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Abstract

Identifying novel biomarkers is a reliable approach to predict and diagnose human diseases as well as manage individual responses
to therapeutic drugs. Heat shock proteins (HSPs) are molecular chaperones that play a major role in maintaining protein stability and
folding. Many studies suggested their association with multiple types of diseases. HSPs from different categories play different roles;
therefore, it is important to identify HSPs and their function to understand their biological functions clearly. This comprehensive review
was performed to evaluate the role of HSPs as predictive biomarkers in cardiovascular diseases. The original publications related to
HSPs from 2010 to 2024 were identified by using the keywords “heat-shock proteins”, “HSP in cardiovascular disorders” and “HSP in
atherosclerosis”. The regulatory pathways involved in HSPs’ functioning are the important points of discussion in this review. HSPs
play a critical role in key cellular processes, including apoptosis regulation, protein folding, immune responses, genomic stability, and
DNA repair. Aberrant expression of HSPs causes dysregulation of these pathways resulting in the development and progression of dis-
eases. A comprehensive understanding of HSPs in cardiovascular diseases and their associated regulatory pathways can have significant
implications for disease intervention, diagnosis, and prognosis. In this review paper, we have highlighted the importance of HSPs as
versatile biomarkers and their importance as targets for the therapeutic management of cardiovascular diseases.
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1. Introduction
Heat shock proteins (HSPs) were discovered by

serendipity in the laboratory of one of the Italian scientists
Ferruccio Ritossa. This discovery took place when he ex-
amined the chromosomes of Drosophila melanogaster ex-
posed to high temperature showing a distinct puffing phe-
nomenon. This observation hypothesized that the puffing
phenomenon occurs because of the gene activation causing
heightened protein expression caused by heat stress. There-
fore, the “heat shock protein” term was coined [1]. Heat
shock protein can also be referred to as cellular stress re-
sponse, which is a fundamentally physiological process ob-
served in all living organisms. It includes modulation of
gene expression characterized by an expansion of HSP ex-
pression. Many research studies revealed that elevations
in the level of HSPs could strengthen cell survival and
protect cellular proteins from damage and aggregation [2].
Apart from heat stress-induced HSPs several other factors
like environmental, chemical, and non-stress physiological
agents and disease conditions can elevate the expression of
HSP levels [3]. HSPs can be classified depending on the
molecular masses like HSP70 which denotes that a sub-
set of HSPs shows a molecular weight of 70 kDa. Several

HSP variants are found with similar attributes or significant
differences that led to an increased demand for a more or-
ganized and unified classification arrangement system for
these HSPs. This comprehensive review was performed to
evaluate the role of HSPs as predictive biomarkers in car-
diovascular diseases. The inclusion criteria for the selection
of the manuscript include a wide range of analysis of HSPs
and their molecular mechanism in cardiovascular diseases,
evaluation of therapeutic approaches targeting HSPs, and
insights into the application of HSPs in clinical practice.

This novel approach helps in simplifying and stream-
lining the nomenclatures for human HSPs. Initially, the
nomenclature was HSP110, HSP90, and HSP70, which is
still in use however the nomenclature was redesigned as
HSPA, HSPB, HSPC, andHSPH in turn. Additionally, each
member was assigned one numerical identifier to enhance
clarity and consistency for naming these diverse interre-
lated proteins like HSPA1, HSPA2, HSPA4, etc. Table 1
(Ref. [4–20]) represents the classification and description
of HSPs. HSPs act as molecular chaperones, help in regu-
lating new proteins by modulating folding/unfolding steps
to attain correct configuration, and also help in the trans-
port of proteins across the intracellular membranes [21]. As
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Fig. 1. The heat shock protein response is regulated by heat shock transcription factor 1 (HSF 1). ROS, reactive oxygen species.
(Created with Biorender.com).

shown in Table 1, HSPs are classified into different families
as per molecular weight like 40, 60, 70, 90, and 110 kDa.
Fig. 1 represents the role of heat shock transcription factor-
1 (HSF-1) regulatingHSP genes. HSF-1 plays an important
role in protection of cell from necrosis caused by the depo-
sition of misfolded proteins by driving the transcription of
HSP genes. This transcriptional stimulation depends upon
the HSF-1 trimerization and its binding with identifiable se-
quences within the HSP genes [22].

HSPs are activated in response to a wide variety of
stressors like cold, heat, oxidative stress, inflammation, in-
fections, toxins, and several other factors. High levels of
HSPs can act as an indicator of cellular stress. In addition,
dysregulation of HSPs can lead to several systemic diseases
like cancer, autoimmune, cardiovascular, and neurodegen-
erative diseases. Therefore, understanding the role of HSPs
can help in predicting and diagnosing multiple pathological
conditions. In this paper, we have investigated the regula-
tory pathways andmechanisms involved in the regulation of
HSPs and their role as predictive and prognostic biomarkers
in systemic diseases.

2. Methodology
This comprehensive review was conducted to eval-

uate the important mechanism of HSPs as potential ther-
apeutic targets and predictive biomarkers in cardiovas-
cular disease. Appropriate Literature published between
2010 and 2024 was identified from databases like PubMed,
Web of Science, and Scopus by using the keywords “heat
shock proteins”, “HSPs in cardiovascular disease”, “HSPs
as biomarkers” and “HSPs in atherosclerosis”. Research
studies focusing on HSPs’ physiological pathways involv-
ing protein folding, HSP expression, immune response, in-
flammation, and oxidative stress were included, while non-
English or unrelated articles were excluded. Results on ex-
perimental studies, HSP expression, and their association
with cardiovascular disease were extracted and explored.
Special consideration was given to the molecular pathways
and mechanisms involving HSPs and their implications for
interventions, safeguarding a thorough evaluation of their
biological role and clinical impact. In this comprehen-
sive review all the figures were created by using BioRen-
der Software (M5V 2J1, Spadina Ave, Toronto, Ontario,
Canada).
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Table 1. Classification and description of heat shock proteins.
Heat shock proteins Description Location Overexpression of HSPs in Diseases References

Large heat shock proteins (HSPs) Family High molecular weight proteins with chaperone
activity; Protein disaggregation and refolding.

HSP110-Cytosol Myocardial infarction [4]
HSP110 GRP170-Endoplasmic reticulum (ER) ER stress, Ischemic injury, and heart failure [5]
glucose-regulated protein (GRP)170

HSP90 Family 90 kDa in size; stabilizing and assisting in folding
of a wide range of client. proteins involved

in cellular growth and signaling.

HSP90AA1-Cytosol Atherosclerosis, Heart failure [6]
HSP90AA1 HSP90AB1-Cytosol Atherosclerosis, Hypertension [7]
HSP90AB1 GRP94-Cytosol, ER Ischemia-reperfusion, myocardial infarction [8,9]
GRP94

HSP70 Family 70 kDa in size, protein folding, transportation,
and degradation.

HSP70-Cytosol Atherosclerosis [10]
HSPA1A, HSPA8, and
HSPA5

HSPA1B-Cell surface Ischemic injury, heart failure [11]
HSPA8-Cytosol Ischemic stroke [12]
HSPA5-ER Ischemia and heart failure [13]

HSP60/Chaperonin Family GroEL and
GroES are HSP60 proteins in bacteria

Also known as chaperonins, they are involved in the
folding of other proteins inside cellular compartments,

particularly mitochondria, and chloroplasts.

GroEL and GroES are involved in the
protein folding of Cytosol, mitochondria,

chloroplast

Heart failure and atherosclerosis [14]

HSP40/DnaJ Family Co-chaperones; assist in protein folding and refolding.
Their conserved J-domain is essential for their function.

Cytosol Ischemia [15]

Small HSP (sHSP) Family 20–30 kDa in size; role in preventing protein aggregation.
They are often found in various cellular compartments
and protect proteins from stress-induced damage.

HSP10-Mitochondria Myocardial infarction [16]
HSP10 HSP27-Cytosol/Nucleus Myocardial infarction [17]
HSP27

HSP110 Family HSP110 is similar to HSP70 and functions as molecular
chaperones; protein folding and unfolding processes.

HSP110-Cytosol Myocardial Infarction, Cancer [4,18]

HSP27 Family HSP27, also known as HSPB1; plays a role in protecting
cells from stress-induced damage and preventing protein

aggregation.

HSP27-Cytosol/Nucleus Cellular Dysfunctions [19]

HSP20/Alpha-Crystallin Family Small HSPs like alpha-crystallin in the eye lens. They
have chaperone activity and help maintain the

transparency of the lens.

HSP20-Mitochondria Cardiovascular disorders, eye lens disorders [20]
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3. Role of HSPs in Cellular Functions
Small HSPs are widely distributed in several tissues

and are found to be heat-inducible (HSP22) and are cell-
type dependent. They play a major role in cell survival
under stress conditions. HSP10 and HSP alpha crystalline
represent tissue-restricted patterns and are supposed to play
an important role in cell differentiation, development, and
tissue-specific functions [23]. Apart from molecular chap-
eron functions in the folding and unfolding of proteins
preventing aggregation, these HSPs are involved in dif-
ferent functions like maintenance of cytoskeleton struc-
ture, cell cycle, cellular differentiation, protein degrada-
tion, stress tolerance, apoptosis, and cellular signal trans-
duction. Fig. 2 represents the types of small HSPs and
their tissue distribution. Class I HSPs include HSP27, αβ-
crystallin, HSP20, and HSP22 [24], while Class II HSPs
include HSPB2, HSPB3, αA-crystallin, HSPB7, HSPB9,
and HSPB10. HSP27 and αβ-crystallin [25] regulate cel-
lular processes and thereby enhance stress resilience, modu-
late protein folding, help in protein degradation, prevent cy-
toskeleton integrity, promote cellular differentiation, man-
age cell cycle, influence apoptosis, and contribute to sig-
nal transduction and developmental processes. Small HSP
members exhibit anti-inflammatory, anti-apoptotic, neuro-
protection, and cardioprotection involving interactions with
different regulators [26]. HSP60 proteins belong to the
Group I chaperonins found in endosymbiotic organelles as
well as bacteria, functioning along with HSP10 proteins
as cochaperonins inside the mitochondria responsible for
protein homeostasis [14]. In addition to its canonical role
in mitochondria, it also plays another role in the plasma
membrane, extracellular space, cytoplasm, and body fluids.
Their non-canonical functions in these cellular organelles
include cellular replication, inflammation, carcinogenesis,
and other events in health and disease. This protein has a
multifaceted role it covers a broad range of cellular loca-
tions because of the presence of only oneHSP60 gene. This
multifaceted role of the HSP60 protein is due to the pres-
ence of multiple sites for phosphorylation in its amino acid
sequence and a wide array of variations in post-translational
modifications including acetylation, oxidation, citrullina-
tion, ubiquitination, S-nitrosylation and O-GlcNAcylation
as compared to others [27]. The impact of post-translational
modifications on HSP60 proteins and phosphorylation was
observed in sperm capacitation, tumor invasion, mitochon-
drial impairment, microtubule-related proteins, and inhibi-
tion or promotion of apoptosis. Nitration was found to be
associated with the stability of permeation through the tran-
sition pore of mitochondria, hindering its protein folding
capacity and causing disruption in the process of insulin re-
lease. Mitochondrial disruption occurs because of hyper-
acetylation, and the S-nitrosylation and citrullination pro-
cess can be pro-apoptotic [28].

HSP90 proteins are ubiquitous molecular chaperones
that promote the folding and unfolding of proteins thus

helping in preventing aggregation [29]. In mammalian
cells, two isoforms HSP90α and HSP90β are present in the
cytoplasm, and glucose-regulated protein GRP94 is present
in the endoplasmic reticulum and tumor necrosis factor
(TNF) associated protein-1 is found in the mitochondria.
In cells, HSP90 proteins play an important role in regula-
tory pathways like protein folding and unfolding cell cy-
cle regulation, apoptosis, and signalling processes. Also,
they activate the adaptive immune response by stimulating
dendritic cells and antigen-presenting cells (APC). Their
role is well-identified in cell differentiation, cell growth,
and proteostasis. Most importantly their overexpression
has been reported in many pathological diseases like in-
fection, inflammation, cancer, and neurodegeneration sug-
gesting their role in disease pathology [30]. Under nor-
mal physiological situations, HSP70s supports the folding
of synthesized new polypeptides and the improvement of
misfolded proteins, and also in the transfer of perfectly
folded proteins to maintain the cellular homeostatic mech-
anism [31]. HSP70s represents the activity of unfoldase
enzyme causing the unfolding of misfolded proteins and
afterward refolding them through a continuous cycle of
binding, Adenosine triphosphate (ATP)-driven unfolding
and finally rebuilding the native protein conformation [32].
Several co-chaperones involving HSC70-interacting pro-
tein (HIP), HSC70-HSP90 organizing protein (HOP), and
HSP40 play an important role in assessing the function
of HSP70 [33]. HIP works together with the ATPase do-
main of HSP70, enhancing the substrate affinity by regu-
lating their ADP bind state. HSP40 proteins also called
DNAJ proteins, function as chaperones and bind with the
hydrophobic residues of unfolded proteins by intercating
with the common substrate of HSP70 [34]. In general,
HSP40s proteins are homodimeric with a preserved J region
facilitating the interaction of the HSP70 family by bind-
ing to the N-terminal domain of ATPase [35]. HOP acts
as a link between HSP90 and HSP70, commencing a col-
lective interaction enabling the exchange of substrates be-
tween them. HSP70 identifies the short sequence of hy-
drophobic amino acids, observed in loosely folded protein
complexes, misfolded proteins, protein translocation inter-
mediates, and nascent chains [36]. HSP70 collaborates
with other proteins like C-terminus of HIP (CHIP) when
HSP70 is unable to refold amisfolded protein, thereby facil-
itating protein degradation. Proteins that are ubiquitinated
are degraded by the enzyme proteasome while those that
are involved in autophagy are managed through chaperone-
mediated autophagy (CMA), a specific form of autophagy
for HSC70. In addition when HSP/HSC70 interacted with
Bcl-2 linked athanogene (BAG-1) and BAG-3, guided the
degradation of misfolded proteins either with the help of
enzyme proteasome or by autophagy [37]. The wider spec-
trum of HSP70 is attained through (a) expansion and di-
versification ofHSP70 genes, generating HSP70 molecular
chaperones; (b) co-chaperones that are selected by HSP70
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Fig. 2. Small HSPs and their tissue distribution. MKBP, myotonic dystrophy protein kinase binding protein; CT, cancer/testis.

chaperones to perform specific cellular functions; (c) inter-
actions of HSP70 with other chaperones and co-chaperones
and broaden their functional capabilities [38,39]. The large
HSP family including HSP110 and HSP170 represents dis-
tinct evolutionary families of HSP70. HSP110was found in
the cytosol and HSP170 was located in the lumen of the en-
doplasmic reticulum. Research study shows that Lhs1p, a
member of the HS170 family in yeast possesses nucleotide
exchange factor (NEF) activity for the primary luminal en-
doplasmic reticulum HSP70 which in turn stimulates AT-
Pase activity of Lhs1p [40]. With the significant differ-
ences in the folding pathways and organelles machinery be-
tween luminal endoplasmic reticulum and cytoplasm, it was
reasonable to consider that this type of regulatory mecha-
nism might be limited to endoplasmic reticulum. HSP110
exhibits nucleotide exchange factor activity for cytosolic
HSP70 which plays an important role in protein folding de-
velopment. It facilitates ATP binding with the release of
substrate protein, ultimately enhancing protein homeosta-
sis efficacy during stress conditions and ensuring proper
protein folding and refolding. This process is important in
diseased conditions like cancer, and neurodegeneration for
cellular protection where protein misfolding is a common
problem [41].

4. Interactions of HSPs: Synergy and
Antagonism

Multiple co-chaperones associated with HSPs play a
significant role in assisting the chaperone functions. These
co-chaperones include HSC70 interacting protein (HIP),
Bcl-2 linked athanogene (BAG-1), HSPs organizing pro-
teins (HOP), HSP40 family, and p23. HIP was first recog-
nized as an HSP90 co-chaperone due to its ability to react
with the ATPase site of HSC70 and enhance HSC70-related
interactions by alleviating its ADP-bound form. HIP is a
50 kDa protein found in cytosol. Afterward, it was also
reported to interact with BAG-1 binding to HSP70 protein
competitive antagonism and therefore considered as HSP70
co-chaperone [42,43]. BAG-1 co-chaperone is identified as
a protein linked to HSP70 and shown to act as a suppressor
of HSP70. It helps in protein refolding by forming ternary
complexes with HSP70 substrates which are stable. The
mechanism behind this function is because of the presence
of BAG-1 that alters HSP70 conformation. Subsequently,
the binding domain in the substrates becomes less suscep-
tible to digestion of proteins by protease enzyme still in
the presence of HSP40 and nucleotides [44]. Thus, when
BAG-1 is occupied in the process of releasing peptides from
HSP70, the HIP protein is simultaneously competing with
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BAG-1 in maintaining HSP70 in its peptide-binding stage.
HOP alternatively called stress-inducible protein 1, acts as
a co-chaperone that engages with HSP90 and HSP70 fami-
lies in the cytosol by distinct repeating tetratricopeptide do-
mains. It is assumed to play an important role in facilitat-
ing substrate protein folding by regulating the functions of
chaperones of HSP90 and HSP70. Therefore, it serves as an
important physical linkage between chaperones and body
systems like progesterone and glucocorticoid hormone re-
ceptors [45]. ATP hydrolysis by ATPase is the rate-limiting
step predominantly responsible for HSP70 chaperone func-
tions. Therefore, the prime target for regulation of this pro-
tein function is ATP hydrolysis caused by the HSP40 family
that acts to elevate the ATP turnover rate and strengthen the
chaperone activity. The natural turnover rate of stable AT-
Pase activity of HSP70 is very low to fuel the HSP70 chap-
erone functions even when the substrate is there. Hence, the
synchronized potential of HSP70 and HSP40 is required to
ensure the effective functioning of HSP70 [46]. Protein Ki-
nase R (PKR) facilitates the antiviral response of the host
body and belongs to the eukaryotic initiation factor 2a (eIF-
2a) kinase family. It is found to be associated with func-
tions like apoptosis and tumor suppression. HSP90 chap-
erones regulate PKR. This molecular chaperone complex
delivers this function when a p23 acidic protein, a cochap-
erone binds with this protein in an ATP-dependent manner.
They bind with each other through the kinase domain and
N-terminal ds RNA binding domain. Separation of either
p23 or HSP90 causes apoptosis [47]. HSP60 featured a
cavity known as “Anfinsen-cage” chaperones that provide a
sheltered, protected closed environment that aids in proper
substrate folding. The important steps of protein folding
occur in the presence of a protected environment of chaper-
ones in functions. Protein unfolding occurs through amulti-
directional extension of chaperones by loosening the com-
pact protein and collapsing of inner structure, and during
extension, the water molecules enter inside the hydropho-
bic region, which is an important step in chaperone func-
tions [48]. In addition, the client protein is completely cov-
ered and isolated from its external surroundings by form-
ing a “cap” by assembling HSP10 heptamer. This “cap”
remains in its original place until it is released, permitting
the target protein to be freed once ATP hydrolysis occurs
and the new target binds to different sites of the chaperone
machine. Researchers investigating the HSP60 family have
highlighted the important role of HSP10 in both initiation
and continuation of the chaperone activity [48]. This re-
view suggested the synergistic action of HSP families and
their co-chaperones in a coordinated manner with the ex-
ception role of BAG-1 on HSP70. Therefore, the synergis-
tic and antagonistic interactions between HSP proteins and
their co-chaperones play a major role in modulating the ac-
tivities of HSPs and contribute to the development of novel
therapeutic approaches for several diseases [49].

5. HSPs as Predictive Biomarkers in
Cardiovascular Diseases

Tytell et al. [48] demonstrated the release and uptake
of HSPs and observed that these proteins can be transferred
from glial cells to axons. Another research team investi-
gated the release of HSPs from cultured cells of rat embryo
model [50]. Some studies reported the release of HSPs like
HSP70, HSP90, and GP96 from necrotic cells that induces
the activation of APC-like dendritic cells and macrophages
through pathway nuclear factor Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), thus secreting
different cytokines [51,52]. Therefore, HSPs can bemarked
as significant predictive biomarkers in many pathological
conditions because of their presence in a wide range of cell
types and their ubiquity is attributed to maintaining cellular
homeostasis and proteostasis. The ubiquitous role of HSPs
in regulating proteostasis and cellular homeostasis repre-
sents their important role as predictive biomarkers in car-
diovascular diseases, below mentioned is the role of HSPs
in cardiovascular diseases highlighting their therapeutic po-
tential and diagnostic role in predicting the outcome and
progression of the disease. Table 2 represents the role of
specific HSPs in cardiovascular diseases.

5.1 HSPs and Atrial Fibrillation
The HSPs family responds to numerous pathological

conditions like hypoxia, infection, radiation, variation in
temperature, and stress. In cardiovascular disorders, HSPs
regulate protein function, folding, and localization by act-
ing as molecular chaperones. They prevent damage to the
cardiomyocytes and thereby help in maintaining proteosta-
sis. Several circulatory disorders are caused by derailment
of cellular proteins, causing loss of proteostatic control in
cells that results in the expression of HSPs. In addition to
this, upregulation of genes encoding HSPs is done by ac-
tivated heat shock factor 1, which is the central regulator
of heat shock response. Few clinical cases show the asso-
ciation of atrial fibrillation with the collapse of HSPs. In
Atrial fibrillation, derailment of cellular protein and elec-
tropathological remodeling are caused by the impairment in
heat shock response. Elevated expression level of HSP27
was observed in patients with paroxysmal atrial fibrillation
that may protect cardiomyocytes against myolysis. An in-
creased level of HSP27 proteins is found to be associated
with acute atrial fibrillation and to a lesser extent with struc-
tural impairment [53]. In line with this, studies show that
HSP70 levels have an inverse relationship with atrial fib-
rillation postoperatively in patients who undergo coronary
artery bypass surgery [54,55]. Another study represents the
overexpression ofmitochondrial HSPs (HSP60 andHSP10)
in atrial myocytes from patients suffering from atrial fib-
rillation [56]. HSP27, HSP70, HSP60, and HSP10 have
shown their direct or indirect association with the progres-
sion and development of atrial fibrillation therefore, this
study suggested the possibility of using HSPs as potential
predictive biomarkers [57].
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Table 2. Role of heat shock proteins in cardiovascular diseases.
Heat shock
proteins

Description Location Role of HSPs in diseases

HSP10 Functions as molecular chaperone-assisted protein folding. Mitochondria Overexpression of HSP10 shows chronic atrial fibrillation.

HSP27 Small HSPs with 27 kDa molecular weight, plays an
important role in cellular stress response and function as

molecular chaperones.

Cytosol and Nucleus of the cells Overexpression of HSP27 shows acute Atrial fibrillation.

HSP32 Protects against cellular oxidative stress. Cytosol and Nucleus Found in the hemeoxygenase-1 enzyme and is involved in heme degradation.
Performs antiatherogenic functions.

HSP47 Plays an important role in collagen synthesis and clotting. Extracellular matrix and Endoplasmic
reticulum

HSP47 expression is reduced during prolonged immobilization, which protects
against thrombi inflammation and thereby prevents clot formation.

HSP60 Plays an essential role in protein folding and
mitochondrial assembly.

Mitochondria and cytosol Overexpression in atrial fibrillation, atherosclerosis, coronary artery disease, acute
heart failure.

HSP65 Functions as mitochondrial chaperonin. Mitochondria Overexpression of HSP65 in coronary artery disease.

HSP70
The protective role against cellular oxidative

stress plays an important role in protein folding.
Cell surface, cytosol, nucleus, and mitochondria

HSP70 levels have an inverse relationship with atrial fibrillation.
Overexpression of HSP70 in atherosclerosis and acute heart failure.

HSP70 is an endogenous antigen in hypertension induced by innate and adaptive
immune response that induces essential hypertension.

HSP90 Molecular chaperones regulate the stability and
maturation of proteins.

Cytoplasm, endoplasmic reticulum,
mitochondria, and nucleus

HSP90 inhibition reduces necroptosis of cells.

7

https://www.imrpress.com


5.2 HSPs and Atherosclerosis

HSP60 and HSP70 families have been extensively in-
vestigated by researchers to identify their role in vascular
diseases like atherosclerosis, and they determined HSP60,
which shows distinctive localization in atherosclerotic le-
sions as compared to non-atherosclerotic arterial walls.
Overexpression of HSP70 is observed in several cell types
like macrophages, monocytes, dendritic, and smooth mus-
cle cells in an advanced stage of atherosclerosis [58,59]. A
population-based study revealed that an elevated level of
HSP60 is associated with low-density lipoprotein choles-
terol levels [60]. HSP32 was found in the heme oxygenase-
1 enzyme that plays an important role in heme degrada-
tion. Heme degradation is activated by stressors and there-
fore performs antiatherogenic actions like reduction in ad-
hesion of monocytes, scavenging reactive oxygen species,
and chemotaxis [61]. Investigating the role of HSPs in
atherosclerosis and their association with infectious dis-
eases is one of the important fields of current research, as
endothelial cells of damaged arteries show overexpression
of HSP60. Due to the homology between human HSP60
and microbial HSP60, the activation of the immune re-
sponse against microbes may be responsible for damage to
the arterial endothelial cells and atherosclerosis [62]. Is-
chemic heart disease (IHD) and its connection with HSPs
have been thoroughly investigated by some researchers.
Their study includes the extent and presence of myocar-
dial infarction, coronary artery disease (CAD), ischemia,
and cardiac protection [56]. Considerably, among patients
diagnosed with CAD, research study revealed a significant
association between the presence and severity of the dis-
ease and the presence of antibodies directed against HSP60
and HSP65 [56]. Increased levels of antibodies were con-
sistently reported in tandemwith an elevated number of dis-
eased vessels as defined by coronary atherosclerosis scores
[56]. The extent of CAD disease is associated with high
levels of HSP65 and HSP60, but it was also reported that
some specific HSPs have a protective influence on the heart.
Researchers reported that elevated levels of human HSP70
are associated with a reduced risk of CAD, suggesting a
multifaceted and intricate role of HSPs in the context of
atherosclerosis linked with coronary arteries [63,64].

5.3 HSPs and Peripheral Vascular Disease

Peripheral vascular disease (PVD) typically refers to
persistent ischemia affecting the lower part of the body be-
cause of atherosclerosis. Individuals with PVD show amor-
tality rate 3 times higher than that of control in terms of age
and gender. This high mortality is primarily credited to the
presence of comorbidity caused by atherosclerotic condi-
tions in other vascular areas [65]. Research investigations
suggested the involvement of HSPs in the progression of
atherosclerotic PVD and most importantly, the impact of
physical exercise. A study showed 20 PVD patients with
a higher level of circulating HSP70 as compared to control

subjects [65]. In addition, there is also an elevation found
in the level of anti-HSP70 antibodies, which is not signif-
icant. The same study shows a significant rise in the level
of HSP60 antibodies in PVD patients, exhibiting a positive
correlation with the severity of the disease [66]. Another
study also reported the same significant rise in the level of
anti-HSP70 antibodies in PVD subjects with ischemia, sug-
gesting a probable correlation between antibodies and the
severity of the disease [67]. Diabetes mellitus is found to
be one of the important risk factors for PVD. One study re-
ported 67 type I and type II diabetic subjects have elevated
levels of IgA class anti-HSP70 antibodies in contrast to in-
dividuals with no diabetes. This study evidenced that IgA
antibodies may be involved in vascular diseases with dia-
betes mellitus and HSP70 may act as an autoantigen in dis-
ease progression and pathogenesis [68]. The treatment ap-
proach for PVD patients is transluminal angioplasty. How-
ever, balloon angioplasty develops stretching and physical
strain that can trigger several adverse outcomes like lipid
accumulation, platelet adhesion, smooth muscle prolifera-
tion, and plaque formation. Interestingly, it has been ob-
served that mechanical stress caused by balloon angioplasty
leads to the production of HSP70 in the smooth muscle
cells of the blood vessels. These discoveries suggest that
HSP70 expression plays a significant role in blood vessel’s
response to injury, an early stage in the development of
atherosclerosis [69].

5.4 HSPs in Deep Vein Thrombosis (DVT)
DVT is a cardiovascular disease that involves the for-

mation of blood clots in deep veins, mostly in the legs,
caused by blood stasis, injury to the blood vessels, and
changes in blood composition. Probable risk factors include
prolonged immobilization, surgery, certain medical condi-
tions, and genetic predisposition. A major concern with
DVT is that a clot may detach and travel to the lungs, caus-
ing a pulmonary embolism, which can be life-threatening.
Immobilization-associated DVT is initiated by blood stasis
in veins, resulting in endothelial cell hypoxia. Site-directed
recruitment of platelets to the activated endothelium results
in the activation of innate immune cells, including neu-
trophils and monocytes, and the plasmatic coagulation sys-
tem. This sequel of events results in deleterious thrombo-
sis and inflammation, the underlying major mechanism of
DVT. Platelet HSP47 plays a crucial role in thrombosis and
thereby in blood clot formation by recruitment of throm-
bin to platelets and activates them to form platelet aggre-
gates. HSP47 also forms blood clots by activating poly-
morphonuclear leukocytes (PMNs) generating neutrophil
extracellular traps (NETs) that comprise proteins and DNA
as shown in Fig. 3. NETS provide a temporary structure
for procoagulant molecules, red blood cells, and platelets.
HSP47 expression is reduced during prolonged immobi-
lization, which protects against thrombo-inflammation and
thereby prevents clot formation [70].
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Fig. 3. The sequence of events in thrombosis and inflammation and role of HSP47 in deep vein thrombosis. (Created with Bioren-
der.com).

Fig. 4. Importance of HSP70 as endogenous antigen in hypertension induced by an innate and adaptive immune response that
induces essential hypertension. IL-10, interleukin 10; CNS, central nervous system; SNS, sympathetic nervous system. (Created with
Biorender.com).

5.5 HSPs in Hypertension

In kidneys, the immune cell infiltration comprises
macrophages and T cells in case of salt-sensitive hyper-
tension. Experimental models suggested that these cells

have an impact on specific cell populations which causes
depletion of cells and hypertension. Using this approach
researchers revealed a prohypertensive impact on immune
cells, CD 4, CD 8T, B cells, T17 cells, and macrophage in-
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filtration. On the other hand, it also demonstrated the anti-
hypertensive role of regulatory T cells (Tregs) by regulat-
ing vascular injury and immune homeostasis. It has been
hypothesized that the inflammation might be set in motion
by localized cellular damage caused by renal vasoconstric-
tion. This injury causes ischemia, triggering the release of
damage-associated molecular patterns stimulating the in-
nate immune response. This process leads to the introduc-
tion of specific endogenous proteins that initiate adaptive
immune responses. In these circumstances, HSP70 and pro-
teins modified by isoketals play an important role as en-
dogenous antigens of importance in the pathogenesis of hy-
pertension [71]. Fig. 4 represents the importance of HSP70
as an endogenous antigen in hypertension induced by an
innate and adaptive immune response that induces essential
hypertension. When tolerance to this protein is induced, it
causes the production of regulatory T-cell response driven
by interleukin (IL)-10, which efficiently safeguards against
salt-induced hypertension and inflammation [71].

5.6 HSPs in Acute Heart Failure (AHF)

HSP60 is naturally found in most types of cells, pri-
marily detected inside the mitochondria, some of which are
also found in the cytosol. Their level is increased in re-
sponse to several stressors like oxidative stress, anoxia, in-
fection, and inflammation. HSP60 protein plays an impor-
tant protective role in preventing injury caused by these
stressors by maintaining three-dimensional protein struc-
ture and thus preserving cellular equilibrium [72]. Some
studies reported that HSP60 relocated into the myocardial
cell surface before getting released into the bloodstream in
subjects with AHF [73,74]. Interestingly, elevations in the
level of HSP60 on the plasma surface and the presence of
serumHSP60 in the hearts of human and animalmodel have
shown their associations with increased apoptosis of my-
ocardial cells measured by activation of caspases and frag-
mentation of DNA as well as modulation of immune re-
sponse. Therefore, HSP60’s role can be attributed to an
antigen showing these effects [73]. A study investigated
the link between HSP60 and distinct endpoints of readmis-
sion/death of subjects with heart failure. Their study re-
ported that a total of 132 patients with acute heart failure
were admitted and there is a significant association between
HSP60 level and end point of readmission/death in subjects
with AHF [74]. The exact mechanism behind the asso-
ciation of HSP60 with acute heart failure remains uncer-
tain. Future research is required to determine their precise
function in risk assessment and its capacity to be treated
as a target for therapeutic interventions. In one study re-
searchers confirmed the alterations in the HSPs (HSP27
and HSP70) at an early stage of cardiac remodeling in an-
imal models. Also, they determined the plasma concen-
tration of these HSPs, HSP27, HSP70, and HSP90, in 222
patients at different stages by using the enzyme-linked im-
munosorbent assay method. Their results show a positive

correlation of heart failure with HSP70. Moreover, they
have not observed any significant alterations in HSP27 and
HSP90 which suggests that HSP70 is the potential predic-
tive biomarker for the early detection of cardiac failure [75].
Another model of myocardial ischemia demonstrated the
role of HSP70 in the onset of the apoptotic process [76].
Increased levels of HSP70 in the endothelial and myocar-
dial cells confer a protective mechanism on the cardiovas-
cular system enhancing the heart’s resilience to myocardial
injury. These effects are associated with the reduction of
oxidative stress and apoptosis prevention ultimately caus-
ing repair of endothelial damage [77,78]. HSP70 present
in myocardial cells activates the enzyme superoxide dis-
mutase present in the mitochondria that inhibits the move-
ment of apoptosis-inducing factor and phosphorylated eu-
karyotic elongation factor 2 into the nucleus of the cell caus-
ing enhanced functioning of mitochondria and inhibition
of apoptosis [79]. Further, high levels of aldehyde dehy-
drogenase 2 in mitochondria cause the accumulation of 4-
hydroxynoneal during ischemic injury to cardiac muscles.
This accumulation induces the proapoptotic response by in-
hibiting HSP70 levels and activating the c-Jun N-terminal
kinase (JNK)/p53 pathway [80]. This process may have a
significant function in the causation of heart failure, and this
can be counteracted by HSP70 expression. Moreover, it has
been demonstrated that intracellular HSP70 has been found
to possess a protective effect on the heart whereas extra-
cellular HSP70 seems to promote apoptosis [81]. HSP90
modulates the necroptosis regulating proteins like receptor-
interacting protein (RIP) 1, 3 which programmed for cell
death, a study conducted in an animal model. It is expressed
in different types of cells like cardiomyocytes and is in-
volved in the activation and maintenance of their functions.
Recent study investigates that HSP90 inhibition reduces the
necroptosis of cells by inhibiting RIP pathways [82]. En-
dothelial nitric oxide synthase (eNOS) is a protein that is
regulated by HSP90 by identifying its correct function and
folding. This enzyme is important for generating nitric ox-
ide that regulates the dilation of blood vessels, reduces in-
flammation, and prevents atherosclerosis [6]. Molecular
chaperones like HSP70, HSP90, the carboxyl terminus of
HSC70-interacting protein (CHIP), and BAG-3 are impor-
tant for preventing protein’s native functions and folding
under conditions of oxidative stressor improper foldings or
mutations caused by post-translational modifications like
phosphorylation. Misfolded proteins cannot be refolded by
molecular chaperones as they are focused on degradation
mechanisms to prevent noxious accumulation of these mis-
folded proteins. After this, the misfolded proteins are la-
belled with ubiquitin in the Ubiquitin-Proteasome Pathway
for degradation by 26S proteasome, which involves a joint
effort between molecular chaperones, ubiquitin stimulating
enzymes E1, conjugating enzymes E2 and ligase enzymes
E3 facilitating substrate specificity. Subsequently, the mis-
folded proteins are then transported to lysosomes by the
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HSP70 complex for lysosomal degradation. Followed by
lysosomal degradation, the aggregates are cleared by au-
tophagosomes. In case any misfolded protein aggregates
escape by autophagosomes then they accumulate and con-
tribute to toxicity ultimately causing cardiac impairment
[83].

6. HSP Inhibitors and Therapeutic
Implications

HSP inhibitors have evolved as a potential therapeu-
tic target for the treatment of cardiovascular complica-
tions. A natural compound, Geldanamycin is an HSP90
inhibitor that plays a significant role in reducing necrop-
tosis of cardiomyocytes thus improving cardiac functions.
It modulates the expression and function of HSP90 and
is found to be effective in the treatment of cardiac dis-
eases. It inhibits the signalling pathway in cardiac fibrob-
lasts and cardiomyocytes by acting on profibrotic trans-
forming growth factor-beta (TGF-β) [84]. 17-(allylamino)-
17-demethoxygeldanamycin (17-AAG) is also an HSP90
inhibitor, an analog of geldanamycin found to inhibit
the formation of atherosclerotic plaque, inhibits the cel-
lular proliferation and migration, and reduces inflamma-
tion [85]. HSP90 maintains mitochondrial homeostasis
leading to the remodeling of vessels of pulmonary arte-
rial hypertension (PAH), accumulation of HSP90 in mi-
tochondria is the predictive biomarker for the develop-
ment of PAH. It was reported that 17-AAG inhibits cel-
lular hypertrophy of cardiac cells during the progression
of heart failure [86]. 17-Dimethylaminoethylamino-17-
demethoxygel danamycin (17-DMAG) is another analog
of geldanamycin attenuated extracellular signal-regulated
kinase (ERK) stimulation and inhibits atherosclerosis-
generated oxidative stress. In addition, it also reduces
the phosphorylation of ERK in different types of cells
[87]. Gamitrinib is the selective inhibitor of mitochondrial
HSP90 and was found to be associated with anticancer ac-
tivity in animal model study without showing any signifi-
cant toxicity of the organ [88]. Gamitrinib reduces the pro-
liferation and viability of pulmonary artery smooth muscle
cells in patients suffering from PAH [89]. Another HSP90
inhibitor, celastrol, a plant product acts by blocking the
binding of HSP90 to cell division cycle 37. It acts as an
anti-inflammatory and antioxidant agent [90]. Also, in my-
ocardial infarction, it inhibits inflammation, NF-κB, and
macrophage infiltration [91].

7. Discussion and Conclusion
However, the exact mechanism of HSPs in atheroscle-

rosis and atherogenesis remains unclear, some studies sug-
gested interlink between the expression of HSPs, im-
mune reactions, and inflammation plays a major role in
atherosclerosis progression [92,93]. The intensity of HSP
expression determines the severity of atherosclerosis. In
immune reactivity, the lesion shows the localized deposi-

tion of γ/δ T cells that are especially in response to HSP
expression. In addition, previous studies reported that im-
munization with mycobacteria recombinant HSP65 induces
atherosclerotic lesions in rabbits with normal cholesterol
levels, a high-fat diet given in normal C57BL/6J mice, and
mice deficient in low-density lipoprotein LDL receptors
[92,93]. The mechanism of HSPs in the onset and pro-
gression of atherosclerotic lesions is multifaceted and dy-
namic. The contributing factors at the early stage of the
formation of atherosclerotic plaques are the inflammation
and progression by adaptive immune responses. In one
study, HSP60 and HSP70 were detected in the serum of
healthy subjects, correlating elevated HSP60 levels with
the onset of atherosclerosis and HSP70 levels in patients
with renal vascular and peripheral disease [94]. Early de-
tection of HSP expression may result from several factors
involving oxidative stress caused by risk factors like dia-
betes, hyperlipidemia, smoking, and hypertension. The ex-
pression of HSPs in vascular smooth muscles was induced
by oxidative stress. Hemodynamic mechanisms like high
blood pressure, also affect the vasculature. Blood vessels
exposed to high mechanical and shear stress demonstrate
increased levels of HSP expression and are more likely
to have atherosclerosis. For example, HSP60 expression
was observed in shear stress in cultured endothelial cells of
humans, with similar observations in the common carotid
artery of rat models at certain sites experiencing greater wall
shear stress [95]. Recent understanding of the physiological
mechanism of HSPs in healthy human hearts emphasizes its
important function in normal cardiac tissue growth and the
formation of molecular chaperones from intracellular pro-
teins. During stress conditions, the important function of
these chaperones is the folding of newer proteins and their
transport intracellularly that are relatively understood, as is
the stimulation of HSP-gene transcription in the presence
of unfolded or nascent proteins. The fast upregulation of
specific HSP genes in reaction to several stressors offers
cells an intrinsic protection mechanism that enhances re-
silience against future or ongoing stresses. A comprehen-
sive understanding of the HSPs’ protective mechanism in
the cardiovascular system, is required as it helps in pre-
venting cardiac tissue from repeated ischemic attacks. Nu-
merous pathological mechanisms like coronary artery dis-
ease or chronic unstable angina, may be protected by the
detailed understanding of defense mechanisms offered by
HSPs [96]. Identification of the role of HSPs as predictive
biomarkers is a reliable approach for diagnosing and treat-
ing cardiovascular complications, as well as for designing
individual therapeutic drug responses. HSPs play an im-
portant role in maintaining cellular equilibrium by proper
protein folding. This comprehensive review suggested the
potential of HSPs as predictive biomarkers in cardiovas-
cular diseases and the modulation of their co-chaperones
can help in developing novel therapeutic interventions for
the treatment of these diseases. Understanding the role of
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HSPs in atherosclerosis, PVD, hypertension, and heart fail-
ure and the role of their co-chaperones holds significant im-
plications for disease prevention, interventions, diagnosis,
and prognosis. This paper has highlighted the versatility of
HSPs as biomarkers and their importance as potential ther-
apeutic targets for the management of cardiovascular dis-
eases.
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