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Recent evidence shows divergence between the concentrations of extracellular 70 kDa heat shock protein [eHSP70] and its
intracellular concentrations [iHSP70] in people with type 2 diabetes (T2DM). A vital aspect regarding HSP70 physiology is its
versatility to induce antagonistic actions, depending on the location of the protein. For example, iHSP70 exerts a powerful anti-
inflammatory effect, while eHSP70 activates proinflammatory pathways. Increased eHSP70 is associated with inflammatory and
oxidative stress conditions, whereas decreased iHSP70 levels are related to insulin resistance in skeletal muscle. Serum eHSP70
concentrations are positively correlated with markers of inflammation, such as C-reactive protein, monocyte count, and TNF-«,
while strategies to enhance iHSP70 (e.g., heat treatment, chemical HSP70 inducers or coinducers, and physical exercise) are capable
of reducing the inflammatory profile and the insulin resistance state. Here, we present recent findings suggesting that imbalances in
the HSP70 status, described by the [eHSP70]/[iHSP70] ratio, may be determinant to trigger a chronic proinflammatory state that
leads to insulin resistance and T2DM development. This led us to hypothesize that changes in this ratio value could be used as a
biomarker for the management of the inflammatory response in insulin resistance and diabetes.

1. Introduction

Heat shock proteins (HSPs) are considered part of a family of
proteins known as “stress proteins” since their expression is
induced by a wide range of stressors, such as oxidative stress
(1], thermal stress [2], ischemia [3], exercise [1], metabolic
stress [4], and many others. The 72 kDa member of the
70kDa family of heat shock proteins, HSP70 (or HSPA,
encoded by the HSPAIA gene in humans), is inducible during

cell stress. It is the most abundant of all HSPs, accounting
for 1-2% of cellular protein [5], and is plentiful in skeletal
muscle [6]. As molecular chaperones, the intracellular HSP70
proteins (IHSP70) can interact with other proteins (unfolded,
in nonnative state and/or stress-denatured conformations)
to avoid inappropriate interactions, formation of protein
aggregates, and degradation of damaged proteins, as well as
helping the correct refolding of nascent proteins [6]. Other
functions include protein translocation [7], antiapoptosis



[8], and anti-inflammatory responses [9, 10]. More recently,
the HSP roles have been expanded to include control of
cell signaling [11], modulation of immune response [12],
and modulation of chronic disease conditions [13] such as
diabetes, obesity, and insulin resistance [14, 15].

The heat shock response is regulated by a family of heat
shock transcription factors (HSFs) composed of four mem-
bers (HSF 1-4), which are maintained in an inactive mono-
meric form during nonstimulated conditions [16]. HSF-1 is
a primary regulator of heat shock response in mammalian
cells and a low concentration of it has been associated with
a number of human pathologies including T2DM [17] and
obesity-related fatty liver disease [18]. HSF-1 activation is
a multistep mechanism that involves its phosphorylation,
trimerization, nuclear translocation, and DNA binding to
heat shock elements (HSE) located at the promoter regions of
targeted heat shock genes [15]; nevertheless, HSF-1 activation
can be negatively regulated by posttranscriptional modifica-
tion, such as phosphorylation in specific serine residues and
phosphorylation-dependent sumoylation [19].

Heat shock proteins were long thought to be exclusive
cytoplasmic proteins with functions restricted to the intra-
cellular compartment. However, an increasing number of
observations have indicated that they may be released into the
extracellular space (eHSP70) having a wide variety of effects
on other cells [20]. eHSP70 function is, in general, associated
with the activation of the immune system [21]. For example,
eHSP70 has been reported to stimulate neutrophil microbi-
cidal capacity [22] and chemotaxis [23] and recruitment of
natural killer (NK) cells [24] as well as cytokine production
by immune cells [12, 25]. In addition, eHSP70 was recently
hypothesized to be involved in the inducement of neural cell
protection under stress conditions [15].

An intriguing aspect of HSP70 physiology is its versatility
to induce antagonistic actions, depending on the location
of the protein [17]. For example, iHSP70 exerts a powerful
anti-inflammatory effect, while eHSP70 has the opposite
role, inducing the activation of several proinflammatory
pathways. In fact, chronic exposure to eHSP70 [26] induces
the activation of several proinflammatory pathways probably
via binding to membrane Toll-like receptors (see below)
although eHSP70-peptides have also been shown to act
as anti-inflammatory and immunosuppressive factors after
internalization and antigen processing (see Borges et al., 2012,
for review [27]).

iHSP70 exerts its anti-inflammatory effect through the
interaction with the nuclear factor kB (NF-«B), blocking
its activation [28]. NF-«B is a ubiquitous transcription fac-
tor originally discovered in B-lymphocytes that is essential
for arming inflammatory responses to a variety of signals,
immune function, endothelial cell activation, and the control
of cell growth [29]. iHSP70 hampers NF-«B activation at
several levels, by impeding the phosphorylation of inhibitor
of kB (IxBs) [30], by directly binding to IxB kinase gamma
(IKKy) [31], which will result in continued binding (and
inactivation of NF-«B) thus inhibiting downstream inflam-
matory signals. This is corroborated by the finding that
iHSP70 binds with liver NF-xB/IxkB complex in the cytosol
thus hindering transcription of TNF« and inducible nitric
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oxide synthase (NOS2) genes [31] which are activated via a
NF-xB dependent mechanism. Stress-induced elevations in
iHSP70 inhibit c-Jun N-terminal kinase- (JNK-) dependent
signal transduction hence promoting cell survival [32].

iHSP70 affects apoptosis at various levels. It can inhibit
caspase activation by interfering with Apaf-1 and prevent the
recruitment of procaspase-9 to the apoptosome [33]. HSP70
also increases Bcl-2 expression and inhibits cytochrome C
release [34]. Overexpression of HSP70 in lymphoid tumor cell
lines inhibited apoptosis by attenuation of caspase activation
[35]. The antiapoptotic effects of HSP70 have been reported
for mouse brain tissue, where HSP70 overexpression resulted
in decreased infarct sizes, improved neurological deficits, and
fewer apoptotic cells (determined by reduced DNA ladder-
ing) after middle cerebral artery occlusion [36]. HSP70s have
also been shown to decrease oxidative stress so that they
are part of the intracellular antioxidant machinery, making
iHSP70 even more important for the inhibition of apoptosis
and inflammation [37]. Cyclopentenone prostaglandins (cp-
PGs), which under certain circumstances may induce HSP70
expression, are consequently powerful anti-inflammatory
autacoids [38-40].

The interplay between iHSP70 and proinflammatory
cytokines at gene regulatory level has also been reported. The
promoter region of TNFa gene contains an HSF1 binding
site that represses TNF« transcription, and thus loss of this
repressor results in sustained expression of TNF« [41]; thus
the HSF1 knockout is associated with a chronic elevation
of TNF« levels and increased susceptibility to endotoxin
challenge [42]. Regulation of such a network in the opposite
directions has also been demonstrated: TNFa may tran-
siently repress HSF1 activation [43]. Furthermore, JNK1 was
unequivocally demonstrated to phosphorylate HSF1 in its
regulatory domain causing suppression of HSF1 transcribing
activity [44] while HSP70 prevented Bax activation both by
inhibiting the JNK/Bim pathway and by interacting with Bax
in UV-induced apoptosis [45]. Altogether, the above findings
explain why the induction of HSP72 (HSPAIA) in vitro (by
heat shock or HSP72 transgene overexpression) reduces the
expression of inflammatory genes such as TNFe, IL-1, IL-12,
IL-10, and IL-18 [46].

In contrast to the above findings, eHSP70 proinflam-
matory actions have been demonstrated to be mediated
by MyD88/IRAK/NF-«B signal transduction pathway after
both Toll-like receptor 2 (TLR2) and TLR4 binding, in a
CDI14-dependent manner [47, 48], thus promoting innate
immune activation [49]. Due to the antagonistic actions of
the heat shock proteins within the course of an inflam-
matory response, it is reasonable to hypothesize that the
balance between eHSP70 and iHSP70 might determine
the outcome—either the induction or the attenuation of
inflammation. Since low-grade inflammation is involved in
several chronic diseases [17], the management of HSP70
expression and its location can be crucial for the control of
inflammatory-related conditions, such as T2DM. We herein
suggest that the ratio of the extracellular medium HSP70 con-
centration to intracellular HSP70 contents (eHSP70/iHSP70)
can determine the progress of insulin resistance and the
progression of T2DM.
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2. Obesity, Low-Grade Inflammation, and
Insulin Resistance

The incidence of T2DM has increased dramatically over the
last fifty years and this is clearly associated with growing
rates of obesity [50] and physical inactivity. Obesity is linked
to a chronic proinflammatory state, since adipose tissue
expansion and adipose associated immune cell activation
result in the release of several cytokines, such as TNFe, which
leads to the activation of serine threonine kinases J]NKs and
IKK [14]. It is known that both JNK and IKK phosphorylate
insulin receptor (IR) substrate-1 (IRS-1) on Ser-307, leading to
the inactivation of the insulin receptor downstream response
[14]. Also, chronic activation of IKK has been reported in
diabetic patients, while a reduction in IKK activity prevents
the development of insulin resistance in vitro and in vivo [51].
In addition, lipid oversupply and hyperglycemia can lead to
increased deposition of lipid species such as diacylglycerols
and ceramides, which can also activate JNK and IKK in
liver and/or skeletal muscle, leading to insulin resistance [52],
causing sustained hyperglycemia and hyperlipemia.

Hyperglycemia per se is also known to be involved in
inflammation and diabetes-associated vascular complica-
tions arising from reactive oxygen species generation and
action [53, 54]. Chronic hyperglycemia induces the pro-
duction of reactive oxygen species (ROS) [55], leading to
enhancement of protein oxidation, DNA oxidation, and lipid
peroxidation. The free radical gas nitric oxide (NO°) also
plays a role in the insulin resistant state generated by pro-
inflammatory cytokines. NO® is synthesized at high rates by
the inducible form of nitric oxide synthase (iNOS, encoded
by the NOS-2 gene) which plays a significant role in cell
damage associated with obesity and T2DM. Interestingly, a
physiological concentration of this free radical is required
to stimulate necessary functions such as muscle GLUT4
expression/translocation [56] and insulin secretion by 3-cells
[57]. However, at high concentrations, NO* compromises
insulin-stimulated glucose transport in skeletal muscle and
can also be toxic to f3-cells inducing death. Accordingly, acute
treatment with NO® donors results in a reduction of insulin-
stimulated glucose uptake and glycogen synthesis in isolated
soleus muscle, inducing decreased IRf and IRS-1 activity.
In vivo, this treatment also promotes insulin resistance in
healthy animals by the reduction of IRS-1 levels. Obese
ob/ob mice or rats submitted to high fat diet (HFD) have
shown enhanced NOS-2 expression associated with insulin
receptor and Akt S-nitrosylation, which can be dismissed
by rosiglitazone treatment by virtue of its NOS-2 expression
inhibiting activity [58].

Expanded adipose tissue triggers the release of inter-
leukin-6 (IL-6) in obese subjects that is associated with
alterations in glucose uptake by the skeletal muscle [59].
Nevertheless, it is possible that there is a dual role of serum
IL-6 on glucose metabolism, probably related to the exposure
time of and concentration of IL-6. Accordingly, acute IL-6
treatment may increase glucose uptake in C2C12 myotubes
by stimulating AMP-activated protein kinase (AMPK) in
a serine/threonine kinase 11- (LKBI1-) dependent pathway,
which induces downstream ASI160 activation [60], while

IL-6 may induce a modest increase in the glucose infusion
rate after 4 h of hyperinsulinemic-euglycemic clamp in mice
[61]. Moderate doses of IL-6 stimulate basal and insulin-
stimulated glucose uptake in L6 myotubes and 3T3 cells
line after 2h [61]. In addition, physiological concentrations
of IL-6 were reported to stimulate insulin secretion by iso-
lated pancreatic islets and BRIN-BDI1 clonal -cells through
AMPK activation [62]. However, chronic treatment (24 h)
with this cytokine has been demonstrated to be able to cause
insulin resistance in C2C12 murine myotube cell line, due
to impairment of insulin signaling (IRS/AKT cascades) in a
JNK1/2-dependent manner [60].

Finally, obesity is often associated with a vicious cycle
in which adipose tissue expansion increases the levels of
free fatty acids (FFA) and proinflammatory cytokines in the
circulation, which together with hyperglycemia and altered
lipoprotein profiles increase the synthesis and accumulation
of intramyocellular triglycerides (IMCT) [63]. Sedentary
behavior and aging are conditions related to a decreased
mobilization of the IMCT resulting in an increased synthe-
sis of toxic fatty-acid-delivered metabolites (FADM). These
metabolites cause, in turn, an elevation in the production
of reactive oxygen and nitrogen species (ROS and RNS),
resulting in oxidative/nitrosative stress, mitochondrial dys-
function, and the activation of stress associated transcription
factors, such as NF-xB, which is followed by increased
production and release of proinflammatory cytokines (e.g.,
TNF«). TNF« is a major driver of insulin resistance in skele-
tal muscle and, in addition, it can also induce activation of
stress signals in pancreatic 3-cells, leading to mitochondrial
dysfunction that culminates in cell failure and death [64].

3. Role of iHSP70 in Insulin Sensitivity

It has been reported that iHSP72 mRNA levels are decreased
in skeletal muscle of T2DM patients which is correlated
with the “status” of insulin resistance [65], whereas heat
shock-like therapies (i.e., whole body warming, transgenic
overexpression, or pharmacological mechanisms to elevate
HSPAIA protein expression) protect against high-fat-diet-
and obesity-induced hyperglycemia, hyperinsulinemia, glu-
cose intolerance, and insulin resistance [14, 65, 66]. Although
the underlying mechanism(s) culminating in lower iHSP70
expression in T2DM individuals are not fully understood, the
observed reductions are likely to be a result of the concerted
contribution of (i) reduction in the rate of HSP70 protein
synthesis due to attenuation of initiation and elongation
phases of translation, (ii) suppression of HSF-1 activation
and binding to HSE via an increase in glycogen synthase
kinase-3f activity (GSK-3f3) as previously suggested [67],
and (iii) decreased HSF1 expression. In this regard, it has
been recently proposed that long-term inflammatory stimuli
emanating from the adipose tissue of obese individuals could
repress HSF-1/iHSP70 axis because continuous activation
of inflammasome NLRP3 may lead to a state of cellular
senescence which abolishes the expression and activity of
HSF-1 [68]. In line with this is the observation that the
expression of both HSF-1 and iHSP70 in adipose tissue and
the liver of type III obese patients is dramatically reduced



while the activation of JNKs is reciprocally enhanced in the
same tissues [18].

As discussed above, the anti-inflammatory effect of
iHSP70 is attributed mainly to its capacity of interaction with
NF-«B. In fact, IKK-f and NF-«B activity have been found to
be increased in different obese experimental models. Chronic
activation of IKK has been reported in diabetic patients,
while a reduction in IKK activity prevents the development
of insulin resistance in vitro and in vivo [51]. High-fat,
high-carbohydrate intake may result in oxidative stress and
consequent NF-«B activation in obese subjects [69]. On
the other hand, NF-xB DNA binding is suppressed after
heat shock [70], and upregulation of HSPAIA can negatively
affect NF-«xB activity in skeletal muscle [71]. In addition,
overexpression of HSPAIA can restrict NO production and
release by transfected cells in a mechanism dependent on NF-
xB DNA binding and subsequent iNOS gene expression [70].

Heat treatment is capable of inducing HSPAIA expres-
sion in several tissues, preventing various obesity-elicited
metabolic effects at molecular level, leading to improvement
of glucose tolerance, insulin-stimulated glucose transport,
and insulin signaling accompanied by the reduction in JNK
and IKKp activities in skeletal muscle [72] and liver [14] of
HFD mice, which is almost completely abolished in trans-
genic HSPAIA*/* mice [14]. Furthermore, iHSP70 expression
has been shown to decrease JNK activity, irrespective of stress
stimulus [73]. This is crucial for insulin sensitivity, since
enhanced rate of JNK phosphorylation is associated with
glucose intolerance and insulin resistance in skeletal muscle
of obese mice, an effect which may be attenuated by long-
term (16-week) heat treatment (41.5°C) and is also observed
in transgenic HSPAIA™/* mice [14]. Heat treatment also
induced improvement of mitochondrial function, increasing
citrate synthase and f-hydroxyacyl-CoA-dehydrogenase (f3-
HAD) activity in soleus and extensor digitorum longus (EDL)
muscle [14]. Interestingly, a 12-week period of heat treatment
is unable to change fasting blood glucose of obese rats, but it
does attenuate insulin levels and decrease whole body glucose
clearance induced by HFD [72].

In obese HFD animals, phosphorylation of IRS1in Tyr612
and the consequent downstream phosphorylation of Akt in
Ser473 and activation of AS160 have been found to be reduced
in the skeletal muscle, while heat treatment reverted this
response in a process associated with HSPAIA expression
[72]. Moreover, JNK inhibition has been demonstrated to
rapidly occur in a dose-dependent manner in heat-shocked
NIH 3T3 fibroblasts via interaction between JNKI1 and
HSPAIA [74]. Finally, studies have demonstrated that HSP70
is able to bind to the insulin receptor enhancing its recycling
rate after heat shock [75, 76], which suggests that heat shock
proteins may have direct influence upon insulin receptor
function and activity.

4. Role of eHSP70 in Insulin Resistance and
B-Cell Dysfunction

In contrast to its intracellular proinsulin signaling and anti-
inflammatory effect, extracellular HSP70 (eHSP70) when

Mediators of Inflammation

chronic elevated is associated with inflammatory condi-
tions, including T2DM [17]. Other cells (e.g., lymphocytes,
macrophages, epithelial cells, dendritic cells, neuronal cells,
and hepatocytes) have been reported to release HSP70 pro-
teins via (i) active mechanisms, such as vesicular secretion
(classical pathway in rest conditions), (ii) lipid rafts, or (iii)
exosomes [77]. Once in the bloodstream, eHSP70 may act as
a paracrine factor [77].

With respect to the extracellular compartment, eHSP70
can bind to TLR2 and TLR4 in a variety of cells, [77] leading
to the activation of proinflammatory pathways via MyD88
and TIRAP that signal downstream to NF-xB via IRAK4,
TRAF6, and IKK and inducing JNK activation via MEKK4/7
[49, 78], although high-affinity binding of eHSP70 to other
surface receptors has also been described [79]. The signal
triggered by eHSP70 promotes typical immunoinflammatory
responses directed to the combat of infections and bacterial
infiltration through the production and release of NO" and
proinflammatory cytokines, such as TNF« and IL13 [80].
Moreover, eHSP70 responses are positively associated with
classical inflammatory parameters such as CRP, fibrinogen,
and monocyte counts [81] being commonly found in clinical
situations, in which a danger signalization to immune system
must be required [77]. Indeed, increased serum HSP70 has
been reported in chronic and age-related diseases [82-84].

Interestingly, during conditions in which individuals are
chronically exposed to elevated eHSP70 levels, changes in
the iHSP70 content are also observed [14, 65]. In fact, in
T2DM iHSP70 is reduced in insulin-dependent tissues such
as skeletal muscle and adipose tissue [14, 17, 65] while the
eHSP70 is elevated. This profile is commonly found in T2DM,
where obesity is an aggravating factor for the undesirable
high eHSP70/iHSP70 ratio [17]. In addition, serum HSP70
levels were found to be higher in long-term (>5 years) T2DM
patients as compared to newly diagnosed ones [85].

High eHSP70-mediated stimulation of TLR2/4 may
severely jeopardize insulin signaling. Accordingly, TLR2/4-
dependent activation of JNKs promotes phosphorylation of
IRS-1 at Ser307 in rodents (equivalent to Ser312 in humans)
leading to inhibition of Akt activation [86] and, consequently,
to a reduced glucose uptake by sensitive tissues and to a state
of resistance to insulin action. Moreover, it has been shown
that TLR2 is central to palmitate-induced insulin resistance
[87], via JNK-mediated phosphorylation of IRS1/2 [88]. On
the other hand, loss-of-function mutation in TLR4 prevents
HFD-induced obesity and insulin resistance [89].

Ser307 phosphorylation of rodent IRS-1 may also be
elicited by inflammatory cytokines via IKK, in a process that
can be inhibited by cp-PGs [90], which are powerful anti-
inflammatory autacoids possessing iHSP70-inducing capac-
ity [40]. Indeed, inhibitory Ser307 phosphorylation of IRS-1
is a physiological mechanism of feedback inhibition of insulin
signal that is under the control of both insulin/IGF1 and
inflammatory cytokines, though via different downstream
pathways [91]. TLR4 expression and signaling dependent on
eHSP70 is increased in obese and T2DM subjects, an effect
that can explain the high basal rate of MAPK phosphorylation
and NF-xB activation found in these patients [92-95]. The
above findings help to explain why inhibition or absence of
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TLR4 confers protection against insulin resistance in skeletal
muscle [96], adipose tissue, and liver [26, 97].

Finally, as recently found, eHSP70 is positively correlated
with insulin resistance and inflammation in elderly people.
This may indicate a role for eHSP70 in impairment of insulin
signaling in the skeletal muscle that occurs with advanced age
and in T2DM [98]. In addition, the same group has shown
that chronic exposure of f-cells and islets to increased con-
centrations of eHSP70 results in 3-cell death and altered cell
bioenergetics, a phenomenon that, apparently, is mediated
through TLR-2 and TLR-4 activation [98]. Since, in TIDM
there is a dramatic increase in eHSP70 and in T2DM and
aging there is a slow chronic increase in the concentration
of this protein, we educe that chronic exposure of pancreatic
B-cells to eHSP70 may lead to f-cell failure and loss of
functional integrity in vivo.

5. The eHSP70 to iHSP70 Ratio: The
Chaperone Balance Hypothesis

Based on the previous discussion, while iHSP70 is clearly
protective, antiapoptotic, anti-inﬂammatory, and associ-
ated with normal insulin sensitivity, eHSP70 is related to
a proinflammatory response, decreased expression of the
anti-inflammatory iHSP70, and reduced insulin sensitivity.
Because of this, we suggest that the ratio of compartmental
distributions of HSP70 between extra- and intracellular
locations may determine the outcome of the inflammation
and its associated insulin resistance.

In a recent study, our group observed that the ratio
between plasma eHSP70 and iHSP70 in lymphocytes from
rats submitted to different loads of acute exercise can indicate
the inflammatory status (Heck et al., manuscript in prepa-
ration). Accordingly, assuming the ratio R = [eHSP70]/
[[iHSP70] = 1 for the controls (resting, unstimulated),
moderate exercise produces a shift in R to up to ca. 5,
which is paralleled by an elevation in inflammatory markers
and stimulation of cell proliferation. R values higher than
5 denote an exacerbated proinflammatory response. Con-
versely, R values between 0 and 1 indicate a predominantly
anti-inflammatory status. Thus, changes in the ratio between
extra- and intracellular HSP70 emerge as a potentially new
biomarker for inflammation and as a very sensitive indicator
of inflammatory status.

We applied this simple mathematical calculation to pub-
lished data from studies elsewhere. For instance, Yang and
collaborators have investigated the correlation between the
level of exposure to pollution and eHSP70 in steel workers
[99]. From the data obtained in this study, we calculated
R (plasma to lymphocyte ratio) as 5.5, 6.5, and 8.8, respec-
tively, for low, moderate, and high exposure, as compared
to controls (R = 1.0). We applied the same calculation
to the data by Rodrigues-Krause and colleagues’ obesity-
diabetes study [17], in which HSP70 was investigated in
healthy obese (considered the controls herein), nonobese
T2DM and in obese T2DM patients. In this case, settling
controls as R = 1.0, we get 1.8 for T2DM and 6.0 for obese
T2DM patients in which inflammatory unbalance was found.
Although healthy lean subjects had not been evaluated in

this work, it is likely that such R marks should be even
higher if R were taken in comparison with such controls.
Additionally, changes in R calculation seem to be valid
during heat exposure as R values correlated with the heat
exposure of peripheral blood mononuclear cells to different
temperatures within a physiological range. Accordingly, [100]
heat-shocked cells concomitantly measured HSP70 at 37°C
(R = 1.00), 39°C (R = 145), 42°C (R = 0.65), and
43°C (R = 0.48). Interestingly, at 45°C, in which cells are
known to trigger JNK-dependent prosurvival inflammatory
pathways [74], R value was calculated as 1.97, confirming
proinflammatory expectations. Moreover, in a combined
protocol of exercise training (60 min during 11 days in a tread-
mill, 1.69-2.20 m-s™*, 1% grade) and heat acclimation (rectal
temperature elevation by 1°C for the duration of the exercise
sessions at 40°C room temperature), [101] have observed, in
human volunteers, HSPAIA alterations (in plasma and total
leukocytes) that, after conversion to R values, furnish the
following picture: before training, R values were 1.11 at rest
and 0.51 two days after the primary test; after training and
acclimation, R values were 0.22 at rest and 0.27 two days after
the last training session. These values can be explained by
the fact that eHSP70 plasma contents raised by ca. 50% in
untrained individuals evaluated 48 h after the priming test,
while under the same circumstances, iHSP70 was found to
be 2.9-fold the remaining values. On the other hand, exercise
training combined with heat acclimation evoked a 4.2-fold
enhancement in intracellular HSPAIA contents (hence, an
anti-inflammatory response) which remained unaltered 48 h
after the last session, while eHSP70 did not change any more,
remaining near the rest of values observed in untrained
volunteers.

The above observations led us to postulate that R values
and, particularly, changes in R values could be used as a
predictor gauge for the inflammatory response that culmi-
nates in insulin resistance and diabetes, despite the method
used to assess intra- and extracellular HSP70 contents.
Notwithstanding, R values may be also useful for application
in several other inflammatory diseases and conditions besides
being of value in controlling exercise impact over inflam-
matory status. Furthermore, since eHSP70 and iHSP70 are
directly related to insulin sensitivity, R value application in
diabetes appears to be straightforward. Figure 1 summarizes
this hypothesis.

6. Changing R Values: The Role of
Physical Exercise

As discussed above, eHSP70 to iHSP70 ratio (represented by
R values) may determine the fate of the insulin sensitivity
towards either its improvement (lower ratio) or its reduc-
tion/impairment (higher ratio). In this regard, strategies
capable of changing the HSP70 contents, in the intra- or
extracellular space, or both compartments, are likely to be
used as a therapeutic strategy for the prevention or treatment
of T2DM and its efficiency could be precisely followed by the
assessment of R values during the course of such treatment.
In this sense, physical exercise fulfills all the prerequisites: it
is a known modulator of eHSP70 (whose levels drop under
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bouts signalize a “stressful situation” to all physiological = optimum insulin sensitivity. In fact, improvement of glucose
systems (please see Heck et al. 2011 for review [102]) leading ~ uptake and storage as well as increase in the oxidative capacity
to augmented but just momentary eHSP70 plasma levels  of different muscle fibers has been shown to be associated
[103], exercise training or regular physical activity tends to ~ with increased iHSP70 expression in the skeletal muscle [14,
reduce the stressful impact of each exercise session, leadingto ~ 66]. Moreover, physical exercise has been proposed as an
decreased eHSP70 and enhanced iHSP70 during the courseof ~  alternative strategy for T2DM patient treatment by virtue of
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its iHSP70 enhancing capacity: patients submitted to acute
exercise bouts or moderate training have shown significant
increase in muscle HSP70 expression [66, 104], which is
directly associated with reduction of insulin resistance [14,
72].

Exercise-induced expression of iHSP70 in skeletal muscle
has a major role in restoring muscle metabolic functionality;
besides, it provides cytoprotection to damaged cells. Such
an iHSP70 inducing ability has been shown as a resultant
in different protocols of exercise, including eccentric, con-
centric not damaging, aerobic, or resistive, all of which are
capable of inducing intramuscular HSP70 expression [104-
106]. Although time and intensity of the physical effort are
determinant factors to increase of intramuscular HSPAIA,
its rise may be detectable just 2 h after the onset of an acute
exercise session, when HSPAIA mRNA expression peaks
[107]. Moreover, exercise-induced iHSP70 presents a time
and intensity dependence [108].

Since iHSP70 family members promote the facilitation of
protein transport into mitochondria, allowing and improving
structural integrity of the organelle during fast energy flow,
iHSP70 content has been correlated with an increase in
the oxidative capacity of muscle cells. Several studies have
demonstrated the relationship between high iHSP70 levels
in skeletal muscle and increased activity of mitochondrial
enzymes after short training period [109]. On the contrary,
decreased mitochondrial function is known to be associated
with the accumulation of intramyocyte triglycerides (and its
byproducts), insulin resistance, and diabetes. For this addi-
tional reason, exercise-induced iHSP70 expression can lead
to improvements in metabolite oxidation and, consequently,
insulin sensitivity.

As regarded above, HSF-1 is negatively regulated by
GSK3p, a serine/threonine kinase that phosphorylates this
factor on Ser303, keeping it in its inactive form in the cytosol.
During acute physical exercise, GSK3f activity has been
found to be nevertheless 30% decreased in Vastus lateralis
muscle, concomitantly with Akt phosphorylation in Ser473
and glycogen synthesis (GS) activation [110]. In addition, a
direct relation between iHSP70 and IL-6 has been reported.
During physical exercise, IL-6 can be expressed [111] and
released [112] by the skeletal muscle and, within extracellular
space, binds to the IL-6 receptor in an autocrine action
[113]. Interestingly, the “myokine” IL-6 has also been found
to induce HSF-1 translocation to the nucleus upregulating
heat-induced HSP70 gene, protein expression, and activity in
human hepatic cells in a PI3K/Akt/GSK3p dependent path-
way [114]. On the other hand, absence of IL-6 is associated
with decreased expression of HSPAIA in skeletal and cardiac
muscle of mice challenged with LPS, although IL-6 seems not
to be required for exercise-induced HSP expression [115].

The molecular mechanism(s) underlying the connection
between iHSP70 expression and increased energy flow are not
clear yet. However, changes in ATP/ADP ratio seem to work
as a signal to the activation of different kinases, such as AMPK
that is capable of decreasing GSK3 activity [116]. AMPK
is also regulated by Ca®* during muscle contraction that
activates Ca**/calmodulin protein kinase kinase (CaMKK) in

an LKBI-dependent pathway [117]. Thus, AMPK activation as
result of muscle contraction may act as a stimulus for iHSP70
induction in a HSFI-dependent way.

Exercise is also known to induce eHSP70 release and
accumulation into the circulation [107]. While the source
of the eHSP70 during the exercise is still in debate, current
data have suggested that hepatosplanchnic tissues should be
involved [103]. Additionally, &l adrenoreceptors in the liver
seem to participate [118, 119] in a way that is dependent
on exercise intensity, type, duration, and training status
[120]. In addition, recent data suggests eHSP70 concentration
increases once systemic temperature and sympathetic activity
exceed minimum endogenous criteria and is likely to be
modulated by large and rapid changes in core temperature
[121]. However acute physical exercise is an inducer of
eHSP70 release into the blood and exercise is not a factor
of maintenance of high eHSP70 indefinitely, because chronic
exercise (training) suppresses eHSP70 levels [101]. Hence, the
expected deleterious effects of long-term exposure to high
eHSP70 concentrations are never attained.

In response to eHSP70, macrophages can release IL-
1/3, IL-6, and TNF« [122], all cytokines involved in insulin
resistance. Interestingly, in trained obese Zucker rats, the
macrophage cytokine release profile in response to eHSP70
is changed. In this case, the macrophages from obese Zucker
rats released less IL-13 and TNFa but more IL-6 than
macrophages from lean animals, indicating that habitual
exercise improved the release of proinflammatory cytokines
by macrophages [122].

7. Concluding Remarks

Taken as a whole, the above findings clearly indicate that
while iHSP70 is protective and anti-inflammatory being asso-
ciated with normal insulin sensitivity, eHSP70 chronically
produced in response to low-grade inflammation (but not to
chronic exercise) is related to a proinflammatory response,
decreased expression of iHSP70, and reduced insulin sensi-
tivity. Therefore, we suggest that the ratio of HSP70 contents
between the extra- and intracellular compartments may
dictate the outcome of the inflammation and associated
insulin resistance (Figure 1). Since exercise is able to modulate
both eHSP70 and iHSP70, it is reasonable to predict that
exercise is the most efficient and powerful tool currently
avaijlable to normalize and/or maintain eHSP70/iHSP70 ratio
at appropriate levels, thus preventing T2DM. The appropriate
type, intensity, duration, and frequency of exercise that best
fit each condition need to be determined.

The versatility of the HSP70 to induce different
inflammation-related responses according to its location
(intra- versus extracellular) places this protein as a master
regulator for the fine-tuned control of the immune system:
while iHSP70 induces inactivation of NF-xB, eHSP70
induces the opposite effect. Thus, we suggest that the
eHSP70/iHSP70 ratio may represent a better marker for the
immunoinflammatory status of the whole body in exercise
as well as in many types of diseases. Finally, we advocate
that R values could be useful not only in assessing the
course of therapeutic approaches in obesity-induced insulin



insensitivity and diabetes, but also to evaluate inflammatory
status in inflammation-related diseases (e.g., atherosclerosis
and other cardiovascular diseases, rheumatoid arthritis,
sepsis, and obesity-related nonalcoholic fatty liver disease)
as well as in exercise training directed to immunosuppressed
and cardiovascular patients. Hence, the above propositions
may have an important diagnostic value for such patients,
since “HSP70 status” determined through R values may be
easily obtained from the ratio of extracellular (plasma) to
intracellular (circulating blood leukocytes or mononuclear
cells) HSP70 content from a blood sample.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Mauricio Krause, Thiago Gomes Heck, and Aline Bittencourt
equally contributed to this work.

Acknowledgments

This work was partially supported by grants received from the
Brazilian National Council for Scientific and Technological
Development (CNPq, grants from MCT/CNPq, MS/DECIT,
CT-CIOTEC, and CTSaude, process nos. 551097/2007-8,
402626/2012-5, and 402364/2012-0, to Paulo Ivo Homem de
Bittencourt Jr.), CNPq (process no. 563870/2010-9, to Rui
Curi), CNPq (process nos. 402398/2013-2 and 372373/2013-
5, to Mauricio Krause), and FAPESP (to Rui Curi). Philip
Newsholme was supported by the “Science without Borders”
Special Visiting Professor Program from CNPq. Thiago
Gomes Heck was supported by a fellowship from CAPES-
Brasilia. Aline Bittencourt, Sofia Pizzato Scomazzon, and
Mauricio Krause were supported by fellowships from CNPq.
The authors thank the UCD School of Biomolecular and
Biomedical Science (Dublin, Ireland) and the School of
Biomedical Sciences, CHIRI, Biosciences, Curtin University,
Perth, Western Australia, for their support.

References

[1] M.S.Krause, L. P. Oliveira Jr., E. M. S. Silveira et al., “MRP1/GS-
X pump ATPase expression: is this the explanation for the
cytoprotection of the heart against oxidative stress-induced
redox imbalance in comparison to skeletal muscle cells?” Cell
Biochemistry and Function, vol. 25, no. 1, pp. 23-32, 2007.

[2] X.-M. Yang, G.F. Baxter, R.]. Heads, D. M. Yellon, J. M. Downey,
and M. V. Cohen, “Infarct limitation of the second window
of protection in a conscious rabbit model,” Cardiovascular
Research, vol. 31, no. 5, pp. 777-783, 1996.

[3] V. Richard, N. Kaeffer, and C. Thuillez, “Delayed protection
of the ischemic heart—from pathophysiology to therapeutic
applications,” Fundamental and Clinical Pharmacology, vol. 10,
no. 5, pp. 409-415, 1996.

[4] R. P. Beckmann, M. Lovett, and W. J. Welch, “Examining the
function and regulation of hsp 70 in cells subjected to metabolic
stress,” Journal of Cell Biology, vol. 117, no. 6, pp. 1137-1150, 1992.

Mediators of Inflammation

[5] E. G. Noble, K. J. Milne, and C. W. J. Melling, “Heat shock
proteins and exercise: a primer,” Applied Physiology, Nutrition
and Metabolism, vol. 33, no. 5, pp. 1050-1065, 2008.

[6] L. A. Madden, M. E. Sandstrom, R. J. Lovell, and L.
McNaughton, “Inducible heat shock protein 70 and its role in
preconditioning and exercise,” Amino Acids, vol. 34, no. 4, pp.
511-516, 2008.

[7] W. J. Chirico, M. G. Waters, and G. Blobel, “70 K heat shock
related proteins stimulate protein translocation into micro-
somes,” Nature, vol. 332, no. 6167, pp. 805-810, 1988.

[8] C. Garrido, S. Gurbuxani, L. Ravagnan, and G. Kroemer, “Heat
shock proteins: endogenous modulators of apoptotic cell death,”
Biochemical and Biophysical Research Communications, vol. 286,
no. 3, pp. 433-442, 2001.

[9] P.I. Homem de Bittencourt Jr., D. J. Lagranha, A. Maslinkiewicz
et al., “LipoCardium: endothelium-directed cyclopentenone
prostaglandin-based liposome formulation that completely
reverses atherosclerotic lesions,” Atherosclerosis, vol. 193, no. 2,
pp. 245-258, 2007.

[10] A.Ianaro, A. Ialenti, P. Maffia, P. Di Meglio, M. Di Rosa, and M.
G. Santoro, “Anti-inflammatory activity of 15-deoxy-deltal2,14-
PGJ2 and 2-cyclopenten-1-one: role of the heat shock response;”
Molecular Pharmacology, vol. 64, no. 1, pp. 85-93, 2003.

[11] S. K. Calderwood, S. S. Mambula, P. J. Gray Jr., and J. R.
Theriault, “Extracellular heat shock proteins in cell signaling,”
FEBS Letters, vol. 581, no. 19, pp. 3689-3694, 2007.

[12] J. D. Johnson and M. Fleshner, “Releasing signals, secretory
pathways, and immune function of endogenous extracellular
heat shock protein 72, Journal of Leukocyte Biology, vol. 79, no.
3, pp. 425-434, 2006.

[13] H. H. Kampinga, R. H. Henning, I. C. van Gelder, and B.J. J. M.

Brundel, “Beat shock proteins and atrial fibrillation,” Cell Stress

and Chaperones, vol. 12, no. 2, pp. 97-100, 2007.

J. Chung, A. K. Nguyen, D. C. Henstridge et al., “HSP72 protects

against obesity-induced insulin resistance,” Proceedings of the

National Academy of Sciences of the United States of America,

vol. 105, no. 5, pp. 1739-1744, 2008.

[15] M. Krause and J. D. C. Rodrigues-Krause, “Extracellular heat
shock proteins (eHSP70) in exercise: possible targets outside the
immune system and their role for neurodegenerative disorders
treatment,” Medical Hypotheses, vol. 76, no. 2, pp. 286-290, 2011.

[16] M. Akerfelt, R. I. Morimoto, and L. Sistonen, “Heat shock
factors: integrators of cell stress, development and lifespan,’
Nature Reviews Molecular Cell Biology, vol. 11, no. 8, pp. 545-
555, 2010.

[17] J. Rodrigues-Krause, M. Krause, C. O’'Hagan et al., “Divergence
of intracellular and extracellular HSP72 in type 2 diabetes: does
fat matter?” Cell Stress and Chaperones, vol. 17, no. 3, pp. 293-
302, 2012.

[18] E C. Di Naso, R. R. Porto, H. S. Fillmann et al., “Obesity
depresses the anti-inflammatory HSP70 pathway, contributing
to NAFLD progression,” Obesity, vol. 23, no. 1, pp. 120-129, 2015.

[19] V. Hietakangas, J. Anckar, H. A. Blomster et al., “PDSM, a
motif for phosphorylation-dependent SUMO modification,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 1, pp. 45-50, 2006.

[20] M. Tytell, “Release of heat shock proteins (Hsps) and the effects
of extracellular Hsps on neural cells and tissues,” International
Journal of Hyperthermia, vol. 21, no. 5, pp. 445-455, 2005.

[21] M. Whitham and M. B. Fortes, “Heat shock protein 72: release
and biological significance during exercise,” Frontiers in Bio-
science, vol. 13, no. 4, pp. 1328-1339, 2008.

(14



Mediators of Inflammation

(22]

[24]

(25]

(26]

(27]

(28]

(31]

(33]

(34]

(35]

[36]

(37]

E. Ortega, E. Giraldo, M. D. Hinchado et al., “Role of Hsp72
and norepinephrine in the moderate exercise-induced stimula-
tion of neutrophils’ microbicide capacity,” European Journal of
Applied Physiology, vol. 98, no. 3, pp. 250-255, 2006.

E. Ortega, M. D. Hinchado, L. Martin-Cordero, and A. Asea,
“The effect of stress-inducible extracellular Hsp72 on human
neutrophil chemotaxis: a role during acute intense exercise,”
Stress, vol. 12, no. 3, pp. 240-249, 2009.

P. Horn, A. Kalz, C. L. Lim et al,, “Exercise-recruited NK
cells display exercise-associated eHSP-70,” Exercise Immunology
Review, vol. 13, pp. 100-111, 2007.

A. Asea, S.-K. Kraeft, E. A. Kurt-Jones et al., “HSP70 stimu-
lates cytokine production through a CD14-dependant pathway,
demonstrating its dual role as a chaperone and cytokine,” Nature
Medicine, vol. 6, no. 4, pp. 435-442, 2000.

J. A. Ehses, D. T. Meier, S. Wueest et al., “Toll-like receptor 2-
deficient mice are protected from insulin resistance and beta cell
dysfunction induced by a high-fat diet,” Diabetologia, vol. 53, no.
8, pp. 1795-1806, 2010.

T. J. Borges, L. Wieten, M. J. van Herwijnen et al., “The anti-
inflammatory mechanisms of Hsp70,” Frontiers in Immunology,
vol. 3, article 95, 2012.

Q. Jones, T. S. Voegeli, G. Li, Y. Chen, and R. W. Currie, “Heat
shock proteins protect against ischemia and inflammation
through multiple mechanisms,” Inflammation and Allergy—
Drug Targets, vol. 10, no. 4, pp. 247-259, 2011.

P. J. Barnes and M. Karin, “Nuclear factor-kB—a pivotal
transcription factor in chronic inflammatory diseases,” The New
England Journal of Medicine, vol. 336, no. 15, pp. 1066-1071, 1997.
J. Y. H. Chan, C.-C. Ou, L.-L. Wang, and S. H. H. Chan, “Heat
shock protein 70 confers cardiovascular protection during
endotoxemia via inhibition of nuclear factor-kappaB activation
and inducible nitric oxide synthase expression in the rostral
ventrolateral medulla,” Circulation, vol. 110, no. 23, pp. 3560-
3566, 2004.

H.-W. Chen, H.-T. Kuo, S.-J. Wang, T.-S. Lu, and R.-C.
Yang, “In vivo heat shock protein assembles with septic liver
NEF-kappaB/I-kappaB complex regulating NF-kappaB activity,”
Shock, vol. 24, no. 3, pp. 232-238, 2005.

V. L. Gabai, A. B. Meriin, D. D. Mosser et al., “Hsp70 prevents
activation of stress kinases: a novel pathway of cellular thermo-
tolerance,” Journal of Biological Chemistry, vol. 272, no. 29, pp.
18033-18037, 1997.

H. M. Beere, B. B. Wolf, K. Cain et al., “Heat-shock protein 70
inhibits apoptosis by preventing recruitment of procaspase-9 to
the Apaf-1 apoptosome,” Nature Cell Biology, vol. 2, no. 8, pp.
469-475, 2000.

D. Tsuchiya, S. Hong, Y. Matsumori et al., “Overexpression
of rat heat shock protein 70 reduces neuronal injury after
transient focal ischemia, transient global ischemia, or kainic
acid-induced seizures,” Neurosurgery, vol. 53, no. 5, pp. 1179-
1188, 2003.

E. M. Creagh and S. J. Martin, “Cell stress-associated caspase
activation: intrinsically complex?” Science’s STKE, vol. 2003, no.
175, p. pell, 2003.

Z. Zheng, J. Y. Kim, H. Ma, J. E. Lee, and M. A. Yenari,
“Anti-inflammatory effects of the 70 kDa heat shock protein
in experimental stroke,” Journal of Cerebral Blood Flow and
Metabolism, vol. 28, no. 1, pp. 53-63, 2008.

P. C. Geiger and A. A. Gupte, “Heat shock proteins are impor-
tant mediators of skeletal muscle insulin sensitivity,” Exercise
and Sport Sciences Reviews, vol. 39, no. 1, pp. 34-42, 2011.

(38]

(42]

(43]

(44]

[48]

L. L. Gutierrez, A. Maslinkiewicz, R. Curi, and P. 1. de Bit-
tencourt Jr., “Atherosclerosis: a redox-sensitive lipid imbalance
suppressible by cyclopentenone prostaglandins,” Biochemical
Pharmacology, vol. 75, no. 12, pp. 2245-2262, 2008.

P. I. H. de Bittencourt Jr. and R. Curi, “Antiproliferative
prostaglandins and the MRP/GS-X pump role in cancer
immunosuppression and insight into new strategies in cancer
gene therapy;” Biochemical Pharmacology, vol. 62, no. 7, pp. 811-
819, 2001.

A. Rossi, P. Kapahi, G. Natoli et al, “Anti-inflammatory
cyclopentenone prostaglandins are direct inhibitors of IxB
kinase,” Nature, vol. 403, no. 6765, pp. 103-108, 2000.

L. S. Singh, J.-R. He, S. Calderwood, and J. D. Hasday, “A high
affinity HSF-1 binding site in the 5'-untranslated region of the
murine tumor necrosis factor-alpha gene is a transcriptional
repressor, The Journal of Biological Chemistry, vol. 277, no. 7,
pp- 4981-4988, 2002.

X. Xiao, X. Zuo, A. A. Davis et al., “HSFI is required for extra-
embryonic development, postnatal growth and protection dur-
ing inflammatory responses in mice;,” The EMBO Journal, vol.
18, no. 21, pp. 5943-5952, 1999.

A. A. Knowlton, “NFkappaB, heat shock proteins, HSF-1, and
inflammation,” Cardiovascular Research, vol. 69, no. 1, pp. 7-8,
2006.

R. Dai, W. Frejtag, B. He, Y. Zhang, and N. E. Mivechi, “c-Jun
NH2-terminal kinase targeting and phosphorylation of heat
shock factor-1 suppress its transcriptional activity, Journal of
Biological Chemistry, vol. 275, no. 24, pp. 18210-18218, 2000.

H. Li, X. Sun, G. Lesage et al., “beta-Arrestin 2 regulates Toll-
like receptor 4-mediated apoptotic signalling through glycogen
synthase kinase-3beta,” Immunology, vol. 130, no. 4, pp. 556
563, 2010.

S. Ghosh, M. J. May, and E. B. Kopp, “NF-«B and rel proteins:
evolutionarily conserved mediators of immune responses;’
Annual Review of Immunology, vol. 16, pp. 225-260, 1998.

A. Asea, E. Kabingu, M. A. Stevenson, and S. K. Calderwood,
“HSP70 peptidembearing and peptide-negative preparations
act as chaperokines,” Cell Stress Chaperones, vol. 5, no. 5, pp.
425-431, 2000.

A. Asea, M. Rehli, E. Kabingu et al., “Novel signal transduction
pathway utilized by extracellular HSP70. Role of toll-like recep-
tor (TLR) 2 and TLR4,” Journal of Biological Chemistry, vol. 277,
no. 17, pp. 15028-15034, 2002.

J. J. Kim and D. D. Sears, “TLR4 and insulin resistance,”
Gastroenterology Research and Practice, vol. 2010, Article ID
212563, 11 pages, 2010.

D. Gupta, C. B. Krueger, and G. Lastra, “Over-nutrition,
obesity and insulin resistance in the development of f-cell
dysfunction,” Current Diabetes Reviews, vol. 8, no. 2, pp. 76-83,
2012.

M. C. Arkan, A. L. Hevener, E R. Greten et al., “IKK-beta links
inflammation to obesity-induced insulin resistance,” Nature
Medicine, vol. 11, no. 2, pp. 191-198, 2005.

M. J. Watt, A. Hevener, G. I. Lancaster, and M. A. Febbraio, “Cil-
iary neurotrophic factor prevents acute lipid-induced insulin
resistance by attenuating ceramide accumulation and phos-
phorylation of c-Jun N-terminal kinase in peripheral tissues,”
Endocrinology, vol. 147, no. 5, pp. 2077-2085, 2006.

W. Wei, Q. Liu, Y. Tan, L. Liu, X. Li, and L. Cai, “Oxidative stress,
diabetes, and diabetic complications,” Hemoglobin, vol. 33, no.
5, pp. 370-377, 2000.



10

[54] E. Wright Jr,, J. L. Scism-Bacon, and L. C. Glass, “Oxidative
stress in type 2 diabetes: the role of fasting and postprandial
glycaemia,” International Journal of Clinical Practice, vol. 60, no.
3, pp. 308-314, 2006.

(55] J. V.Hunt, R. T. Dean, and S. P. Wolff, “Hydroxyl radical produc-
tion and autoxidative glycosylation. Glucose autoxidation as the
cause of protein damage in the experimental glycation model of
diabetes mellitus and ageing,” Biochemical Journal, vol. 256, no.
1, pp. 205-212, 1988.

[56] V. A.Lira, Q. A. Soltow, J. H. D. Long, J. L. Betters, J. E. Sellman,
and D. S. Criswell, “Nitric oxide increases GLUT4 expression
and regulates AMPK signaling in skeletal muscle,” The Ameri-
can Journal of Physiology—Endocrinology and Metabolism, vol.
293, no. 4, pp. E1062-E1068, 2007.

[57] S. R. Smukler, L. Tang, M. B. Wheeler, and A. M. E Salapatek,
“Exogenous nitric oxide and endogenous glucose-stimulated
beta-cell nitric oxide augment insulin release,” Diabetes, vol. 51,
no. 12, pp. 3450-3460, 2002.

[58] M. A. Carvalho-Filho, M. Ueno, S. M. Hirabara et al., “S-
nitrosation of the insulin receptor, insulin receptor substrate
1, and protein kinase B/Akt: a novel mechanism of insulin
resistance,” Diabetes, vol. 54, no. 4, pp. 959-967, 2005.

[59] P. Mitrou, V. Lambadiari, E. Maratou et al., “Skeletal muscle
insulin resistance in morbid obesity: the role of interleukin-
6 and leptin,” Experimental and Clinical Endocrinology and
Diabetes, vol. 119, no. 8, pp. 484-489, 2011.

[60] I. Nieto-Vazquez, S. Fernandez-Veledo, C. de Alvaro, and M.
Lorenzo, “Dual role of interleukin-6 in regulating insulin
sensitivity in murine skeletal muscle,” Diabetes, vol. 57, no. 12,
pp. 3211-3221, 2008,

[61] A.L. Carey, G. R. Steinberg, S. L. Macaulay et al., “Interleukin-
6 increases insulin-stimulated glucose disposal in humans and
glucose uptake and fatty acid oxidation in vitro via AMP-
activated protein kinase,” Diabetes, vol. 55, no. 10, pp. 2688-
2697, 2006.

[62] M. D. S. Krause, A. Bittencourt, P. I. H. de Bittencourt Jr. et
al., “Physiologic concentrations of IL-6 directly promote insulin
secretion, signal transduction, nitric oxide release and redox
status in a clonal pancreatic beta-cell line and mouse islets,
Journal of Endocrinology, vol. 214, no. 3, pp. 301-311, 2012.

[63] K. G. Seng, A. D. Kriketos, A. M. Poynten et al., “Insulin
action, regional fat, and myocyte lipid: altered relationships
with increased adiposity;” Obesity Research, vol. 11, no. 11, pp.
1295-1305, 2003.

[64] M. S. Krause, N. H. Mcclenaghan, P. R. Flatt, P. I. H. de Bit-
tencourt, C. Murphy, and P. Newsholme, “L-Arginine is essen-
tial for pancreatic B-cell functional integrity, metabolism and
defense from inflammatory challenge,” Journal of Endocrinol-
ogy, vol. 211, no. 1, pp. 87-97, 2011.

[65] I. Kurucz, A. Morva, A. Vaag et al., “Decreased expression of
heat shock protein 72 in skeletal muscle of patients with type 2
diabetes correlates with insulin resistance,” Diabetes, vol. 51, no.
4, pp. 1102-1109, 2002.

[66] M. Atalay, N. K. J. Oksala, D. E. Laaksonen et al., “Exercise
training modulates heat shock protein response in diabetic rats,”
Journal of Applied Physiology, vol. 97, no. 2, pp. 605-611, 2004.

[67] G. N. Bijur, P. De Sarno, and R. S. Jope, “Glycogen synthase
kinase-33 facilitates staurosporine- and heat shock- induced
apoptosis. Protection by lithium,” Journal of Biological Chem-
istry, vol. 275, no. 11, pp. 7583-7590, 2000.

[68] P. Newsholme and P. I. H. de Bittencourt Jr., “The fat cell
senescence hypothesis: a mechanism responsible for abrogating

Mediators of Inflammation

the resolution of inflammation in chronic disease,” Current
Opinion in Clinical Nutrition and Metabolic Care, vol. 17, no. 4,
pp. 295-305, 2014.

C. Patel, H. Ghanim, S. Ravishankar et al., “Prolonged reactive
oxygen species generation and nuclear factor-«xB activation after
a high-fat, high-carbohydrate meal in the obese,” The Journal of
Clinical Endocrinology and Metabolism, vol. 92, no. 11, pp. 4476
4479, 2007.

[70] M. Song, M. R. Pinsky, and J. A. Kellum, “Heat shock factor
1 inhibits nuclear factor-xB nuclear binding activity during
endotoxin tolerance and heat shock,” Journal of Critical Care,
vol. 23, no. 3, pp. 406-415, 2008.

[71] Y. Ohno, S. Yamada, T. Sugiura, Y. Ohira, T. Yoshioka, and K.
Goto, “A possible role of NF-xB and HSP72 in skeletal muscle
hypertrophy induced by heat stress in rats,” General Physiology
and Biophysics, vol. 29, no. 3, pp. 234-242, 2010.

[72] A. A. Gupte, G. L. Bomhoff, R. H. Swerdlow, and P. C. Geiger,
“Heat treatment improves glucose tolerance and prevents skele-
tal muscle insulin resistance in rats fed a high-fat diet,” Diabetes,
vol. 58, no. 3, pp. 567-578, 2009.

[73] J. A. Yaglom, V. L. Gabai, A. B. Meriin, D. D. Mosser, and M.
Y. Sherman, “The function of Hsp72 in suppression of c-Jun N-
terminal kinase activation can be dissociated from its role in
prevention of protein damage,” Journal of Biological Chemistry,
vol. 274, no. 29, pp. 20223-20228, 1999.

[74] H.-S. Park, J.-S. Lee, S.-H. Huh, J.-S. Seo, and E.-J. Choi, “Hsp72
functions as a natural inhibitory protein of c-Jun N-terminal
kinase,” EMBO Journal, vol. 20, no. 3, pp. 446-456, 2001.

[75] J. L. Zachayus, S. Benatmane, and C. Plas, “Role of Hsp70
synthesis in the fate of the insulin-receptor complex after
heat shock in cultured fetal hepatocytes,” Journal of Cellular
Biochemistry, vol. 61, no. 2, pp. 216-229, 1996.

[76] T. Sawa, T. Imamura, T. Haruta et al., “Hsp70 family molecular
chaperones and mutant insulin receptor: differential binding
specificities of BiP and Hsp70/Hsc70 determines accumulation
or degradation of insulin receptor,” Biochemical and Biophysical
Research Communications, vol. 218, no. 2, pp. 449-453,1996.

[77] A. de Maio, “Extracellular heat shock proteins, cellular export
vesicles, and the Stress Observation System: a form of commu-
nication during injury, infection, and cell damage: it is never
known how far a controversial finding will go! Dedicated to
Ferruccio Ritossa,” Cell Stress and Chaperones, vol. 16, no. 3, pp.
235-249, 2011.

[78] A. Aderem and R. J. Ulevitch, “Toll-like receptors in the
induction of the innate immune response,” Nature, vol. 406, no.
6797, pp. 782-787, 2000.

[79] S. K. Calderwood, J. Theriault, P. J. Gray, and J. Gong, “Cell
surface receptors for molecular chaperones,” Methods, vol. 43,
no. 3, pp. 199-206, 2007.

[80] J. Campisi, T. H. Leem, and M. Fleshner, “Stress-induced
extracellular Hsp72 is a functionally significant danger signal
to the immune system,” Cell Stress & Chaperones, vol. 8, no. 3,
pp. 272-286, 2003.

[81] R. Njemini, C. Demanet, and T. Mets, “Inflammatory status
as an important determinant of heat shock protein 70 serum
concentrations during aging,” Biogerontology, vol. 5, no. 1, pp.
31-38, 2004.

[82] K. Ogawa, H.-K. Kim, T. Shimizu, S. Abe, Y. Shiga, and S. K.
Calderwood, “Plasma heat shock protein 72 as a biomarker of

sarcopenia in elderly people,” Cell Stress and Chaperones, vol. 17,
no. 3, pp. 349-359, 2012.

(69



Mediators of Inflammation

(83]

(84]

(87]

[90]

[93]

[94]

[95]

[96]

(98]

S. K. Dutta, M. Girotra, M. Singla et al., “Serum HSP70: a novel
biomarker for early detection of pancreatic cancer,” Pancreas,
vol. 41, no. 4, pp- 530-534, 2012.

E. Dulin, P. Garcia-Barreno, and M. C. Guisasola, “Extracellular
heat shock protein 70 (HSPAIA) and classical vascular risk
factors in a general population,” Cell Stress and Chaperones, vol.
15, no. 6, pp. 929-937, 2010.

M. Nakhjavani, A. Morteza, L. Khajeali et al., “Increased serum
HSP70 levels are associated with the duration of diabetes,” Cell
Stress and Chaperones, vol. 15, no. 6, pp. 959-964, 2010.

Y. H. Lee, J. Giraud, R. J. Davis, and M. E White, “c-Jun
N-terminal kinase (JNK) mediates feedback inhibition of the
insulin signaling cascade,” The Journal of Biological Chemistry,
vol. 278, no. 5, pp. 2896-2902, 2003.

J. J. Senn, “Toll-like receptor-2 is essential for the development
of palmitate-induced insulin resistance in myotubes,” Journal of
Biological Chemistry, vol. 281, no. 37, pp. 26865-26875, 2006.

G. Solinas, W. Naugler, F. Galimi, M.-S. Lee, and M. Karin,
“Saturated fatty acids inhibit induction of insulin gene tran-
scription by JNK-mediated phosphorylation of insulin-receptor
substrates,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 44, pp. 16454-16459,
2006.

D. M. L. Tsukumo, M. A. Carvalho-Filho, J. B. C. Carvalheira et
al., “Loss-of-function mutation in toll-like receptor 4 prevents
diet-induced obesity and insulin resistance,” Diabetes, vol. 56,
no. 8, pp. 1986-1998, 2007.

Z. Gao, D. Hwang, F. Bataille et al., “Serine phosphorylation
of insulin receptor substrate 1 by inhibitor kappa B kinase
complex,” The Journal of Biological Chemistry, vol. 277, no. 50,
pp. 48115-48121, 2002.

L. Rui, V. Aguirre, J. K. Kim et al., “Insulin/IGF-1 and TNEF-
« stimulate phosphorylation of IRS-1 at inhibitory Ser307 via
distinct pathways,” Journal of Clinical Investigation, vol. 107, no.
2, pp. 181-189, 2001.

O. 1. Vitseva, K. Tanriverdi, T. T. Tchkonia et al., “Inducible
toll-like receptor and NF-xB regulatory pathway expression in
human adipose tissue,” Obesity, vol. 16, no. 5, pp. 932-937, 2008.
S. M. Reyna, S. Ghosh, P. Tantiwong et al., “Elevated toll-like
receptor 4 expression and signaling in muscle from insulin-
resistant subjects,” Diabetes, vol. 57, no. 10, pp. 2595-2602, 2008.

H. A. Koistinen, A. V. Chibalin, and J. R. Zierath, “Aberrant p38
mitogen-activated protein kinase signalling in skeletal muscle
from Type 2 diabetic patients,” Diabetologia, vol. 46, no. 10, pp.
1324-1328, 2003.

M. R. Dasu, S. Devaraj, S. Park, and [ Jialal, “Increased Toll-
Like Receptor (TLR) activation and TLR ligands in recently
diagnosed type 2 diabetic subjects;” Diabetes Care, vol. 33, no.
4, pp. 861-868, 2010.

M. S. Radin, S. Sinha, B. A. Bhatt, N. Dedousis, and R. M.
O’Doherty, “Inhibition or deletion of the lipopolysaccharide
receptor Toll-like receptor-4 confers partial protection against
lipid-induced insulin resistance in rodent skeletal muscle,”
Diabetologia, vol. 51, no. 2, pp. 336-346, 2008.

M. Saberi, N.-B. Woods, C. de Luca et al., “Hematopoietic
cell-specific deletion of toll-like receptor 4 ameliorates hepatic
and adipose tissue insulin resistance in high-fat-fed mice;” Cell
Metabolism, vol. 10, no. 5, pp. 419-429, 2009.

M. Krause, K. Keane, J. Rodrigues-Krause et al., “Elevated levels
of extracellular heat-shock protein 72 (eHSP72) are positively
correlated with insulin resistance in vivo and cause pancreatic

(100]

[101]

[102]

[103]

(104]

[105]

(106]

[107]

(108]

[109]

[110]

[111]

[112]

1

B-cell dysfunction and death in vitro,” Clinical Science, vol. 126,
no. 10, pp. 739-752, 2014.

X. Yang, J. Yuan, J. Sun et al,, “Association between heat-shock
protein 70 gene polymorphisms and DNA damage in periph-
eral blood lymphocytes among coke-oven workers,” Mutation
Research: Genetic Toxicology and Environmental Mutagenesis,
vol. 649, no. 1-2, pp. 221-229, 2008.

C. Hunter-Lavin, E. L. Davies, M. M. F. V. G. Bacelar, M. J.
Marshall, S. M. Andrew, and J. H. H. Williams, “Hsp70 release
from peripheral blood mononuclear cells,” Biochemical and
Biophysical Research Communications, vol. 324, no. 2, pp. 511-
517,2004.

E D. C. Magalhées, E T. Amorim, R. L. E. Passos et al., “Heat and
exercise acclimation increases intracellular levels of Hsp72 and
inhibits exercise-induced increase in intracellular and plasma
Hsp72 in humans,” Cell Stress and Chaperones, vol. 15, no. 6, pp.
885-895, 2010.

T. G. Heck, C. M. Scholer, and P. I. H. de Bittencourt, “HSP70
expression: does it a novel fatigue signalling factor from
immune system to the brain?” Cell Biochemistry and Function,
vol. 29, no. 3, pp. 215-226, 2011.

M. A. Febbraio, P. Ott, H. B. Nielsen et al., “Exercise induces
hepatosplanchnic release of heat shock protein 72 in humans,”
Journal of Physiology, vol. 544, no. 3, pp. 957-962, 2002.

M. A. Febbraio and I. Koukoulas, “HSP72 gene expression pro-
gressively increases in human skeletal muscle during prolonged,
exhaustive exercise;” Journal of Applied Physiology, vol. 89, no. 3,
pp- 1055-1060, 2000.

H. S. Thompson, P. M. Clarkson, and S. P. Scordilis, “The
repeated bout effect and heat shock proteins: intramuscular
HSP27 and HSP70 expression following two bouts of eccentric
exercise in humans,” Acta Physiologica Scandinavica, vol. 174,
no. 1, pp. 47-56, 2002.

J. Liu, D. Zhang, X. Mi et al, “p27 suppresses arsenite-
induced Hsp27/Hsp70 expression through inhibiting JNK2/c-
Jun- and HSF-1-dependent pathways,” The Journal of Biological
Chemistry, vol. 285, no. 34, pp. 26058-26065, 2010.

R. C. Walsh, I. Koukoulas, A. Garnham, P. L. Moseley, M.
Hargreaves, and M. A. Febbraio, “Exercise increases serum
Hsp72 in humans,” Cell Stress ¢ Chaperones, vol. 6, no. 4, pp.
386-393, 2001.

E. Fehrenbach, A. M. Niess, K. Voelker, H. Northoff, and F. C.
Mooren, “Exercise intensity and duration affect blood soluble
HSP72) International Journal of Sports Medicine, vol. 26, no. 7,
pp. 552-557, 2005.

K. Bender, P. Newsholme, L. Brennan, and P. Maechter,
“The importance of redox shuttles to pancreatic 5-cell energy
metabolism and function,” Biochemical Society Transactions,
vol. 34, no. 5, pp. 811-814, 2006.

K. Sakamoto, M. F. Hirshman, W. G. Aschenbach, and L.
J. Goodyear, “Contraction regulation of Akt in rat skeletal
muscle;” Journal of Biological Chemistry, vol. 277, no. 14, pp.
11910-11917, 2002.

M. H. S. Chan, A. L. Carey, M. J. Watt, and M. A. Feb-
braio, “Cytokine gene expression in human skeletal muscle
during concentric contraction: evidence that IL-8, like IL-6, is
influenced by glycogen availability, The American Journal of
Physiology—Regulatory Integrative and Comparative Physiology,
vol. 287, no. 2, pp. R322-R327, 2004.

C. MacDonald, J. E. P. Wojtaszewski, B. K. Pedersen, B. Kiens,
and E. A. Richter, “Interleukin-6 release from human skeletal



12

[113]

[114)

[115]

[116]

(117]

[118]

[119]

[120]

[121)

(122]

muscle during exercise: relation to AMPK activity;” Journal of
Applied Physiology, vol. 95, no. 6, pp. 2273-2277, 2003.

C. Keller, A. Steensberg, A. K. Hansen, C. P. Fischer, P.
Plomgaard, and B. K. Pedersen, “Effect of exercise, training,
and glycogen availability on IL-6 receptor expression in human
skeletal muscle,” Journal of Applied Physiology, vol. 99, no. 6, pp.
2075-2079, 2005.

S. J. Wigmore, K. Sangster, S. J. McNally et al., “De-repression
of heat shock transcription factor-1 in interleukin-6-treated
hepatocytes is mediated by downregulation of glycogen syn-
thase kinase 33 and MAPK/ERK-1,” International Journal of
Molecular Medicine, vol. 19, no. 3, pp. 413-420, 2007.

K. A. Huey and B. M. Meador, “Contribution of IL-6 to the
Hsp72, Hsp25, and af3-crystallin responses to inflammation and
exercise training in mouse skeletal and cardiac muscle,” Journal
of Applied Physiology, vol. 105, no. 6, pp. 1830-1836, 2008.

S. H. Choi, Y. W. Kim, and S. G. Kim, “AMPK-mediated GSK3/3
inhibition by isoliquiritigenin contributes to protecting mito-
chondria against iron-catalyzed oxidative stress,” Biochemical
Pharmacology, vol. 79, no. 9, pp. 1352-1362, 2010.

J. M. Santos, S. B. Ribeiro, A. R. Gaya, H.-J. Appell, and J.
A. Duarte, “Skeletal muscle pathways of contraction-enhanced
glucose uptake,” International Journal of Sports Medicine, vol. 29,
no. 10, pp. 785-794, 2008.

J. D. Johnson, J. Campisi, C. M. Sharkey, S. L. Kennedy, M.
Nickerson, and M. Fleshner, “Adrenergic receptors mediate
stress-induced elevations in extracellular Hsp72,” Journal of
Applied Physiology, vol. 99, no. 5, pp. 1789-1795, 2005.

G. L Lancaster and M. A. Febbraio, “Exosome-dependent
trafficking of HSP70: a novel secretory pathway for cellular
stress proteins,” Journal of Biological Chemistry, vol. 280, no. 24,
pp- 23349-23355, 2005.

G. L. Lancaster and M. A. Febbraio, “Mechanisms of stress-
induced cellular HSP72 release: implications for exercise-
induced increases in extracellular HSP72,” Exercise Immunology
Review, vol. 11, pp. 46-52, 2005.

O. R. Gibson, A. Dennis, T. Parfitt, L. Taylor, P. W. Watt, and
N. S. Maxwell, “Extracellular Hsp72 concentration relates to
a minimum endogenous criteria during acute exercise-heat
exposure,” Cell Stress and Chaperones, vol. 19, no. 3, pp. 389-400,
2014.

J.J. Garcia, L. Martin-Cordero, M. D. Hinchado, M. E. Bote, and
E. Ortega, “Effects of habitual exercise on the eHsp72-induced
release of inflammatory cytokines by macrophages from obese
zucker rats,” International Journal of Sports Medicine, vol. 34, no.
6, pp. 559-564, 2013.

Mediators of Inflammation



The Scientific
World Journal

Gastroenterology
Research and Practice

MEDIATORS
INFLAMMATION

Journal of

Diabetes Research

Journal of
Immunology Research

PPAR Research

Stem Cells
International

Journal of

Ophthalmology

onal and
cal Methods
in Medicine

Behavioural
Neurology

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of

Obesit

’. \

Evidence-Based
Complementary and
Alternative Medicine

rch and Treatment

International Journal of

Endocrinology

BioMed
Research International

Journal of

Oncology



