K

International Journal of

Molecular Sciences

Review

Heat Shock Proteins and Exercise in Skeletal Muscle Insulin
Resistance: Protective Mechanisms and Therapeutic Potential

Mariam A. Othman 10, Joo Hyun Kim 11( Khaled Y. Kamal 2-*

W) Check for updates

Academic Editors: Gregory Blatch,
Nikolas Nikolaidis and

Soumya Patnaik

Received: 2 June 2026

Revised: 11 July 2026

Accepted: 17 July 2026

Published: 24 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and John M. Lawler 1/3-*

Department of Kinesiology & Sport Management, School of Education and Human Development,
Texas A&M University, College Station, TX 77845, USA; mariam.othman@tamu.edu (M.A.O.);
dhwngusdh@tamu.edu (J.H.K.)

2 Department of Kinesiology and Health, Iowa State University, Ames, IA 50011, USA
3 Department of Nutrition, Texas A&M University, College Station, TX 77840, USA

*  Correspondence: kykamal@iastate.edu (K.Y.K.); jml2621@tamu.edu (J.M.L.)

* These authors contributed equally to this work.

Abstract

Heat shock proteins (HSPs) are a family of conserved molecular chaperons present in
both prokaryotic and eukaryotic species, playing a crucial role in maintaining cellular
proteostasis and enhancing stress resilience. HSPs have a multitude of roles in regulating
cell signaling transduction, antioxidant defenses, apoptosis, and protein folding, thereby
contributing to overall cellular homeostasis. Insulin resistance is characterized by elevated
oxidative stress, dysregulated pro-inflammatory signaling, and impaired cellular stress
response, ultimately leading to deficient glucose uptake in skeletal muscle. Many studies
have illustrated the benefits of exercise in improving insulin resistance and reducing the risk
of metabolic disorders, such as type 2 diabetes. Habitual exercise and lifestyle modifications
have been shown to activate heat shock response, enhancing HSP70 expression and pro-
moting cellular adaptations that protect against metabolic dysfunction. However, the link
between HSPs, particularly HSP70, and skeletal muscle insulin resistance remains complex
and not fully elucidated. In this review, we discuss the mechanistic pathways by which
HSP70 modulates insulin resistance, mitochondrial function, and inflammatory responses
in skeletal muscle. Additionally, we discuss the protective effects of exercise-induced
HSP70 expression and its potential as a therapeutic target for improving insulin sensitivity
and metabolic health.

Keywords: skeletal muscles; heat shock proteins; exercise; insulin resistance; molecular
pathways

1. Introduction

Insulin resistance (IR), characterized by impaired insulin function in tissues like
skeletal muscle, adipocytes, and the liver, impacts more than 86 million U.S. adults aged
20 or older [1]. Glucose uptake is diminished by insulin resistance in metabolically active
tissues, leading to compensatory hyperinsulinemia and increased pancreatic 3-cell insulin
production [2]. Despite the prevalence of insulin resistance, individuals with it mostly
go undiagnosed, with the condition persisting for 10-12 years. This prolonged period of
undiagnosed insulin resistance contributes to metabolic dysfunction, increasing the risk
of obesity, type 2 diabetes (12D), and associated complications such as cardiovascular
disease, neuropathy, and nephropathy [3]. Factors contributing to the development of
insulin resistance include a sedentary lifestyle, caloric excess, poor dietary habits, obesity,
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genetic predisposition, and acute or chronic illness. Furthermore, insulin resistance can be
induced secondary to pharmacological treatments, including glucocorticoids, antiretroviral
therapy, and beta blockers [4].

In skeletal muscle, IR hampers the translocation and availability of glucose receptors
(e.g., GLUT4), which are essential for glucose uptake, glycogen synthesis, and anabolic
signaling. Impaired GLUT4 translocation leads to hyperglycemia and compensatory hyper-
insulinemia, further exacerbating metabolic dysregulation [5,6]. Skeletal muscle accounts
for approximately 80% of insulin-stimulated glucose uptake at rest. During exercise, insulin-
dependent and insulin-independent pathways increase the translocation of GLUT4 to the
sarcolemma and increase glucose uptake [7]. Disruption of GLUT4 function impairs
metabolic homeostasis [8]. While exercise promotes insulin-independent upregulation of
GLUT4 and glucose uptake, insulin resistance disrupts these mechanisms, leading to in-
creased circulating free fatty acids (FFAs) and inflammatory cytokines, further propagating
metabolic dysfunction [5,6]. Moreover, insulin acts as a vasoactive hormone, regulating
its delivery to muscle tissues by promoting vasodilation [9]. However, insulin resistance
compromises this process, diminishing nitric oxide-mediated vasorelaxation and impairing
glucose delivery to skeletal muscles [10].

Substantial evidence supports the notion that the metabolic benefits of habitual exer-
cise are partially due to non-pharmacological heat stress. Hooper [11] first demonstrated
that passive heat therapy (e.g., hot tub immersion) for three weeks led to modest improve-
ments in fasting plasma glucose and glycosylated hemoglobin levels in patients with T2D.
In addition, Gupte et al. [12] reported that heat treatment prevented peripheral insulin
resistance in rodents fed a high-fat diet, linked to in vivo activation of heat shock proteins
(HSPs). Significant attention to HSPs, particularly HSP70, has focused on the ability to mod-
ulate metabolic and inflammatory pathways implicated in insulin resistance [1]. Indeed,
HSP70 is hypothesized to counteract insulin resistance by suppressing pro-inflammatory
kinase cascades (e.g., INK, IKK-3), preserving mitochondrial function, and improving
glucose uptake [10].

Studies have shown a strong association between HSP70 expression and healthy
metabolism status, emphasizing the critical role of HSPs in maintaining mitochondrial
homeostasis, preserving insulin, and increasing glucose uptake [13]. HSP70 exists in both
inducible (Hsp70) and non-inducible (Hsc70) forms, with the inducible form, Hsp70, being
upregulated under stress conditions, while the non-inducible form, Hsc70, is constitutively
expressed [14]. Importantly, an in vivo imbalance between intracellular HSP70 extracellular
HSP70 (iHSP70/eHSP70) may sustain low-grade inflammation in metabolic disorders,
including T2D [15,16]. For example, intracellular HSP70 exerts anti-inflammatory control by
inhibiting the transcription factor nuclear factor-kappa B (NF-«B), a key proinflammatory
transcription factor implicated in insulin resistance [17]. In addition, HSP70 induced
through heat stress protects against insulin resistance, possibly by suppressing inducible
nitric oxide synthase (iNOS) [18]. Habitual physical activity improved HSP70 levels in
skeletal muscles and downregulated iNOS, providing an in vivo mechanism for reduced
inflammation and improved glucose uptake and metabolic homeostasis [7,19].

Indeed, both heat shock and exercise-induced upregulation of HSPs could inhibit
key pathogenic drivers contributing to insulin resistance, such as oxidative stress and
stress-activated kinase (e.g., JNK) [1,12,20]. However, while progress has been made in
elucidating these mechanisms, further research is needed to fully characterize the molecular
pathways linking HSP70 to metabolic health. Therefore, this review critically examines
the molecular mechanisms through which exercise-induced HSP70 mitigates skeletal mus-
cle insulin resistance, with emphasis on redox regulation, mitochondrial function, and
inflammation. By integrating recent insights from molecular biology, exercise physiology,
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and metabolic signaling, this review will highlight HSP70 as a therapeutic strategy for
combating insulin resistance and reduce the risk of metabolic disease.

2. Heat Shock Proteins (HSPs)

In 1962, Ferruccio Ritossa, an Italian scientist, accidentally raised the incubation tem-
perature of Drosophila larvae and observed enhanced transcription of unknown genes. He
proposed these proteins as HSPs [21]. HSPs are a highly conserved protein family known
for their function as molecular chaperones that assist in protein folding, prevent misfolding,
and facilitate proteostasis [22]. In addition, HSPs activate antioxidant defenses and cellular
stress response pathways, enhancing cell survival under metabolic stress [23]. Heat shock
proteins are classified into different families based on their molecular weight, including
HSP100s, HSP90s, HSP70s, HSP60s, HSP40s, and some smaller HSPs (15-40 kDa) [24].

HSP70 is more commonly used in animal studies, and HSP72 in human studies. This
review will use the term HSP70 throughout to refer specifically to the stress-inducible
member of the HSP70 family to maintain consistency. The HSP70 family comprises distinct
gene products that differ in their expression patterns and physiological roles. HSPAIA
and HSPA1B (commonly termed HSP70-1 or HSP72) are the main stress-inducible iso-
forms, present at minimal or undetectable levels under basal conditions but significantly
upregulated in response to cellular stress [25,26]. Depending on the cell type, HSPA6 repre-
sents an even more tightly regulated isoform and is induced under conditions of severe
physiological stress or specific chemical insult [27].

HSPs are induced by physiological or environmental stressors such as heat, cold,
starvation, hypoxia, pathogen invasion, malnutrition, chemical exposure, or UV radia-
tion [28-31]. This induction supports cell survival under adverse conditions by stabilizing
proteins, facilitating proteasome-mediated degradation of damaged or marked proteins,
and inhibiting apoptosis at mitochondrial and cytosolic levels [32]. HSP70, for example,
promotes cellular tolerance to inflammatory cytokines and enhances heat tolerance in
fibroblasts in vitro [33,34].

The HSP70 family is particularly well-recognized for its role in cellular proteostasis,
stress protection, and survival [35]. Stress factors such as oxidative stress, inflammation,
changes in calcium levels, lactic acidosis, ischemia/reperfusion, and energy depletion can
induce HSP70 expression [36,37]. HSP70 interacts with key signaling pathways, including
Akt-mTOR activation and skeletal muscle mass protection or enhancement. Elevation
of HSP70 also inhibits NF-kB and FOXO signaling, thus limiting muscle atrophy while
promoting regeneration [38—40].

HSP70 has distinct intracellular and extracellular functions. Intracellularly, it modu-
lates anti-inflammatory mechanisms, maintains protein homeostasis, and regulates nuclear,
cytosolic, and mitochondrial functions [41,42]. It also plays a crucial role in mitigating
endoplasmic reticulum (ER) stress by supporting the unfolded protein response (UPR),
preventing proteotoxicity, and reducing inflammation [43,44]. Through its regulation of
ER chaperone activity and suppression of stress-induced JNK activation, HSP70 helps
counteract insulin resistance and muscle dysfunction in metabolic disorders [45].

Extracellularly, HSP70 performs immunomodulatory functions, acting as a danger-
associated molecular pattern (DAMP) that signals through pattern recognition receptors,
thereby mediating immune tolerance or pro-inflammatory responses depending on the
cellular context [41]. Collectively, the HSP70 network serves as a molecular safeguard,
linking stress adaptation to metabolic regulation and forming the mechanistic foundation
for its therapeutic relevance in insulin resistance and exercise physiology.
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3. HSP70 and Its Role in Muscle and Metabolic Health

While HSP70 exerts broad cytoprotective effects across multiple tissues, including
hepatic, cardiac, and immune cells, this section focuses specifically on its roles in skeletal
muscle, the primary site of insulin-stimulated glucose disposal and a tissue susceptible to
metabolic and mechanic stress.

Skeletal muscle accounts for approximately 80% of postprandial glucose uptake,
making it central to the pathophysiology of insulin resistance and T2D diabetes. HSPs
are essential regulators of metabolic health in skeletal muscles, and their cytoprotective
functions help mitigate insulin resistance and prevent T2D by modulating cellular stress
responses in vivo [46,47]. Beyond its general stress-protective role, HSP70 plays a crucial
role in muscle maintenance and regeneration. It supports muscle fiber size, protects
against muscle atrophy during unloading, and promotes recovery following injury [38,39].
Notably, HSP70 also plays an essential role in maintaining muscle fiber size during rest and
mitigating atrophy during disuse. Inactivity in adult and elderly rats reduces HSP70 levels,
but restoring its expression significantly minimizes fiber atrophy [39].

At the level of intracellular signaling, HSP70 interacts with and stimulates the Akt-
mTOR pathway in skeletal muscle, a critical anabolic regulator of skeletal muscle protein
synthesis and maintenance. Specifically, HSP70 facilitates Akt phosphorylation, which
activates mTORC1 and downstream effectors that drive ribosomal biogenesis and trans-
lational efficiency of contractile proteins [38]. Simultaneously, HSP70 suppresses two
major atrophic signaling arms, NF-kB and FOXO signaling, preventing catabolic processes,
reducing muscle atrophy, and enhancing muscle regeneration [39,40].

Recent studies reveal that HSP70 prevents insulin resistance and T2D through its anti-
inflammatory, oxidative stress-reducing, and mitochondrial regulatory functions [46,47].
Specifically, HSP70 participates in the preservation and protection of metabolically ac-
tive tissues, where it reduces inflammation [33], alleviates oxidative stress [13], enhances
mitochondrial function [48], and maintains proteostasis [37]. These mechanisms are inter-
connected, and together they establish HSP70 as a molecular target linking cellular stress
adaptation to whole-body metabolic regulation.

3.1. Anti-Inflammatory Properties

In skeletal muscle, chronic low-grade inflammation is recognized as a driver of insulin
resistance, impaired satellite cell function, and progressive fiber atrophy, while HSP70’s
anti-inflammatory properties are documented in multiple tissues; its role in resolving the
intramuscular inflammatory signaling is specifically relevant to metabolic health.

HSPs exhibit anti-inflammatory effects by modulating macrophage polarization and
promoting the folding of immune cell receptors, thereby triggering innate and adaptive
immune responses. HSP70 enhances anti-inflammatory cytokine production in chronic
inflammatory diseases [49]. The absence of HSP70 downregulates CD11b and CD68 mRNA
expression in vitro early post-injury, impairing the regulation of inflammation and myoblast
differentiation, which suggests its critical role in the inflammatory and repair processes [50,51].

Furthermore, HSPs regulate inflammation by modulating the pro-inflammatory c-Jun
N-terminal kinase (JNK), which activates macrophages and promotes cytokine release.
Increased JNK activation contributes to insulin resistance by impairing insulin signaling
through phosphorylation of IRS-1 serine residues [52]. HSP70 induction suppresses JNK
activation, improves insulin sensitivity, and reduces mitochondrial dysfunction and reactive
oxygen species (ROS) production [1,53]. Pharmacological activation of HSP70 has shown
promising metabolic outcomes, particularly in high-fat-diet-fed models [54].
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3.2. HSP70 Regulation of Mitochondrial Function

Mitochondrial dysfunction is a hallmark of insulin resistance, marked by reduced
ATP production and impaired (3-oxidation [55]. HSP70 preserves mitochondrial integrity
by facilitating the import of nuclear-encoded proteins and mitigating damage caused by
oxidative stress [56]. Heat stress and HSP70 activation enhance mitochondrial enzyme
activity, oxidative capacity, and insulin sensitivity, protecting against skeletal muscle in-
sulin resistance [53,57]. Additionally, HSP70 also supports mitochondrial quality through
mitophagy [58], a process of removing dysfunctional mitochondria. Reduced HSP70 ex-
pression limits this capacity, leading to mitochondrial dysfunction in insulin resistance [48].
Elevated HSP70 increases AMPK and SIRT1 activity, promoting mitochondrial biogenesis,
fatty acid oxidation, and better insulin sensitivity [59].

The association between mitochondrial dysfunction and insulin resistance with HSP70 has
spurred research into the role of HSP70 in enhancing mitochondrial function, especially dur-
ing nutrient excess [12,37]. Studies show that heat therapy and exercise training (which
produces significant heat) improve the mitochondrial biogenesis, mitochondrial enzyme activ-
ity, oxidative potential, and thus endurance capacity of muscle cells in vitro [60,61]. Elevated
HSP70 levels correlate with a higher proportion of oxidative fiber types in skeletal muscles
and enhanced mitochondrial enzyme activity [13].

Additionally, HSP70 overexpression has been shown to protect against high-fat-diet-
induced impairments in skeletal muscle metabolism, promoting insulin sensitivity and
glucose tolerance [62]. Exercise complements this process by facilitating glucose uptake in
skeletal muscles through the translocation of GLUT4 to the cell membrane, a mechanism
similar to insulin-stimulated glucose uptake and critical for individuals with reduced
glucose utilization, such as those with T2D [63,64]. This highlights the multifaceted role of
HSP70 in mitochondrial function, metabolic health, and glucose homeostasis.

4. Exercise-Induced Expression of Heat Shock Proteins (HSPs)

Exercise is a potent physiological stressor that induces the expression of HSPs, particu-
larly HSP70, which acts as a universal stress (e.g., mechanical, metabolic, heat) indicator
and plays a critical role in cellular homeostasis and adaptation to stress [62,65]. Elevated
levels of HSP70 are observed following aerobic and resistance training, with its expres-
sion correlating positively with exercise intensity, duration, and training status [66,67].
Exercise-induced HSP70 expression facilitates cellular protection by stabilizing myofibrillar
structures, supporting protein folding, and mitigating oxidative stress, thereby preserving
muscle integrity [68,69]. Notably, HSP70 expression is influenced by training modality,
fitness levels, and environmental conditions (e.g., heat stress), highlighting its adaptive role
in metabolic and cellular resilience during exercise [1,70].

Both acute and chronic exercise paradigms, particularly endurance-type running,
induce the expression of HSPs in various tissues, including skeletal muscle, liver, and
myocardium [31]. For instance, subjects completed a 45-min running exercise at an in-
tensity corresponding to 75% of their VO,max [71]. A single bout of treadmill running
increases HSP70 mRNA and protein levels in murine skeletal muscle, cardiac muscle, as
well as hepatic tissue [72]. The mechanisms triggering HSP production during exercise
include increased tissue temperature, oxidative stress, depletion of glucose and glycogen
storage, ischemia, hypoxia, altered calcium levels, and pH changes [73]. This stress-induced
expression of HSPs, particularly HSP70, is crucial for cell protection, restoration of home-
ostasis, and adaptation to physiological stressors induced by exercise [74]. Exercise serves
as a non-toxic stressor, providing insights into the regulation of HSP gene expression.

Exercise, especially strenuous aerobic activities like running, significantly impacts
the levels of extracellular HSP70 in the blood [75]. Various studies have demonstrated
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that aerobic exercises can elevate cellular and blood eHSP-70 levels both during and post-
exercise [76,77]. The rise in temperature and metabolism during exercise activates the heat
shock response (HSR), leading to increased HSP levels. Interestingly, even human in vivo
adipose tissue, which experiences lesser temperature increases during exercise, displays
elevated and prolonged upregulation of HSP levels post-exercise, suggesting potential
benefits against chronic inflammation associated with obesity [70].

HSP70 is believed to function in protecting cellular factors and sensing biochemical
stressors. Highlighting its role as a universal stress indicator, exercise produces many
cellular stressors, including heat, metabolism, energy, mechanical stress, and oxidative
stress, thus providing a comprehensive and integrative perspective on stress [65]. Con-
sequently, the combination of various stressors, such as physical exercise and changes in
environmental conditions (e.g., heat, cold, altitude), further intensifies the upregulation
of cellular HSP70 [78]. The body exerts increased physiological responses to manage and
mitigate stress, particularly in the future. In prolonged or uncompensated stress, such as
chronic inflammation, the ability to maintain homeostasis is compromised or overwhelmed,
potentially leading to pathological conditions, including overtraining [79].

Experimental evidence from muscle and liver tissues demonstrates that oxidative load
proportionally drives compensatory increase in HSP70 levels [71]. Functionally, HSP70 acts as
an ATP-dependent chaperone, facilitating protein refolding and assisting in protein translo-
cation across membranes, and is among the first responders to oxidative stress. They play
a protective role by shielding enzymes and other proteins from the harmful effects of ROS [80].

The elevation of HSP70 with exercise is now recognized as a central mediator of
the systemic metabolic benefits of physical training. Common challenges to tissues dur-
ing exercise, such as mechanical stress, acidosis, hypoxia, ischemia, ROS formation, and
changes in calcium signaling, are shown to induce HSP expression independent of the
exercise [1]. Indeed, some of the HSP70 benefits of exercise arise from body temperature
increases associated with prolonged or intense exercise. Human in vivo studies show that
HSP70 induction via heat treatment or pharmacologic intervention, as well as transgenic
overexpression in animals, results in metabolic enhancement [81].

4.1. Exercise Dose—Response Effects and Heat Shock Proteins

Exercise dose, defined by intensity, duration, and modality, critically determines the
magnitude and temporal kinetics of HSP70 induction [1,75]. Adding complexity is the un-
derstanding that exercise-induced HSP expression depends on training modality, intensity,
and duration [1]. For example, human in vivo aerobic exercises like running on a treadmill
or downhill can increase cellular and blood HSP70 levels several times during and after
exercise [76,77]. HSP70 and HSP90 concentrations also increase in skeletal muscle follow-
ing a bout of exercise. For example, tissue hypoxia, characterized by lower-than-average
oxygen content and pressure in the cell, may trigger HSP expression during exercise [82].
Consequently, duration and volume of exercise, exercise type and intensity, subjects” train-
ing status, and environmental factors such as heat have been shown to affect the extent of
HSP upregulation after exercise.

HSP70 expression in skeletal muscle is elevated following both aerobic and resistance
training [83]. Crucially, HSP70 expression is influenced by exercise intensity. For example,
there is a human in vivo positive correlation between HSP70 levels and exercise intensity
during aerobic and resistance training [67,82]. This relationship is also observed when
examining the connection between exercise intensity and metabolic outcomes, indicating
that the induction of HSP70 may play a role in the metabolic benefits linked to exercise [66].
Most human studies of endurance aerobic and resistance anaerobic exercise focus on
modulation of HSP70 in skeletal muscle and/or circulating monocytes [84]. HSP70 is the
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most abundant HSP and accounts for 1-2% of the cellular proteins commonly detected in
skeletal muscle [16]. Aerobic exercise may enhance cellular survival, boost resistance to
injury, and improve human adaptability in challenging environments [85]. The integrated
molecular mechanisms underlying these exercise-induced adaptations are summarized in
Figure 1, which depicts how HSP70 coordinates redox regulation, stress-kinase inhibition,
and preservation of insulin signaling within skeletal muscle.
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Figure 1. Integrated model depicting the molecular mechanisms through which exercise-induced
HSP70 maintains skeletal muscle metabolic homeostasis. During exercise, multiple physiological
stressors, including elevated temperature, calcium flux, and reactive oxygen species (ROS) produc-
tion, activate signaling cascades that upregulate HSP70 expression in skeletal muscle. HSP70 acts
as a cytoprotective molecular chaperone, stabilizing proteins, supporting mitochondrial integrity,
and attenuating inflammatory signaling. Within the sarcolemma, activation of AMP-activated pro-
tein kinase (AMPK) and calcium/calmodulin-dependent kinase II (CaMKII) enhances nitric oxide
(NO) bioavailability through neuronal nitric oxide synthase (nNOS), promoting glucose uptake via
GLUT4 translocation. Concurrently, HSP70 inhibits JNK and nuclear factor-«xB (NF-«B) pathways,
which are otherwise activated by ROS and proinflammatory cytokines (e.g., TNF-«, IL-6) released
from macrophages and damaged myofibers. This suppression of stress kinase activity preserves
insulin receptor substrate-1 (IRS1) phosphorylation, sustaining downstream Akt-mTORC1 signaling
and efficient glucose transport. By mitigating Nox2-derived oxidative stress, HSP70 prevents mito-
chondrial dysfunction and the propagation of chronic inflammation that drives insulin resistance.
Collectively, the integration of mechanical, metabolic, and thermal cues during exercise elicits a coor-
dinated HSP70-dependent adaptive response that counteracts oxidative stress and supports insulin
sensitivity in skeletal muscle.

HSP70 expression also changes depending on the duration of the training regimen,
distinguishing between acute and chronic training. Acute exercise sessions lead to sig-
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nificant increases in HSP70 levels within 24 h [86]. In contrast, chronic training regimens
usually lead to only slight increases in HSP70 levels after each exercise bout [87]. Sim-
ilarly, untrained individuals display lower baseline levels of HSP70 and show a more
significant change in HSP expression after exercise compared to those who are fit [70].
However, when trained individuals stop exercising, their basal HSP expression levels will
return to those similar to what was observed before exercise [1]. The inducing ability of
iHSP70 has been demonstrated in various exercise protocols, including eccentric, concentric
(non-damaging), aerobic, and resistance training, all of which can induce intramuscular
HSP70 expression [88]. For instance, untrained subjects performed 50 high-force eccentric
contractions with their non-dominant biceps brachii and ran downhill (—10°) for 30 min,
significantly increasing HSP70. Muscle damage was indicated indirectly at 48 h post-
exercise, as evidenced by loss of mobility, muscle soreness, and elevated serum creatine
kinase activity in the biceps brachii [62]. Walsh et al. (2001) showed that moderate-intensity
endurance exercise also significantly increases the concentration of circulating HSP70 in
humans [77]. In rats, cardiac HSP70 was significantly elevated only when the animals were
exercised (treadmill running) at 24 m/min and beyond. Rats ran on treadmills at 25 m/min
and 0% grade until exhaustion. In the HIIT exhaustive exercise, rats ran on treadmills
at 28 m/min and 0% grade for four periods of 10 min, interspersed with 10 min of rest,
to approach 80% VO,;max [86]. Although the increase in HSP70 was more significant in
trained individuals compared to untrained individuals, aging is associated with a blunted
increase in HSP70 after acute exercise in both untrained and trained elderly subjects [84].

Exercise-induced HSP70 responses are influenced by multiple variables, including
exercise modality, intensity, duration, training status, tissue examined, and the timing of
sample collection. To facilitate comparison among representative studies, Table 1 summa-
rizes key experimental characteristics and the principal findings regarding exercise-induced
HSP70 regulation.

4.1.1. Exercise, HSP70, and GLUT4 Regulation: Relevance to Insulin Resistance

Over the past decade, the role of HSP70 in working muscle has become comprehensi-
ble: rather than being merely a general stress protein, it functions as a key regulator that
stabilizes insulin signaling under physiological stress [37]. Elevated HSP70 can dampen
stress kinases like JNK and IKK-f3, usual suspects, when insulin signaling goes off track in
obesity or during metabolic strain, thereby improving downstream insulin sensitivity [57].
That perspective aligns with reports positioning HSP70 as part of the cell’s metabolic
housekeeping during training adaptations, not merely a damage signal [89].

Van Gerwen (2023) suggested that preserved Akt activity under stress is critical in
enhancing GLUT4-dependent uptake, which relies on Akt-PI3K signaling [90]. In practical
terms, HSP70 helps keep the early insulin nodes IRS-1 and the PI3K-Akt axis online, while
HSP90 chaperones the LKB1-AMPK module that sustains exercise-responsive signaling;
together these inputs converge on GLUT4 trafficking and membrane fusion [46,91,92].

Table 1. Representative evidence demonstrating exercise-induced HSP70 responses and their mecha-

nistic relevance to skeletal muscle insulin sensitivity.

Experimental Exercise Exercise Primary HSP70 Primary Physiological/Metabolic ~ Representative
Model Paradigm Characteristics Tissue Response Mechanistic Effect Outcome References
Activation of the
heat shock . .
. response, enhanced Protection against

Aerobic Acute, 45 min, 1 HSP70 rotein, foldin, acute

Human treadmill o v 4 Skeletal muscle mRNA and pro! & exercise-induced [72]
. ~75% VO, max . maintenance of .
running protein metabolic and

proteostasis, and
improved cellular
stress tolerance

oxidative stress
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Experimental Exercise Exercise Primary HSP70 Primary Physiological/Metabolic ~ Representative
Model Paradigm Characteristics Tissue Response Mechanistic Effect Outcome References
Activation of Enhanced systemic
H Endurance . Mo.derate Plasma/ 1 Extracellular systgmlcl_heat SEIOCk h ad‘aftafao? to
uman exercise intensity, acute circulation HSP70 signaling an physiological stress [76-78]
bout intercellular stress and improved
communication metabolic resilience
Improved protein
Moderate-to- quality control, Improved metabolic
Human and Aerobic and vigorous Sustained reduced oxidative adaptation,
Rodent resistance intensity, Skeletal muscle elevation of damage, enhanced exercise [66-70,83-85]
training repeated basal HSP70 attenuation of tolerance and greater
training inflammatory insulin sensitivity
signaling
Heat- and . .
exercise-mediated Protec.hor_‘l a:igam;t
R Treadmill Acute Skeletal muscle, 1 HSP70 activation of HSF1 exercise-induce .
odent ; endurance - - cellular stress and [71]
running . heart, liver expression and molecular . .
exercise chaperone maintenance of tissue
patﬁways homeostasis
Suppression of JNK
and IKKf3 .
Heat signaling, reduced dietl—)irrfgirctlc(l) riln(;fllin
Rodent treatment £ . Chrom; Skeletal muscle 1 HSP70 1nﬂamm§tory resistance and [1,12,53,54]
. intervention activation, .
exercise preservation of improvement of )
insulin glucose homeostasis
signaling
Activation of .
AKt—mTOR Prleservatlondof 4
Mechanical Chronic . . muscle mass, reduce:
. . - signaling and . »
Rodent loading/ Physmlpglcal Skeletal muscle 1 HSP70 inhibition of FOXO disuse atrophy, and [38-40]
overload loading enhanced muscle
and NF-«B .
pathways regeneration
I;?fgzgzﬁgg:f Increased oxidative
Aerobic and integrity, enhanced riﬁ:;gﬂ,cuf?e%({)\i]l?s
Human and resistance Acute and Skeletal muscle 1 HSP70 oxidative enzyme and Y [13,48,57-61]
Rodent exercise chronic training activity, improved enhanced T
mitochondrial mitochondrial
quality control and function
biogenesis
Stabilization of
IRS-1/PI3K/ Akt
signaling, Increased GLUT4
preservation of translocation,
Human and Aerobic Acute and AMPK-mediated enhanced glucose ,
Rodent exercise chronic exercise Skeletal muscle T HSP70 GLUTH4 trafficking, uptake, and [48,63,92-101]
reduction in improved insulin
ROS-induced sensitivity

impairment of
insulin signaling

GLUT4 remains the central transporter of glucose into skeletal muscle, and is re-
sponsive to both insulin and contraction, and during exercise, it reaches the membrane
through AMPK- and CaMKII-dependent routes that do not require insulin [7,92]. Because
exercise activates AMPK, which can drive GLUT4 translocation on its own, HSP support
of the LKB1I-AMPK axis preserves that route and amplifies the glucose-uptake gain from
training [7,48,92].

Training, of course, does more than move glucose; it reconditions the muscle’s stress
responses. Part of that reconditioning is a quieter inflammatory backdrop: higher HSP70 of-
ten tracks with calmer NF-«B signaling and smoother insulin action, which in turn makes
GLUT4 translocation less fragile [93]. This matters because contraction can spike ROS and
activate NF-kB; when that spike is excessive or prolonged, insulin signaling and GLUT4 move-
ment suffer, whereas HSP70/HSP72 can buffer the oxidative load and mute inflammatory
cascades that otherwise derail glucose uptake [48,57,99].

On the energetics side, HSP70 lends a hand with protein quality control and mito-
chondrial upkeep, work that rarely grabs headlines but determines whether the cell can
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pay the ATP bill during repeated contractions [101]. HSP72 increases mitochondrial con-
tent and oxidative capacity and improves insulin sensitivity, which raises the ATP ceiling
for motor-protein-driven vesicle transport and the SNARE-dependent fusion steps that
complete GLUT4 delivery [48,57]. Hsc70 participates in the uncoating of clathrin-coated
vesicles, feeding the recycling pool that supplies GLUT4, and small HSP-linked actin re-
modeling (via p38-HSP27) helps vesicles move along microtubules, dock, and finally fuse
with the membrane [96]. These effects vary with exercise type, intensity, and duration,
which together determine the acute molecular responses and long-term remodeling of
muscle [92,97,102].

With longer programs, GLUT4 expression is elevated, and insulin sensitivity improves,
benefits that are particularly visible in type 2 diabetes [100,103]. Mitochondria and cap-
illaries usually follow suit, enhancing metabolic flexibility [98]. Together, HSP70 and
GLUT4 exemplify the dual cellular protection and metabolic benefits of exercise [94,95].

4.1.2. Insulin-Dependent Pathway During Exercise

When insulin levels decline during physical activity, the insulin signaling pathway
continues to facilitate glucose uptake via its conventional cascade [95]. This involves
activation of the insulin receptor and its downstream effector IRS-1, which stimulates
PI3K, leading to the activation of Akt (protein kinase B) [104-106]. For Akt to become fully
active, it must be phosphorylated at Ser473 by mTORC?2, a step necessary for promoting
GLUT4 translocation to the cell membrane and facilitating glucose transport into the
cell [107,108]. Once activated, Akt phosphorylates AS160 (TBC1D4), a regulator of Rab
GTPases, thereby reducing its inhibitory effect on GLUT4 vesicle trafficking and allowing
those vesicles to merge with the plasma membrane [109,110].

Additionally, IGF-1 signaling also converges on the PI3K/Akt/mTOR pathway,
enhancing both glucose uptake and promoting muscle growth and metabolic adapta-
tions [111]. However, excessive mTORC1 activity, which can occur during nutrient excess,
interferes with insulin sensitivity. This happens through serine phosphorylation of IRS-1,
impairing its interaction with the insulin receptor and thereby disrupting signal transmis-
sion [112]. Moreover, Grb10, a protein stabilized by mTORC1, further impairs signaling by
blocking the IR-IRS-1 interaction in vitro, exacerbating insulin resistance [113,114].

Conversely, mTORC2 serves a protective function within insulin signaling by enhanc-
ing Akt phosphorylation and maintaining glucose responsiveness in muscle and other
tissues [108]. This interplay between mTORC1 and mTORC2 represents a critical regulatory
balance that determines whether insulin signaling promotes efficient glucose utilization or
leads to metabolic dysfunction [115].

4.1.3. Insulin-Independent Pathway During Exercise

Exercise enhances glucose uptake through insulin-independent mechanisms, pri-
marily involving AMPK, CaMKII, and nNOS, which respond to shifts in cellular cal-
cium levels and energy status [116-119]. AMPK, activated during energy depletion (e.g.,
a high AMP/ATP ratio), facilitates GLUT4 translocation by phosphorylating targets like
TBC1D1 and AS160 (TBC1D4), which regulate Rab GTPases responsible for vesicle move-
ment to the cell membrane [114,120]. At the same time, CaMKII, which is activated by
calcium influx during muscle contraction, contributes to GLUT4 mobilization by affecting
the actin cytoskeleton and vesicle trafficking [121]. In addition, nNOS activity, stimulated
by muscular workload, promotes glucose uptake through nitric oxide-mediated signaling,
enhancing blood flow and nutrient delivery to active tissues [122].

These pathways also link to mitochondrial function through the activation of PGC-1«,
a key regulator of mitochondrial biogenesis and oxidative metabolism, which is upregulated
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by both AMPK and CaMKII [123]. Furthermore, PGC-1« is controlled through two main
mechanisms. One key level of regulation is transcriptional, where its gene expression
is influenced by multiple transcription factors and external signals, such as insulin and
glucagon levels, calcium concentrations, temperature changes, and physical activity, all
acting through specific signaling pathways [124]. Collectively, these non-insulin-mediated
routes ensure robust GLUT4 translocation and glucose uptake during periods of low insulin,
such as prolonged or intense physical activity [5].

4.2. The Impact of Different Exercise Factors

Recent research suggests that aerobic capacity and exercise training significantly influ-
ence the expression of heat shock proteins (HSPs), particularly HSP70, which plays a key
role in metabolic regulation [125]. Human or animal models with low aerobic capacity
tend to show minute HSP induction, increasing their susceptibility to metabolic dysfunc-
tion [125]. For instance, rodent models bred for high or low running capacity demonstrate
distinct metabolic responses, with high-capacity runners maintaining HSP70 expression
and metabolic flexibility under dietary stress, whereas low-capacity runners require thermal
interventions for similar protection [1,45,57].

Aerobic training significantly enhances GLUT4 expression and HSP70 levels, espe-
cially at moderate-to-high training volumes, while resistance training can also elevate these
responses when performed at high volumes or in circuit-based protocols [100,126,127].
Chronic exercise has been shown to reduce HSP70 expression levels in subjects with
metabolic dysfunction, as well as improve insulin sensitivity [1]. Both endurance and
resistance training can induce HSP70, with eccentric running producing stronger responses
than horizontal running [128]. Exercise intensity is a key factor; even a single bout of
acute exercise increases HSP70 expression in an intensity-dependent method [84]. Higher-
intensity endurance training elevates HSP70 more effectively than moderate activity [129].
Furthermore, high-intensity treadmill training significantly increases cardiac HSP70 com-
pared to low-intensity voluntary exercise [130]. Moreover, extracellular HSP70 (eHSP70)
release occurs during high-intensity exercise, further influencing immune regulation [131].
Moderate-to-high-intensity training over several weeks consistently increases HSP70 in
leukocytes and skeletal muscle [89].

Duration also plays an important role, as acute exercise can increase HSP70 expres-
sion within a day [132], while long-term training elevates baseline HSP70 in muscle and
cardiac tissue, but often blunts acute responses due to adaptation mechanisms such as
the repeated bout effect [1]. Chronic training induces sustained GLUT4 expression and
improves insulin sensitivity [48,100,133], whereas acute bouts only transiently increase
GLUT4 translocation [7]. High-intensity interval training (HIIT) is particularly effective
for enhancing GLUT4 responses, sometimes surpassing steady-state aerobic exercise [134].
Overall, these findings indicate that both intensity and duration of exercise, alongside
genetic factors, are critical for modulating HSP70 expression and GLUT4 activity [131].

5. Conclusions

Insulin resistance has emerged as a major global health concern, significantly contribut-
ing to the increasing rates of metabolic diseases such as obesity and T2D. The development
of insulin resistance is complex and multifactorial, with factors such as genetic predisposi-
tion, sedentary behavior, and excessive calorie intake playing key roles. In response to this
challenge, research has identified exercise as a promising therapeutic approach. Exercise
can effectively counteract insulin resistance by enhancing glucose uptake and improving
insulin sensitivity.
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Recent findings have highlighted the importance of heat shock proteins (HSPs), partic-
ularly HSP70, in mediating the positive effects of exercise on metabolic health. HSP70 con-
tributes to cellular adaptation by offering protection against metabolic dysfunction. Specifi-
cally, HSP70 helps to reduce inflammation, oxidative stress, and mitochondrial dysfunction, all
of which are critical contributors to the development of insulin resistance. HSP70 modulates
a variety of cellular signaling pathways, including JNK, AMPK, and SIRT1. Through these
pathways, HSP70 supports mitochondrial biogenesis and enhances metabolic efficiency. These
mechanisms collectively protect against insulin resistance and glucose intolerance.

The degree to which exercise increases HSP70 expression is influenced by several
factors, such as exercise intensity, modality, and duration. High-intensity exercise has
been shown to produce the most significant increases in HSP70 levels in skeletal and
cardiac muscle compared to moderate- or low-intensity exercise. Accordingly, gaining
a deeper understanding of how exercise-induced modulation of HSP70 affects metabolic
pathways will be instrumental in developing novel therapeutic approaches for preventing
and treating insulin resistance, reducing the risk of metabolic disorders, and improving
overall health outcomes.

Studies have found that HSP70 expression is generally higher in males, which suggests
that men may benefit more from therapies that increase HSP70. However, further research
is needed to understand how HSP70 functions in a sex-specific manner within skeletal
muscle, with the goal of identifying the most effective therapeutic strategies for each sex.
Additionally, future investigations should include both elderly and younger populations to
account for their unique exercise protocols and physiological requirements.
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Abbreviations
The following abbreviations are used in this manuscript:

Protein kinase B; serine/threonine kinase central to insulin signaling and

Akt glucose uptake

AMPK AMP-activated protein kinase; key energy sensor promoting glucose uptake
and fatty-acid oxidation

AS160 Akt substrate of 160 kDa (also known as TBC1D4); regulates GLUT4
vesicle trafficking

ATP Adenosine triphosphate; cellular energy currency

BGP-15 Hydroximic acid derivative and pharmacologic HSP co-inducer that improves
insulin sensitivity

CaMKII Calcium/calmodulin-dependent protein kinase II; mediates calcium signaling
during muscle contraction

CK Creatine kinase; marker of muscle damage
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DAMPs
eHSP70
ER

FFA
FOXO

GLUT4
HFD
HSP

HSP70 (Hsp70)
Hsc70
HSP72

HSP90

HSF1
iHSP70

IGF-1
IL-6

iNOS
IRS-1

JNK
LKB1
MAPK

mTOR
mTORC1
mTORC2

NF-«B

nNOS
NO
Nox2

PGC-1x

PI3K
PKB

PPAR«x
RNS
ROS

SERCA

Damage-associated molecular patterns; endogenous molecules triggering
immune activation

Extracellular heat shock protein 70; circulating form with
immunomodulatory function

Endoplasmic reticulum,; site of protein folding and the unfolded-protein
response (UPR)

Free fatty acid; lipid species contributing to insulin resistance

when elevated

Forkhead box O transcription factors; mediate muscle atrophy and oxidative
stress responses

Glucose transporter type 4; insulin-responsive transporter in skeletal
muscle and adipose tissue

High-fat diet; experimental model for inducing metabolic dysfunction

Heat shock protein; conserved molecular chaperone family aiding in protein
folding and stress tolerance

Inducible 70-kDa heat shock protein; central focus of this review

Heat shock cognate 70; constitutively expressed member of the HSP70 family
Common designation for inducible HSP70 isoform in human studies
90-kDa heat shock protein; stabilizes signaling proteins including kinases
and steroid receptors

Heat shock factor 1; transcriptional regulator of heat shock proteins
Inducible/intracellular heat shock protein 70; stress-responsive isoform
Insulin-like growth factor 1; anabolic growth factor activating
PI3K/Akt/mTOR signaling

Interleukin-6; cytokine modulating inflammation and metabolic signaling
Inducible nitric oxide synthase; produces nitric oxide during

inflammatory stress

Insulin receptor substrate-1; adaptor protein mediating insulin

receptor signaling

c-Jun N-terminal kinase; stress-activated kinase impairing insulin signaling
when overactive

Liver kinase B1; upstream activator of AMPK

Mitogen-activated protein kinase; family of kinases including ERK, JNK,
and p38

Mechanistic target of rapamycin; key regulator of growth and metabolism
mTOR complex 1; regulates protein synthesis and cell growth

mTOR complex 2; activates Akt by Ser473 phosphorylation

Nuclear factor-«B; transcription factor controlling inflammatory

gene expression

Neuronal nitric oxide synthase; enzyme generating NO in skeletal muscle
Nitric oxide; vasodilator regulating blood flow and glucose delivery
NADPH oxidase 2; enzyme complex generating reactive oxygen species (ROS)
Peroxisome proliferator-activated receptor gamma coactivator-1 alpha;
master regulator of mitochondrial biogenesis

Phosphoinositide 3-kinase; mediates insulin signaling downstream of IRS-1
Protein kinase B (synonymous with Akt)

Peroxisome proliferator-activated receptor alpha; nuclear receptor promoting
fatty-acid oxidation

Reactive nitrogen species; nitrogen-derived oxidants affecting signaling and
stress responses

Reactive oxygen species; oxygen-derived oxidants contributing to

oxidative stress

Sarco/endoplasmic reticulum Ca?*-ATPase; pumps calcium into SR for
muscle relaxation
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Sirtuin 1; NAD*-dependent deacetylase regulating mitochondrial function

SIRT and metabolism

SR Sarcoplasmic reticulum; intracellular Ca?* storage organelle in muscle

2D Type 2 diabetes mellitus

TBCIDI Tre-2/Bub2/Cdcl6-domain family member 1; Rab GTPase-activating protein
modulating GLUT4 vesicle traffic

TBC1D4 Tre-2/Bub2/Cdcl6-domain family member 4 (also AS160); regulates
GLUT4 translocation

TNF-o Tumor necrosis factor-alpha; pro-inflammatory cytokine implicated in
insulin resistance

UPR Unfolded protein response; ER-stress pathway maintaining proteostasis

VO max Maximal oxygen consumption; measure of aerobic capacity
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