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Abstract: Heat Shock Proteins (HSP) are important modulators of both anti-inflammatory and pro-
inflammatory responses. In this chapter, we address this apparent paradox by focusing
on the effects of the highly heat inducible Hsp70 and its transcription machinery. This
transcription machinery may exert important effects on inflammation through pathways,
which are independent of heat shock proteins. We then discuss disease states where the
balance between the anti-inflammatory and pro-inflammatory effectors is critical to disease
outcome
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INTRODUCTION

The heat shock response (HSR) is one of the most evolutionary conserved protective
mechanisms in cells. It involves temporary modifications in gene expression and syn-
thesis of different heat shock protein (HSP) family members to help the organism to
cope with environmental and physiological stresses. In non-stressed conditions, HSP
function as molecular chaperones, maintaining protein conformation and facilitating
transport. In response to stress, HSP expression prevents protein aggregation, refolds
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damaged proteins, and promotes the degradation of irreversibly denatured proteins.
While the cellular protein management functions of HSP are well described, this
chapter focuses on the ability of the HSR to modulate the immune/inflammatory
responses of multicellular organisms. In this regard, the components of the HSR,
including HSP, especially the most highly heat inducible member, heat shock pro-
tein 70 (Hsp70), and heat shock transcription factor 1 (HSF-1) have evolved to act as
both pro- and anti-inflammatory molecules in the production and release of inflam-
matory modulators. As an anti-inflammatory effector, the HSR modulates cytokine
signal transduction and gene expression by inhibiting the translocation of the tran-
scription factor nuclear factor-kappa B (NF-κB) to the nucleus and preventing the
expression of inflammatory mediators. As pro-inflammatory mediators, necrotic and
non-necrotic release of HSP into the extracellular environment produces a mul-
tifaceted immune/inflammatory response involving the activation of a variety of
immune effector cells and cytokine release. Finally, the crucial indirect role of the
HSR in maintaining gut epithelial barrier integrity has important anti-inflammatory
effects on the movement of endotoxin into the circulation, and so helps to prevent
the subsequent endotoxin-mediated inflammatory cascade. Therefore, the ability of
the HSR to regulate inflammation is, in turn, an important aspect of the progression
of a variety of pathophysiologic states such as the sepsis and heat stroke, which are
characterized by dysregulated inflammatory response and multiorgan-dysfunction.
In this chapter, we discuss the role of the HSR in activating both anti- and pro-
inflammatory systems in the whole organism, the differences seen between human
and non-human model systems, potential mechanisms by which the HSR could exert
its effects on inflammation, and disease states where the HSR may alter pathophys-
iology. We have chosen to focus on a fairly linear model comprising the activation
of HSF-1 and Hsp70. While other HSP such as Hsp27, the endoplasmic reticulum
chaperone gp96, bacterial Hsp60, and others have been associated with immune and
autoimmune disease states, the highly inducible Hsp70 provides a useful platform
to discuss the role of these primitive and ubiquitous proteins in modulating human
inflammatory disease.

HSP ARE ANTI-INFLAMMATORY

Initial observations in animals linked the HSR to an altered inflammatory response
through the demonstration that heat conditioning conferred survival to an otherwise
lethal endotoxin stress (Ryan et al. 1992). Subsequent studies demonstrated that this
increased survival in endotoxin exposed animals was associated with elevated lev-
els of intracellular Hsp70 in the liver as well as lower serum concentrations of the
pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α) but not interleukin
6 (IL-6; Kluger et al. 1997). Parallel data in cell culture demonstrated that heat con-
ditioned peritoneal macrophages showed a decrease in endotoxin induced TNF-α
transcription and secretion which was sustained for as long as the cells had elevated
Hsp70 levels (Snyder et al. 1992, Ensor et al. 1994). Similar to the studies in the
intact organism, endotoxin induction of IL-6 was unchanged in the heat conditioned
cells. Interestingly, the decrease in cytokine production was also associated with a
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decrease in cytokine mRNA suggesting an alteration on the transcription factor that
regulates cytokine transcription genes.

The liver has been a convenient tissue to measure the HSR in animals because
of the massive accumulation of Hsp70 following heat stress (Flanagan et al. 1995).
While the large induction of the Hsp70 in liver has been a useful biomarker of stress,
there is compelling data to support the direct link between liver Hsp70 accumulation
and the altered survival and inflammatory cytokine profile seen in heat conditioned
animals undergoing endotoxin stress. For example, when animals are treated with the
liver protein synthesis inhibitor, D-galactosamine, to block liver HSP accumulation
during the same heat conditioning regimen shown to induce endotoxin tolerance and
decrease serum TNF-α, the result is an augmentation of endotoxin end organ dam-
age and a marked increase in endotoxin induced TNF-α even though all organs but
the liver showed the characteristic Hsp70 accumulation from the heat conditioning
(Dokladny et al. 2001). These data demonstrate the importance of heat associated
protein synthesis in the liver in conferring the altered inflammatory response and
altered survival seen in endotoxin exposure in animals.

Heat is a pleotrophic stimulus, which activates numerous tissue responses altering
not only the HSR but other protective systems important during endotoxin shock.
The role of the HSR in modulating inflammation has been explored at several levels.
Using a whole animal model, Xiao et al. (1999) demonstrated that mice deficient
in HSF-1 are unable to generate a HSR, showing reduced survival and excessive
production of TNF-α. At the protein level, studies of single gene over-expression
have demonstrated that the protective effects of heat conditioning on subsequent
endotoxin exposure can be conferred by Hsp70 expression alone in cells and in the
whole organism. In this regard, Lau et al. (2000) used hearts of transgenic mice over-
expressing Hsp70 to demonstrate a direct relationship between the level of Hsp70
expression and endotoxin tolerance. Ding et al. (2001) also reported that human
peripheral blood monocyte-derived macrophages over-expressing Hsp70 inhibited
Lipopolysaccharide (LPS)-induced production of TNF-α, IL-1β, IL-10 and IL-12.
Recently, we have employed an adenovirus expression system to direct the expres-
sion of Hsp70 in the liver of rats. Liver Hsp70 expression duplicated the protective
effects of whole body heat-conditioning by inhibiting cytokine production (TNF-
α and IL-6) after endotoxin challenge (Dokladny et al. 2009). These data taken as
a whole, demonstrate that Hsp70 expression is sufficient to alter pro-inflammatory
cytokine production, increase endotoxin tolerance and survival in both cellular and
intact organism and further suggest that specific organs such as the liver may be
important for the effects of the HSR.

HSP Induction: How do HSP Directly Alter Cytokines?

Immune cells are able to detect low levels of LPS through its binding to toll-
like receptors and initiate an inflammatory response by the activation of signaling
pathways and transcription factors. The activation of various mitogen-activated pro-
tein kinases (MAPK) and IkappaB kinase (IKK) pathways directly or indirectly
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phosphorylate/activate different transcription factors, including NFκB, nuclear fac-
tor interleukin 6 (NF-IL6), and activator protein 1 (AP-1). The NFκB transcription
factors play a pivotal role in many cellular processes altering the expression of
cytokines, chemokines, cell adhesion molecules, growth factors, anti-apoptotic pro-
teins, and immunoreceptors (reviewed by Brasier 2006). Inactive NFκB is normally
found in the cytoplasm bound to its inhibitory protein, IkB. NFκB is activated by
a number of incoming signals from the cell surface, including ischemia, oxidative
stress, and LPS. These signals lead to activation of IKK, which phosphorylates IkB,
allowing NFκB to translocate into the nucleus and bind to its target gene (Zhang and
Ghosh 2000). The targeted genes include those that activate inflammatory cytokines,
including TNF-α, IL-1β, IL-6 and IL-12.

A number of potential explanations have been suggested for the HSP mediated
NFκB repression. There are data from cell culture and intact animal studies sup-
porting direct physical interactions between Hsp70 and the NFκB inhibitor protein,
IkB-α, which appear to prevent NFκB dissociation (Wong et al. 1997, Malhotra and
Wong 2002). Sun et al. (2005) demonstrated that LPS exposure – induced NFκB acti-
vation was suppressed by Hsp70 accumulation (induced by sodium arsenite) with
a subsequent decrease in TNF-α production and mRNA expression. Additionally,
Hsp70 blocked IκB-α degradation and up-regulated IκB-α mRNA expression. Using
intact animals, Pritts et al. (2000) showed that either heat exposure or sodium arsenite
infusion inhibited increases on NFκB activity and decrease in IκB-α after induc-
tion of the stress response in vivo decreases NFκB activity in jejunal mucosa of
endotoxemic mice. Another possibly mechanism is Hsp70 indirect mechanisms,
whereby repression of MAPK activation mediates the inhibition of NFκB cascade.
In addition, Hsp70 related activation of Jun kinase (JNK) MAPK induces phospho-
rylation of c-JUN (combination with c-Fos) to activate the transcription factor AP-1.
The AP-1 is involved in the up-regulation of the IL-18 pro-inflammatory cytokine,
for which overproduction is related to severe inflammatory disorders. Wang et al.
(2002) observed that HSR could suppress the expression of IL-18 in response to
LPS through inhibition of the JNK MAPK signaling pathway. Recent identifica-
tion of a novel inflammatory cytokine and late inflammatory mediator of endotoxin
lethality, high-mobility group box 1 protein (HMGB1), has provided further insights
into another potential site of action of Hsp70 in modulating the inflammatory
response. It has been shown that HMGB1 can trigger the MAPK pathway and
subsequent NFκB transcription factor also stimulating the synthesis and release of
pro-inflammatory cytokines. Tang et al. (2005) observed that murine macrophage-
like RAW264.7 cells, stimulated with LPS released HMGB1, induced the release of
other pro-inflammatory mediators and mediated lethality. However, a heat shock pre-
treatment suppressed the release and translocation of HMGB1. Therefore, induction
of Hsp70 by heat shock, sodium arsenite or over-expression can be an important fac-
tor in reducing mortality in experimental models of septic shock by down-regulating
expression of inflammatory genes, such as TNF-α, IL-1, IL-12, and IL-18. These
studies demonstrate a great degree of redundancy in Hsp70 cytokine interactions
and are summarized in Figure 1.
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Figure 1. Interaction between HSP and cytokine signal transduction pathways

Are HSP Involved in Muscle IL-6 Production?

One of the interesting paradoxes of Hsp70 associated cytokine gene regulation is
the concordant activation of both Hsp70 and IL-6 in exercising muscle. The large
increase in serum IL-6 following exercise has been demonstrated to be of mus-
cle origin (Pedersen et al. 2001). This IL-6 response appears to be distinct from
endotoxin associated IL-6 production as described above. Further distinguishing the
IL-6 response to exercise from that driven by endotoxin is its association with HSF-
1 activation and cellular Hsp70 accumulation. As described above, cellular Hsp70
accumulation and HSF-1 activation both exert a potent inhibitory effect on NFκB
mediated inflammatory signaling pathways. In contrast, HSF-1 activation and mus-
cle cell Hsp70 accumulation precede muscle cell IL-6 production. Further, agents
such as glutamine, which activate HSF-1, and which are associated with an HSP
dependent inhibition of inflammatory IL-6 actually augment exercise induction of
IL-6 (Hiscock et al. 2003). These data suggest a link between HSR and exercise asso-
ciated IL-6 production in muscle, in contrast to the potent HSR inhibitory effects of
inflammation.

HSF-1 as Non-HSP Transcription Factor Influences Inflammation

Hsp70 alone, whether induced as a part of the HSR or through the use of single gene
expression systems, is sufficient to inhibit the production of cytokines in response
to an inflammatory stimulus such as LPS. There is also data demonstrating that
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the HSR mediates cytokine expression through direct actions of HSF-1 distinct and
independent from cellular HSP accumulation. Cahill et al. (1996) first demonstrated
that HSF-1 binds to the IL-1β promoter and represses its activity. Using HSF-1
knockout mice (HSF1–/–), Wirth et al. (2004) also observed higher inflammatory
mediators and severe lung damage compared to wild type mice after cadmium expo-
sure. It was also reported that DNA binding of the transcription factor NFκB was
higher in HSF1–/– mice than in wild-type mice after cadmium exposure. Previous
study has also observed that over-expression of HSF-1 can increase the expression
of anti-inflammatory IL-10 (Xiao et al. 2006). Specifically to TNF-α, Singh et al.
(2002) identified a binding site in the TNF-α promoter for HSF-1 which represses
the transcription of TNF-α. However, the anti-inflammatory activity of HSF-1 is not
limited to its effects on cytokine transcription. In fact, recent data demonstrate that
HSF-1 serves as a transcription factor for the gut tight junction protein, occludin-1
(Dokladny et al. 2008). The ability of HSF-1 to induce occludin-1 transcription
may be an important part of the well-described ability of heat conditioning to pre-
serve epithelial barrier integrity during heat stress (Moseley 1994). This increased
epithelial barrier resistance may be a key factor in limiting gut associated endotoxin
translocation during heat stress, and low perfusion states. Several inflammatory states
are associated with loss of the intestinal barrier resulting in translocation of endo-
toxin, which enhances inflammation and leads to systemic inflammatory response
syndrome (SIRS). Thus, in the intact organism, HSF-1 activation may limit endo-
toxin translocation through transcription of tight junction proteins, thereby limiting
inflammation in an indirect fashion.

Finally, HSF-1 may also be linked with inflammatory pathway transduction and
apoptotic cell signaling. Recently, Franceschelli et al. (2008) showed that Bag3, a
protein with anti-apoptotic role, is regulated by HSF-1. Down-regulation of HSF-1
reduced the Bag3 protein levels, and increased the incidence of cell apoptosis.
Additionally, Chen and Currie (2006) also demonstrated that knocking down HSF-1
gene caused significantly higher activation of NFκB and the pro-apoptotic protease
activating factor 1 (Apaf-1), corroborating that HSF-1 has a more general role than
specific cytokine regulation. Although these studies indicated that HSF-1 controlled
these regulatory pathways we can not completely exclude the participation of HSP,
since they also are known for the regulation of signal transduction and cellular
survival pathways.

Glutamine (GLN) as HSF-1 Inducer

GLN provides an interesting opportunity to study the impact of nutrition and its
potential role in activating the HSR as well as providing a model of the complex
roles of HSR activators in altering the inflammatory response. There is evidence sug-
gesting a link between GLN supplementation, activation of the HSR, and improved
outcome of inflammatory conditions, such as those observed in sepsis, trauma,
burns, and some critical illness (Griffiths et al. 1997, 2002, Morlion et al. 1998,
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Novak et al. 2002, Wischmeyer et al. 2001c, Oudemans-van Straaten et al. 2001).
In these investigations, GLN supplementation has been associated with lower mor-
tality, decreased infection, and shortened hospital stay in acute and/or critically ill
patients. Conversely, the state of GLN depletion was shown to be an independent
predictor of outcome in acute and/or critically ill patients (Oudemans-van Straaten
et al. 2001, Roth et al. 1982). Parallel studies in various animal models of sepsis and
severe injury demonstrated that GLN supplementation reduced tissue injury, inhib-
ited pro-inflammatory response, improved survival, and exerted an important benefit
in preventing gut-origin sepsis after trauma (Wischmeyer et al. 2001a, b, Gianotti
et al. 1995).

There are several potential mechanisms by which GLN could be linked to
improved outcomes in critical illness, sepsis and multi-organ dysfunction syndrome
(MODS). One simple mechanism is that during severe illness the circulating lev-
els of GLN fall abruptly (Greig et al. 1996) and GLN replacement is necessary to
maintain the metabolic needs of immune cells such as lymphocytes, macrophages,
and enterocytes (Spittler et al. 1995, Exner et al. 2003). This fall is especially true
in healthy humans exposed to bacterial endotoxin (Vesali et al. 2005) but is, inter-
estingly, also associated with the infusion of recombinant human IL-6 (rhIL-6; Van
Hall et al. 2008). In this human study, there was a profound fall in serum GLN with
a concomitant flux of GLN from muscle. Another interesting facet of GLN effects
on cytokines is data from exercising muscle where IL-6 serves as a component of
the anti-inflammatory myokine group rather than an LPS induced pro-inflammatory
cytokine (Hiscock et al. 2003). In contrast to the inhibition of GLN on inflammation
associated IL-6, GLN supplemented during exercise further elevates plasma levels
of IL-6 compared to exercise alone.

Another potential mechanism for GLN associated protection is its ability to
induce the HSR (Ehrenfried et al. 1995). In cell culture experiments, cells deprived
of GLN show a decrease in heat induced Hsp70 and increased susceptibility to
apoptosis, as well as reduced responsiveness to pro-inflammatory stimuli (Eliasen
et al. 2006). Conversely, intestinal epithelial cells supplemented with GLN showed
enhanced Hsp70 expression and were more resistant to thermal and oxidant injury
(Wischmeyer et al. 1997). In animal models, intravenous GLN supplementation
induces Hsp70 in multiple organs such as lung, kidney, heart and colon, and reduces
mortality as well as end-organ injury after endotoxemic shock (Wischmeyer et al.
2001a, b). Previous research reported that increases in Hsp70 with GLN supple-
mentation were accompanied by suppressed NFκB activation and inhibition of p38
MAPK, and ERK phosphorylation. Further, lower pro-inflammatory cytokine release
(TNF-α and IL-1β) and oxidative stress were observed in GLN supplemented ani-
mals exposed to endotoxin (Singleton et al. 2005a). More recent studies suggest that
the HSR is necessary for the blunted cytokine response and protection afforded by
GLN (Morrison et al. 2006, Singleton and Wischmeyer 2007). The initial study by
Singleton et al. (2005b) observed that a single-dose of GLN post-sepsis initiation
increased lung Hsp70 and HSF-1, and improved survival. Interestingly, the bene-
ficial effects of GLN on survival were lost after the administration of the Hsp70
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blocker quercetin. Similarly, Morrison et al. (2006) demonstrated that mouse fibrob-
lasts lacking hsp70 genes (HSF-1–/–) but supplemented with GLN had decreased
survival compared to wild type cells supplemented with GLN. Moreover, the same
group confirmed these initial results using an intact animal model (Singleton and
Wischmeyer 2007). They reported that mice supplemented with GLN but also lack-
ing the hsp70 genes (HSF-1–/–) show greater mortality, higher pro-inflammatory
cytokine expression and higher NFκB activation. The authors concluded that Hsp70
expression is required for GLN’s effects on survival, tissue injury, and the inflamma-
tory response after sepsis. These data strongly support a role for HSF-1 activation
and perhaps Hsp70 in GLN associated protection in animal models.

In contrast to the relatively clear support for GLN activation of the HSR in cell
culture and animal studies, clinical trials in humans are much less clear. Cellular
Hsp70 accumulation has been shown to be impaired in granulocytes, and lympho-
cytes of patients with polytrauma (Weingartmann et al. 1999, Schroeder et al. 1999).
However, a double-blind trial observed that patients in the intensive care unit receiv-
ing GLN showed enhanced serum Hsp70 (Ziegler et al. 2005). This serum Hsp70
increase also correlated with improved clinical outcome. However, the function of
serum Hsp70 in this improved survival is unclear. It may provide a convenient and
easily measurable marker of HSF-1 activation or Hsp70 expression in other tissues
or may itself play a role in the observed outcome. Recently, we were unable to detect
an effect of GLN infusion on either intracellular or serum Hsp70 in the LPS-induced
cytokine response in healthy humans (Dokladny et al. 2009).

GLN associated HSR mediated protection may not rely solely on Hsp70. Although
the previous cell and animal studies have confirmed that HSR is necessary to GLN
protection, it is less clear if Hsp70 is the effector or whether the requirement for
HSF-1 activation mediates the GLN effects through non-Hsp70 pathways. As men-
tioned above, the importance of the HSR in mediating these effects is largely based
on studies using engineered HSF-1–/– knockout systems (Peng et al. 2006, Singleton
and Wischmeyer 2007). In these studies, the protective effect of GLN is lost without
HSF-1 activation. While Hsp70 can suppress the activation and nuclear translocation
of NFκB (Ran et al. 2004) and its related cytokines, attenuation of TNF-α occurs
prior to an increase in Hsp70 protein detection, indicating that HSP translation might
not be necessary to attenuate the TNF-α expression. In fact, Eliasen et al. (2006)
showed that human monocytes deprived of GLN showed normal capacity of HSF-1
to bind to HSE and normal increases in Hsp70 mRNA, however the Hsp70 mRNA
showed lowered stability compared to cells with GLN.

HSF-1 itself can attenuate the expression of pro-inflammatory cytokines by
binding to HSE and blocking IL-1β (Cahill et al. 1996) and blocking NFκB acti-
vation or inducing transcription of non-HSP genes, such Occludin-1 (Dokladny
et al. 2008). This induction of Occludin-1 provides a mechanism for improved
epithelial barrier integrity following HSF-1 activation, which would not require
Hsp70 expression. Thus, studies using HSF-1 knockout systems do not provide
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evidence to exclude these other, non-HSP effects of HSF-1 in mediating GLN related
alterations.

Another possible mechanism is that GLN can reduce the inflammatory response
in whole-body by activating the HSR and increasing maintenance of the mucosal
barrier following injury or illness (De-Souza and Greene 2005). LPS translocation
affects the function and integrity of remote organs and tissues, causing SIRS and
MODS. It has been shown that gut is affected by prolonged periods of physiologic
stress characteristic of severe burns, sepsis, and trauma (Deitch 1992). GLN may
play a protective role in the gut because of its role as a preferential substrate, main-
taining the selective barrier permeability and function against unwarranted bacterial
translocation. However, maintenance of the mucosal barrier with GLN supplementa-
tion may also occur through an up-regulated HSR. Gut Hsp70 up-regulation induced
by GLN supplementation correlates with a decrease in intestinal permeability and
plasma endotoxin (Singleton and Wischmeyer 2006). Hsp70 accumulation in epithe-
lial cells maintains the intestinal permeability during heat stress (Moseley et al.
1994). As noted above, the preservation of epithelial barrier integrity associated with
heat conditioning may also involve the up-regulation of occludin-1 (Dokladny et al.
2008). Therefore, GLN supplementation may preserve cell and organ function via
the induction of the HSR decreasing intestinal permeability and plasma endotoxin,
and consequently reducing inflammatory response.

Finally, GLN protective effects may be related in part to its role as a precursor of
glutathione (GSH), and reducing oxidative stress. GSH is an antioxidant and plays a
critical role in reducing free radicals and maintaining cellular redox status. Several
clinical conditions are associated with reduced GSH levels, which can result a low-
ered cellular redox potential (Exner et al. 2000). Xue et al. 2008 observed that GLN
supplementation reduced chemotherapy side effects in rats associated with increased
in Hsp70 and lower oxidative stress, as measured by the ratio of rGSH:oxidized
GSH in the colon. Moreover, epithelial cells over-expressing Hsp70 showed a greater
ability to preserve GSH and consequently create an intracellular environment with
increased reducing capacity in the face of hypoxia or ischemia (Guo et al. 2007).
Thus, GLN may improve tolerance to oxidative stress, either by contributing to
the HSR or by serving as a substrate for GHS. Conversely the increase in Hsp70
appears to preserve GSH and so could reduce the need for GLN consumption for
GSH generation.

Taken as a whole, GLN provides an interesting probe for the study of the HSR in
human inflammatory illnesses. Mechanistic studies in animals link GLN activation
of HSF-1 as the critical component of its anti-inflammatory response, and GLN sup-
plementation in admitted heterogeneous populations of critically ill humans has been
associated with improved outcomes. At the same time, GLN has important non-HSP
biologic effects; in addition, HSF-1’s role as a transcription factor of non-heat shock
genes provides alternative mechanisms for the potential role of GLN in altering the
course of human inflammatory illnesses.
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HSP ALTER CYTOKINE TOLERANCE

In addition to the ability to block cytokine production by immune effector cells, HSP
also alters target cell tolerance to inflammatory cytokines exposure. Heat condition-
ing renders tumor cells resistant to TNF-α mediated cytotoxicity (Kusher et al. 1990,
Gromkowski et al. 1989). Jaattela and Wissing (1993) confirmed that Hsp70, but
not HSP27, protects highly TNF-sensitive murine fibrosarcoma cells from cytotox-
icity mediated by TNF-α, using cells transfected with Hsp70. Additionally, Jaattela
(1993) demonstrated that Hsp70 over-expression or inhibition of endogenous Hsp70
synthesis did not change the ability of tumor cells to bind TNF-α or internalize and
degrade the receptor-bound TNF-α. However, the authors observed that both Hsp70-
mediated and TNF-induced TNF resistance appears to be associated with impaired
TNF-α induce phospholipase A2 activation.

The mechanisms by which the HSP confer protection from cytokines are not clear
but may involve the interplay of intracellular signals related to cell survival, stress
tolerance and inflammation. For example, it is well recognized that exposure of cells
to TNF-α may induce apoptosis, through either the caspase cascade; or activation
of two important transcription factors involved in the inflammatory response, AP-1
and NFκB (reviewed by Baud and Karin 2001). As described in the previous sec-
tions, the HSR has an array of protective properties, and thus can regulate the same
apoptotic pathways and transcriptions factors associated with cytokine activation.
Schett et al. (2003) reported that exposure of U937 macrophages to TNF-α caused
transient downregulation of HSF-1 activation and Hsp70 synthesis, leading to cell
apoptosis. Paradoxically, acute cytokine exposure (TNF-α or IL-1β) induced Hsp70
syntheses in cardiac myocytes and pancreatic islets (Sharma et al. 1996, Nakano et
al. 1996, Helqvist et al. 1991). Moreover, Ran and Lu (2004) demonstrated that TNF-
α triggered apoptosis was initiated when Hsp70 expression increased to high levels
to disrupt NFκB signaling. Therefore, it seems that there is a tissue or cell specific
response to cytokine exposure and a complex interaction among Hsp70, NFκB and
apoptotic signals.

HSP70 AND GUT PERMEABILITY

In addition to nutrient digestion and absorption, the gut functions as a barrier to
prevent the translocation of intraluminal bacteria endotoxin into the portal circula-
tion and systemic circulation. However, under some clinical conditions such as burn,
trauma and critical illness (Ziegler et al. 1988, Langkamp-Henken et al. 1995), the
gut barrier integrity is compromised and may result in the translocation of bacterial
endotoxin. The mechanisms underlying gut barrier dysfunction in these conditions
are not completely understood, but are at least temporally related to splanchnic
hypoperfusion, lack of enteral feeding and associated gut ischemia (Maynard et al.
1993). Although, increases in gut permeability, followed by endotoxin translocation
to the systemic circulation are frequently observed in animal experimental models,
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these are not consistently reported in clinical studies in humans (Moore et al. 1991).
Newer evidence suggest that shock, trauma, or burn-induced gut injury can cause
local gut and gut-associated lymphatic tissues to produce cytokines and other inflam-
matory mediators, which may lead to lung, kidney, and liver dysfunction associated
with sepsis and SIRS (Deitch 2002). The authors also provide an alternative route
for the inflammatory products whereby bacterial translocation across the gut cause
local activation of the gut inflammatory response reaching the systemic circulation
not via the portal circulation but via mesenteric lymph. Thus, it seems that the loss
of intestinal permeability drives the systemic inflammatory response and the multi
organ dysfunction which occur in injured and critically ill patients.

The ability to maintain gut barrier function during critical illness as well as dur-
ing splanchnic hypofusion states, such as elevated temperature with extreme skeletal
muscle work, may be important in preventing systemic inflammation (Moseley 1994,
Dokladny et al. 2006). In this regard, the induction of the HSR clearly attenuates
the loss of epithelial barrier and function, both through the cellular accumulation of
Hsp70 and through the HSF-1 up-regulation of transmembrane tight junction pro-
teins, occludin-1 (Dokladny et al. 2006, 2008). Studies using epithelial monolayers
cells demonstrate that Hsp70 accumulation driven by a non-lethal heat challenge
or through genetic modification prevent the loss of epithelial barrier integrity to
a lethal heat shock (Moseley et al. 1994, Dokladny et al. 2006). Additionally,
Eaves-Pyles et al. (2000) have demonstrated that mice treated with sodium arsen-
ite to induce cellular Hsp70 accumulation show increased survival and decreased
bacterial translocation in a mouse burn injury model. Although these previous stud-
ies link Hsp70 to improved epithelial barrier tolerance, the recent report that heat
stress induces the expression of occludin-1 by HSF-1 (Dokladny et al. 2008) offers
another mechanism by which the HSR preserves epithelial barrier integrity during
heat stress. This increased epithelial barrier resistance may be a key factor in limit-
ing gut associated endotoxin translocation during gut ischemia, heat stress, and low
perfusion states such as the SIRS.

HSP ARE PRO-INFLAMMATORY

Intracellular HSP confer an anti-inflammatory state because they down regulate
inflammatory cytokine production by immune effector cells, increase cell and tissue
tolerance of cytokine mediated cytotoxicity, and attenuate epithelial barrier perme-
ability changes. Paradoxically HSP, particularly Hsp70 and gp96, also orchestrate
a vigorous and multifaceted inflammatory response when seen by immune effector
cells in the local extracellular environment. The HSP are among the key molecules
referred by Matzinger (2002) as “danger” signals for the immune system since they
serve as co-stimulatory molecules for immune recognition. The release of Hsp70 into
the extracellular environment is an area of current research interest, as there is evi-
dence for active secretion as well as for their passive release from injured, necrotic, or
virally infected cells. In this regard, a variety of cells, such as monocytes (Lancaster
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Figure 2. Mechanisms of HSP release into the extracellular environment

and Febbraio 2005), tumor (Broquet et al. 2003), glial (Guzhova et al. 2001), and
B and T (Hunter-Lavin et al. 2004) cells actively release Hsp70 into the extracel-
lular space. Additionally, extracellular Hsp70 (eHsp70) can interact with different
peptides and microbial molecules to facilitate their detection to the immune system
(Srivastava et al. 1994). Curiously, HSP have also been detected in the peripheral
circulation of normal individuals with no signs of inflammatory or disease processes
(Pockley et al. 1998). Thus the extracellular Hsp70 seems to be associated with both
pathological and non-pathological conditions related to alerting the immune system
to an altered cellular function. The model of pro-inflammatory HSP is described in
Figure 2.

THE MECHANISM OF HSP RELEASE

Necrotic cell death, as consequence of mechanical injury or bacterial and viral infec-
tion, is the most evident mechanism to a cell release HSP. Experiments performed by
Basu et al. (2000) demonstrated that necrosis induced by freeze and thaw result in the
release of intracellular content, including Hsp70, into the extracellular environment.
Interestingly, the authors also observed that during apoptotic stimulus induced by
irradiation, the cell content seems to be packed into apoptotic bodies and the presence
of eHsp70 is not detected even 24 h after death. Moreover, exposure of dendritic cells
to necrotic but not apoptotic cell content elicited expression of maturation markers of
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dendritic cells. Similar results were observed by Melcher et al. (1998) who observed
that necrosis of tumor cells was associated with high immunogenicity and the pres-
ence of eHsp70. In contrast, induction of apoptosis showed low levels of eHsp70
and less immunogenicity. In humans, the presence of Hsp70 in the serum has been
reported in patients after severe trauma or major surgical interventions such as coro-
nary artery bypass (Pittet et al. 2002, Dybdahl et al. 2004). Dybdahl et al. (2005) also
demonstrated that patients with acute myocardial infarction showed increased levels
of serum Hsp70, and these values correlated significantly with important markers
of cell necrosis (creatine kinase and cardiac troponin T). The presence of Hsp70 in
the circulation would act as a danger signal or message alerting the antigen present-
ing cells to cellular damage of the surround or distant tissues and also activating the
immune cells to a possible bacterial invasion.

Recent studies have also demonstrated active secretion of Hsp70 into the extracel-
lular milieu by pathways other than cell damage. Under conditions of non-detectable
cell death, eHsp70 has been shown to be released in glial cells (Guzhova et al.
2001), B cells (Clayton et al. 2005), and human peripheral blood mononuclear cells
(Hunter-Lavin et al. 2004, Lancaster and Febbraio 2005). Although Hsp70 do not
have a peptide leader sequence targeting secretion, it is suggested that the release
occur via a non-classical pathway. In this regard, Bausero et al. (2005) demonstrated
a possible mechanism by which HSP could be actively released from viable cells.
The authors observed that Hsp70 could be released through exosomes when stim-
ulated with certain inflammatory cytokines (IFN-y, IL-10). Additionally, Lancaster
and Febbraio (2005) confirmed that exosome are the major pathway for secretory
vesicular release of Hsp70. However, when the lipid rafts structure was disrupted
through heat stress, the PBMCs were able to continue secreting Hsp70, suggesting
additional pathways. Parallel with the active mechanism of release of Hsp70 in the
extracellular milieu, secretory vesicles may fuse with the plasma membrane result-
ing in the expression of the Hsp70 in the surface of certain cells. In fact, different
human tumors cells express Hsp70 in their plasma membrane (Multhoff et al. 1995,
Melendez et al. 2006).

In whole organisms, serum Hsp70 has been detected in peripheral circulation of
apparently healthy individuals (Pockley et al. 1998) and increased in response to dif-
ferent stressors, including certain diseases (Wright et al. 2000, Pockley et al. 2003),
exercise (Walsh et al. 2001) and even psychological stress (Campisi et al. 2003).
The source and mechanism of appearance of Hsp70 in the serum is not clear. It is
possible that during disease states a combination of necrotic and active release by
stressed tissue are responsible for Hsp70 in the serum. However, in conditions where
cell necrosis or injury is not detectable, such as psychological stress and certain
exercises, serum Hsp70 is possibly dependent on active release.

HOW DOES HSP70 INDUCE INFLAMMATION?

HSP are primarily considered a primitive intracellular molecule. The presence of
HSP in the extracellular milieu of multicellular organism with immune surveillance
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has been seen as an inducer of a highly immunogenic response. However, the
immune effects of HSP released by necrotic are possibly different from the immune
effects of HSP released during psychological stress. Additionally, different cells
actively release HSP which can have different significance/interaction with immune
effector cells. Here we will briefly discuss a direct LPS-like inflammatory response
of extracellular HSP through Toll-like receptor (TLR) activation, as well as a role for
HSP in antigen uptake of HSP-peptide complexes by antigen presenting cells and
facilitated antigen presentation to cytotoxic T cells.

Cytokine Response Through TLR Activation

eHsp70 can bind to different cell surface receptors such as TLRs 2 and 4, resulting
in signaling events and activation of antigen presenting cells. This activation results
in a signaling cascade including stimulation of the inflammatory myeloid differenti-
ation primary response, downstream IL-1 receptor associated kinase 4 (IRAK) and
the NFκB signal transduction pathway. Asea (2007), for example, demonstrated that
recombinant Hsp70 could signal through TLR-2 and TLR-4 with the involvement
of CD14 of human monocytes stimulating rapid intracellular calcium efflux, activat-
ing NFκB and up-regulating pro-inflammatory cytokine secretion (IL-1β, IL-6 and
TNF-α).

Enhanced Antigen Uptake and Presentation of HSP-Peptide Complexes

Extracellular HSP, particularly Hsp70, Hsp90, and gp96, serve as antigen carri-
ers and facilitate antigen uptake by dendritic or antigen presenting cells (APC;
Srivastava et al. 1994). Uptake appears to be through several mechanisms, including
the alpha2-macroglobulin receptor (Binder et al. 2000). The HSP-peptide complex
is more efficiently taken up by APCs than antigen alone. In addition to facilitated
uptake, HSP appears to drive APC maturation and activate NFκB signal path-
ways (Basu et al. 2000). Finally, HSP facilitates antigen processing and transfer
to a major histocompability complex I class molecule for presentation to cytotoxic
T-lymphocytes.

NK Cell Activation

Hsp70 is expressed on the surface of tumors cells in culture (Multhoff et al. 1997) as
well as in cells infected with several viruses, including HIV. The Hsp70 expression
on tumour cells correlates with direct natural killer (NK) cell induced cytotoxicity
and can be blocked by incubating target cells with antibodies directed against Hsp70
prior to NK cell exposure (Roigas et al. 1998).
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UNDERSTANDING THE PARADOX OF THE PRO- AND
ANTI-INFLAMMATORY ACTIONS OF HSP: THE HSP-VIRUS
CONNECTION

Given the potency of intracellular HSP in blunting cytokine production and in
increasing cell resistance to these same cytokines, it seems paradoxical, on first
glance, that eHSP would have similar potency in activating the same cytokine path-
ways. It would seem even more paradoxical that these eHSP drive both NK cell
killing and facilitate antigen uptake. We propose that this paradox represents an evo-
lutionary adaptation of multicelled organisms to the threat of viral infection. It is
beyond the scope of this chapter to detail the viral HSP connection, but this subject
has been well reviewed by Sullivan and Pipas (2001). Most viral infections, whether
bacteriophages, plant viruses, or animal viruses, are associated with an HSR. While
this HSR was seen as a cellular response to stress or the appearance of new proteins
within the cell, data from adenovirus studies reveal that, in fact, the HSP are essential
for viral replication and so represent a viral rather than host cell adaptation (Glotzer
et al. 2000). The HSP are employed by viruses as anti-apoptotic factors, as a means
to move viral proteins to the cell nucleus, and in virion assembly. One consequence
of the virus’s requirement for HSP is that both free HSP as well as HSP-viral pep-
tide complexes are released during virion release and/or virally-induced cell death.
Since the HSP requirement and release by viruses occurs in both single and multicel-
lular organisms, the immune systems of multicelled organisms evolved in a setting
of HSP release. We propose that immune system evolution incorporated HSP and
HSP-viral peptide release as a signal for activation. This sort of immune signaling is
not unique. The immune/inflammatory activation of other primitive signals, such as
CpG nucleotides, can also be considered under this paradigm.

DISEASE AND PATHOLOGIC STATES

Sepsis

Sepsis is a spectrum of diseases that encompasses infection, the SIRS, the devel-
opment of organ dysfunction (severe sepsis), cardiovascular collapse (septic shock),
and death (Hotchkiss and Karl 2003). Experimental and clinical data indicate that
pro-inflammatory cytokines play a major role in sepsis-inducing systemic inflamma-
tory response (Christman et al. 1995). To date previous studies have demonstrated
that induction of the HSR protects animals in an experimentally induced sepsis
model possibly by a reduction of the pro-inflammatory cytokines. As reviewed
above, the transcription factor NFκB is an important regulator of inflammatory
cytokines. Patients with sepsis show elevated levels of NFκB and it correlates with
mortality rates (Bohrer et al. 1997). Interestingly, Schroeder et al. (1999) showed
that peripheral blood mononuclear cells of patients with severe sepsis stimulated
with LPS showed significantly less Hsp70 than healthy donors control subjects.
Although these are two different studies, they indicate that the low Hsp70 observed
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might be associated with a greater activation of the NFκB transcription factors, and
consequently pro-inflammatory cytokines.

Heat Stroke-Associated Inflammation

Heat stroke is a life threatening condition where hyperthermia and its associated
alterations in perfusion to critical tissues induce cellular dysfunction of critical
tissues and the SIRS (Moseley 1997, Bouchama and Knochel 2002). While the
mechanism by which heat activates this systemic inflammatory response is not com-
pletely clear, evidence is accumulating that hyperthermic stress drives inflammation
through local tissue injury from ischemia/reperfusion as well as increased intestinal
permeability, which facilitates endotoxin translocation across the intestinal lumen
into the portal and splanchnic circulation. For example, it has been shown that lev-
els of endotoxin in heat stroke patients are more than 1000-fold higher than normal
healthy subjects (Bouchama et al. 1991). Additionally, patients suffering from heat
stroke frequently present with pro-inflammatory mediators, such as TNF-α, IL-1β,
IL-6 and nitric oxide synthase, in the systemic circulation (Bouchama et al. 1991).
The serum concentrations of IL-6, IL-1β, and INF-γ are inversely correlated with the
severity of illness (Bouchama et al. 1993).

It has been demonstrated that elevations of core temperature result in early periph-
eral vasodilation with an associated fall in blood flow in the splanchnic circulation
(Kregel et al. 1988). In this study, splanchnic dilation preceded terminal hypoten-
sion and death, implicating early splanchnic ischemia in the pathogenesis of heat
stroke. Later studies using organ specific Hsp70 accumulation as a biomarker of
stress demonstrate that the intestine and liver are the tissues most affected by hyper-
thermic stress (Flanagan et al. 1995, Beck et al. 1995). In vitro epithelial models
also support early epithelial permeability as a key component of hyperthermic stress.
These early changes occur at relatively mild temperatures (>38.3ºC) and are com-
pletely reversible (Moseley et al. 1994, Dokladny et al. 2006). Altogether, these data
suggest that hyperthermia impairs the ability of cells to maintain critical cell-to-cell
interaction probably affecting overall gut function and allowing LPS to leak into the
portal circulation and eventually in the systemic circulation.

In addition to the inflammatory cascade unleashed by the leak of endotoxin as well
as direct thermal and ischemic challenges to the gut, Hsp70 in the extracellular envi-
ronment may also be involved in propagating the inflammatory response observed
during heat stroke. Cells, especially from the comprising critical target tissues, under-
going the multiple stresses of hyperthermia activate the HSR, up-regulating the
intracellular content of HSP (Flanagan et al. 1995). In cases of cell necrosis, HSP are
released into the extracellular milieu, enhancing the immune/inflammatory response.
Thus, there is a balance between intracellular HSP in inflammatory cells blunting
inflammation and the release of HSP from injured cells activating inflammation. A
model of extracellular Hsp70 related inflammation has been proposed for the mater-
nal pre-eclampsia and the syndrome of hemolysis, elevated liver enzymes, and low
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platelet count (HELLP, Molvarec et al. 2007, Madach et al. 2008). It is reported that
patients with HELLP present an excessive maternal inflammatory response to preg-
nancy with cytokine-mediated endothelial damage in the liver, platelet activation and
hepatocellular necrosis (Baxter and Weinstein 2004). In these diseases, extracellular
Hsp70 might function like endotoxin, binding to specific receptors (CD14, CD91
and Toll-like receptors) on APC’s, resulting in NFκB activation and the produc-
tion of pro-inflammatory cytokines (TNF-, IL-1β and IL-6). Similarly in heat stroke
patients, liver damage frequently is reported in heat stroke patients (Giercksky et al.
1999, Kew et al. 1970). Thus, extracellular Hsp70 might be important to drive to the
systemic inflammatory response observed in heat stroke patients.

Aging Susceptibility to Heat Injury/SIRS

The aging process involves a progressive decline in physiological function, also
accompanied by a reduction in stress tolerance. Several studies demonstrate that
animals with advancing age have lower tolerance to a variety of physiological chal-
lenges, including heat stress (Hall et al. 2000, Zhang et al. 2003). In humans, an
example of age-associated loss of stress tolerance is a higher occurrence of mor-
bidity and mortality during periods of heat waves in older than younger individuals
(Levine 1969, Semenza et al. 1996). Although the mechanism underlying the lack of
thermotolerance in aging animals is not clear, previous studies have indicated that the
HSR is impaired in older organisms (Liu et al. 1989, Fargnoli et al. 1990, Blake et al.
1991). The initial work done by Kregel et al. (1995) reported that the increases in
liver and myocardial Hsp70 accumulation in response to non-exertional heat stress
were attenuated in old rats. In a subsequent study, it was reported that the lower
expression of Hsp70 was followed by extensive liver injury and higher mortality in
older animals after two consecutives heat exposures (Hall et al. 2000). Interestingly,
Hsp70 expression after the first heat stress was moderately reduced compared to the
younger rats but by 48 h Hsp70 expression was dramatically lower. One interpreta-
tion of these results is that this lower Hsp70 response in the aged organism allowed
tissue necrosis and release of Hsp70 in the extracellular milieu. The eHsp70, in turn,
supported the inflammatory state which is similar to that reported in an aged organ-
ism (Dobbs et al. 1999). Thus, the HSR, through Hsp70 leak may be a driver of the
greater susceptibility of systemic inflammatory response in aging.

Although this lower cellular Hsp70 accumulation seen in the severe heat stress
model could be interpreted as an age- associated impairment of Hsp70 accumulation,
curiously the aged organism is actually able to generate a similar Hsp70 response
compared to the young organism when exercise is used as a stimulus (Kregel and
Moseley 1996). Additionally, Nitta et al. (1994) observed reduced Hsp70-mRNA
after 10 min of ischemia in aged rat hearts but, with longer period of ischemia, Hsp70
level was similar to young hearts. Thus, the data suggest that the aging process does
not represent a loss of HSR but alterations in the quality or intensity needed for
Hsp70 accumulation.
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Inflammatory Bowel Diseases (IBD)

The inflammatory bowel diseases (IBD), which include the Crohn’s disease and
ulcerative colitis, are chronic relapsing idiopathic inflammatory disorders of the gas-
trointestinal tract. It is suggested that defects in both the barrier function of the
intestinal epithelium and the local mucosal immune system promotes an inappro-
priate and ongoing inflammatory response to the presence of normal gut luminal
flora (Podolsky 2002). Activation of immune cells by luminal antigens promotes
the production of inflammatory mediators, including cytokines, chemokines and
growth factors, resulting in tissue damage. Accumulated evidence suggests that TNF-
α secreted by intestinal monocytes cells may play a role in the development of
inflammatory bowel disease (Van Deventer 1997). It is reported that high levels of
TNF-α are secreted by cells isolated from mucosal biopsy specimens of patients with
IBD (Breese et al. 1994). In a cellular model of epithelial barrier, TNF-α caused an
increase in intestinal tight junction permeability, shown by an increase in epithe-
lial permeability (Ma et al. 2004). Furthermore, clinical and animal studies have
shown that application of anti-TNF antibody decreased disease activity and caused
transient remission confirming that TNF-α is an important mediator of IBD. The
mechanism of the TNF-α induce an increase in intestinal epithelial tight junction
permeability seems to be regulated in part by NFκB (Ma et al. 2004, Ye et al. 2006).
Curiously, biopsies of patients suffering from Crohn’s disease and Ulcerative Colitis
show enhanced expression of Hsp70 (Ludwig et al. 1999). An interesting question is
if the up regulation observed in patients with IBD is just a marker of cellular injury
or if the cells are becoming more resistant to the inflammatory stress.

Additionally it has been hypothesized that Hsp70 may participate in the process of
inflammatory bowel diseases when it is present in the surface of epithelial gut cells
or exported to the local gut environment. As mentioned above, it is reported that
biopsies of patients with inflammatory bowel disease show an enhanced epithelial
expression of HSP (Ludwig et al. 1999). This enhanced epithelial Hsp70 expression
may be involved in the surface presentation of altered self-protein to the immune sys-
tem, activating immune cells or through molecular mimicry or homology to bacterial
Hsp70 (Petrof et al. 2004). A more recent alternative hypothesis involving eHSP and
bowel disease has been proposed by Fleshner et al. (2005). The authors suggest that
eHSP released after exposure to stress binds to TLR4 expressed in epithelial cells,
triggering endogenous bacterial translocation, increased phagocytosis, and an up-
regulation of co-stimulatory molecules, resulting in an exaggerated inflammatory
response. In this regard, Whittall et al. (2006) observed that both mucosal cells and
circulating monocyte-derived dendritic cells from Crohns diseases patient showed an
increased TNF-α production compared to control samples.

THE IMMUNO-PHYSIOLOGY OF ADAPTATION

As described above, the HSR modulate the immune/inflammatory response in both
cultured cells and in animals. Numerous human and non-human studies demonstrate
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that the physiologic stresses of exercise and whole body hyperthermia, as well as
supplementation with agents such as GLN result in cellular Hsp70 accumulation.
Early studies have shown that Hsp70 levels correlate with the environmental tem-
perature of the ecological niche of a given species (Ulmasov et al. 1992). However,
there remains considerable uncertainty whether the magnitude of the HSR in humans
under these stresses is sufficient to alter tolerance to high core temperatures and
inflammatory response.

Heat Acclimation and Adaptation

Heat adaptation can be divided into thermotolerance and acclimatization (Moseley
1997). The thermotolerant state is defined as the organism’s ability to survive an
otherwise lethal stress, including heat or endotoxin, from a prior heat exposure caus-
ing cellular accumulation of Hsp70. Some characteristics of the thermotolerant state
are the ability of whole organism to tolerate a higher core temperature and endo-
toxin shock. The mechanism by which thermotolerant animals can tolerate higher
core temperature may be due in part to the changes seen in cell culture studies,
but there are also other important differences. Animal survival in thermotolerance
depends more upon maintenance of tissue and organ function than on individual cell
survival. When animals are subjected to severe heat stress, there is a marked fall
in splanchnic perfusion (Kregel et al. 1988), which precedes terminal hypotension.
This type of severe stress also results in the animals activation of a robust stress
response in the gut and liver (Flanagan et al. 1995), suggesting an important role
of gut and liver injury from thermal stress. The maintenance of intestinal epithelial
tight junction barriers, for example, may block the passage of gut-associated endo-
toxin translocation. Thermotolerant animals may also maintain the liver Kupfer cells
function during period of heat stress degrading endotoxin present in the portal cir-
culation. Finally, thermotolerant animals may have a lower inflammatory response
due to lower cytokine release from immune blood cells (Snyder et al. 1992, Ensor
et al. 1994). Thus, it seems that cellular accumulation of Hsp70 is responsible for
this thermotolerant state.

Heat acclimatized state is defined as an organism’s ability to perform increased
work in the heat because of improvements in heat dissipation brought on by repeated
mild elevations in core temperature (Moseley 1997). Additionally, it is suspected
that humans working in the heat, for example athletes, also demonstrate the abil-
ity to achieve higher core temperatures, in combination with the ability to sustain
work at these higher core temperatures (Pugh 1967). This ability may not be the
result of physiological changes observed in heat dissipation with heat acclimation
but appears to result from cellular adaptations that allow continued function at higher
temperatures, resembling the thermotolerant state. Studies using a heat acclimation
protocol in humans induced the synthesis of Hsp70 in peripheral blood mononuclear
cells (PBMC), suggesting a possible link between these forms of thermal adaptation
(Yamada et al. 2007, McClung et al. 2008). More recently, we observed that heat
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acclimation, which also resulted in cellular Hsp70 accumulation, had no effect on
reducing PBMC injury after heat shock and did not alter anti- and pro-inflammatory
cytokine release after LPS exposure (unpublished data). In contrast, ex vivo heat
shock of 42.5ºC induced a much greater increase in PBMC Hsp72 compared to
an acute bout of exercise in the heat on days 1 and 10 of heat acclimation. Thus,
heat acclimation can induce changes in Hsp70 but the magnitude of induction may
not able to induce a state of thermotolerance or modify the cytokine response to
endotoxin.

CONCLUSION

The heat shock response has clear and potent effects on inflammation. While it is
tempting to construct simple linear models of cause and effect, the reality is one
of complex interactions, paradoxes, and balances. Using the highly stress-inducible
Hsp70 as an example, we have seen that it can modulate inflammation by interrupt-
ing NFκB signaling as well as creating cytokine resistance in target cells. Hsp70 also
directly enhances the functional resistance of multicellular tissues, such as epithelial
barriers, to different stresses. This enhanced epithelial barrier resistance, in turn,
may decrease endotoxin translocation into the circulation and so may indirectly alter
cytokine production by decreasing the stimulus for cytokine production. Further,
while the role of HSF-1 has been seen as limited to HSP transcription, more recent
data suggests that it, too, directly modulates cytokine production. The recent obser-
vations that HSF-1 directly alters transcription of the tight junction protein, occludin
1, also suggest a much broader role for the HSR transcription machinery.

At the same time, paradoxes abound. Hsp70, which has been demonstrated
to inhibit endotoxin induced IL-6, and has been correllated to GLN associated
decreases in IL-6 in critically ill patients and animal studies is temporally linked
to exercise induced IL-6 production in exercise. In addition, GLN exposure in exer-
cise enhances muscle IL-6 production, suggesting a role for the HSR in this increase.
Secondly, we have briefly reviewed the potent pro-inflammatory effects of the HSP,
again seen through the Hsp70 model. This response is quite broad based. In that it
involves inflammatory cytokine production, NK cell targeting, and marked enhance-
ment of antigen presentation resulting in a specific cytotoxic T cell response. We
have speculated that this pro-inflammatory response is an evolutionary adaptation to
the role of HSP in the replication of viruses. This requirement extends across viruses
infecting eukaryotic and prokaryotic life forms, demonstrating its ubiquity and high
degree of conservation. Finally, studies using acute exercise or acclimation protocols
in humans, and which have demonstrated Hsp70 alterations have largely failed to
alter cytokine levels from stimulated cells. This failure may reflect an insufficient
level of Hsp70 induction compared to the robust inflammatory stimulation. Clearly,
there are a number of disease states where the ability to activate Hsp70 in cells, limit
eHsp70, or create a specifically targeted eHsp70 response offers the opportunity to
address a wide variety of disease states.
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