aggrega-
tion [175]. Neurons, due to their complex morphology and high metabolic demands, are
particularly vulnerable to chaperone dysfunctions, resulting in cytoskeletal disorganization,
synaptic impairment, and mitochondrial dysfunction [175]. Among NDDs, Alzheimer’s dis-
ease (AD) has been extensively studied in relation to Hsp60. The chaperonin interacts with
amyloid beta oligomers (Afo) and Tau, modulating their aggregation and toxicity [176,177].
Hsp60 may exhibit dual roles—protective within mitochondria by maintaining respiratory
chain integrity [178], yet potentially pathogenic when mislocalized to the cytosol or extra-
cellular space, where it can sustain chronic neuroinflammation through interactions with
Toll-like receptors (TLR2/4) and microglial activation [179,180]. Elevated Hsp60 levels in
lymphocytes of AD patients suggest its value as a biomarker for early diagnosis [181].

Hsp60 is also implicated in other disorders. For instance, in Parkinson’s disease, Hsp60
co-localizes with a-synuclein aggregates in Lewy bodies and Lewy neurites, contributing to
mitochondrial stress and inflammatory signaling [182,183]. The chaperone’s extracellular
release by damaged dopaminergic neurons may activate microglia via TLR4, perpetuating
neuroinflammation [183]. In prion diseases such as Creutzfeldt-Jakob disease, Hsp60 forms
complexes with PrPC and the 14-3-3 protein, potentially influencing prion aggregation and
serving as a diagnostic marker [184,185]. In multiple sclerosis, Hsp60 acts as an autoantigen
recognized by T and B lymphocytes. The presence of anti-Hsp60 antibodies and its elevated
expression in demyelinated plaques suggest the chaperonin involvement in autoimmune
inflammation [186-188].

Finally, Hsp60 contributes to tumourigenesis in the NS, being upregulated in glioblas-
toma multiforme (GBM) and neuroblastoma (NB), where it supports proliferation, inhibits
apoptosis, and enhances resistance to therapy [189-191]. Its extracellular signaling through
TLR4 and regulation via miRNAs and vesicle secretion make it a promising biomarker and
therapeutic target for “chaperonotherapy” [23,192].

In conclusion, Hsp60 is a multifunctional chaperonin essential to neural development
and homeostasis, but also deeply implicated in neurodegeneration, neuroinflammation, and
tumourigenesis. Understanding its compartment-specific roles and regulatory mechanisms
may enable its translation into diagnostic and therapeutic applications across a spectrum of
NS diseases.

5. Conclusions

Hsp60 emerges as a pivotal molecule at the crossroads of proteostasis, immunity, and
cell fate regulation. Its canonical chaperoning function within mitochondria ensures protein
quality control and cellular survival, while its non-canonical localizations and interactions
extend its influence across virtually all biological systems. The evidence synthesized in
this review illustrates that Hsp60’s dual nature—protective in physiological settings yet
pathogenic when dysregulated—underpins a wide spectrum of human diseases, from
neurodegenerative and cardiovascular disorders to cancer and autoimmunity.

This multifunctionality, coupled with its evolutionary conservation and complex reg-
ulation through PTMs, confers on the Hsp60 both diagnostic and therapeutic potential.
Hsp60 aberrant expression, mislocalization, or mutation can trigger chaperonopathies “by
defect”, “by excess”, or “by mistake,” each reflecting distinct pathophysiological mecha-
nisms yet converging on mitochondrial dysfunction and impaired cellular homeostasis.
Such versatility also explains why Hsp60 can act as a tumour promoter in certain contexts
and as a tumour suppressor in others, or as both a pro-inflammatory mediator and an
immunomodulatory regulator depending on its compartmental distribution.

https://doi.org/10.3390/applbiosci5010007


https://doi.org/10.3390/applbiosci5010007

Appl. Biosci. 2026, 5,7

14 of 23

Advances in molecular biology, immunopathology, and translational medicine have
highlighted Hsp60 as a promising biomarker for early detection, prognosis, and therapy
monitoring in several diseases. Furthermore, the conceptual framework of chaperonother-
apy, encompassing positive and negative strategies to modulate Hsp60 activity, offers
a rational basis for innovative treatments. Positive approaches aim to restore or poten-
tiate its protective functions in degenerative or metabolic conditions, whereas negative
interventions seek to inhibit its pathogenic roles in cancer, inflammation, or infection.

Future research should aim to clarify the molecular determinants that dictate Hsp60’s
context-dependent behavior, its interactions within the broader CS, and the mechanisms
governing its trafficking between cellular compartments. A deeper understanding of these
dynamics will be essential to translate current knowledge into precision medicine strategies
that harness or restrain Hsp60 activity in a disease-specific manner. Ultimately, decoding
the complex biology of Hsp60 will not only enhance our grasp of protein homeostasis and
cellular stress responses but may also pave the way for novel diagnostic and therapeutic
frontiers across diverse human pathologies.
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Abbreviations
The following abbreviations are used in this manuscript:
AD Alzheimer’s disease

CCRCC  Clear cell renal cell carcinoma
COrD Chronic obstructive pulmonary disease

CRC Colorectal carcinoma
CS Chaperone System
CVDs Cardiovascular diseases
CVs Cardiovascular system
DCM Dilated cardiomyopathy
DM Diabetes mellitus

DS Digestive system

EVs Extracellular Vesicles

GBM Glioblastoma multiforme
HBV Hepatitis B virus
HLD4 Hypomyelinating leukodystrophy 4

HPI Helicobacter pylori infection
Hsp60  Heat shock protein 60

IBD Inflammatory bowel diseases
MAPK  Mitogen-activated protein kinase
NB Neuroblastoma

NDDs Neurodegenerative disorders
NES Neuroendocrine system
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NEF-«xB Nuclear Factor kappa B
NSCLC  Non-small cell lung cancer

OA Osteoarthritis

oscc Oral squamous cell carcinoma
PTMs post-translational modifications
RA Rheumatoid arthritis

ROS Reactive Oxygen Species

RS Respiratory system

UA Urogenital apparatus
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