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chapter one

Overview of the stress
response

Marius Locke
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I. Introduction

In a broad sense, the word “stress” often refers to some entity that when
applied to another upsets or disturbs equilibrium. These alterations or
changes in stasis usually impair or alter normal function and, if left
unchecked, may eventually have lethal consequences. Because almost all
disciplines of study employ or describe some model capable of change, it is
not surprising that stress is examined by most disciplines. From a physio-
logical point of view, a stress can be any disruption to homeostasis. The
stress-induced disruption may be at the level of the cell, tissue, organ, organ
system, or whole organism. The extent of the homeostatic disruption is
dependent on both the intensity and duration of the stress. At the cellular
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2 Exercise and the stress response: The role of stress proteins

level, the investigation into the “cellular stress response” and the proteins
expressed by this response, the so-called “stress proteins” (SPs) or “heat shock
proteins” (HSPs), is a well-established area of research. Indeed, a PubMed
computer search using the words “cells” and “stress” listed over 35,000
journal articles. Although the majority of these studies were published in
journals from a wide variety of disciplines, a journal devoted exclusively to
studying cell stress (and chaperones) from an interdisciplinary approach has
also been established. The purpose of this chapter is to provide a brief
overview of the cellular stress response. A brief description of the history of
the response, from its initial discovery to the first studies involving exercise,
is provided. A secondary purpose is to provide new readers with an aware-
ness of the terms and conditions that often confuse both newcomers as well
as those established in the field.

II. The nature of stress

Due to its inherent nature, the term “stress” can have different meanings to
different investigators. To the exercise physiologist, the term “stress”
involves perturbations to homeostasis created by exercise at, or above, the
cellular level. Because exercise or physical activity is a common stress often
experienced by the general populace, developing a better understanding of
the consequences of the stresses it imposes may have important health impli-
cations. In addition, a more thorough understanding of the limits, as well
as the mechanisms underlying these stresses, may also be relevant for enhanc-
ing performance. Despite these obvious connections between stress and
exercise, a computer search using the words “exercise” and “stress proteins”
listed only 66 papers. Thus, the field of investigation examining how exercise
alters the “cellular stress response” has only recently emerged. Given the
importance of prevention in combating disease, exercise physiologists may
also have an avenue that may allow the acquisition of new information that
can potentially be used to establish more appropriate exercise limits. This
may allow individuals to more effectively achieve their health and fitness
goals.

II1. Hans Selye and the stress response

One of the first and perhaps one of the best physiological descriptions of
stress came from Hans Selye, the father of stress and author of the book The
Stress of Life. Selye defined stress as the nonspecific response of the body to
any demands."” In Selye’s view, stress could be either beneficial (eustress)
or detrimental (distress). However, regardless of the source of stress, the
physiological response was similar. Selye developed a General Adaptation
Syndrome that described three stages or phases of an organism’s response
to stress. In the first stage, known as the alarm reaction stage, an organism
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Chapter one:  Overview of the stress response 3

Selye's GAS Stage Cellular Stress Response
Alarm reaction Induction of synthesis of
‘ specific proteins
Resist devel t Can the cell make sufficient
esistance developmen quantities of SPs to
‘ restore homeostasis?
Exhaustion Inability to maintain sufficient

quantities of SPs and/or restore
homeostasis.

Figure 1.1  Comparison between Selye’s GAS stages and induction of stress proteins.

attempts to restore homeostasis and reestablish equilibrium. If continual
exposure to the stress is compatible with adaptation, the second stage —
resistance development — ensues. In this stage, the signs characteristic of
the alarm reaction have virtually disappeared and resistance rises above
normal. However, if the organism is continuously exposed to a stress for a
long period of time or if the stress is of sufficient intensity such that the
adaptation capabilities are insufficient or depleted, the organism enters the
exhaustion stage. In this stage, also known as the distress stage, the organism
can no longer cope with the stress and, eventually, systems fail and death
may ensue. Although Selye’s General Adaptation Syndrome was developed
to describe how organisms respond to specific stresses, it can now be used
to describe how the cells of an organism respond to a myriad of stressors,
including exercise. This response has become known as the cellular stress
response and it fits easily within Selye’s General Adaptation Syndrome
(GAS) paradigm (Figure 1.1). In this scenario, after cells have been exposed
to a stress, the cells respond by synthesizing SPs; this is the alarm reaction
stage. If the cells can synthesize sufficient quantities of SPs to restore cellular
homeostasis, resistance to the stress may be conferred and the cells survive.
However, if the stress is so great in magnitude and/or duration that the quan-
tity of SPs synthesized is insufficient to allow the cells to cope with the
perturbations and stasis cannot be restored to a manageable level, the cells
will enter the exhaustion stage and cell death may ensue.

IV. History of the cellular stress response

It has been known for quite some time that all nucleated cells respond to
stresses capable of altering homeostasis by inducing or enhancing the syn-
thesis of groups of highly conserved pro’reins.3’4 This universal biological
response has been termed the “cellular stress response” and the proteins
synthesized aptly termed “stress proteins.”
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4 Exercise and the stress response: The role of stress proteins

The first example of a cellular stress response was reported in 1962 in
the form of a brief communication that showed the response of Drosophila
busckii larvae to elevated temperatures (also termed heat shock), salicylate,
and dlmtrophenol These stressors were reported to cause changes in the
puffing pattern of the polytene chromosomes in the salivary gland. The
puffing pattern observed was reversible and dependent on environmental
conditions. Because RNA synthe51s was increased, these sites were suggested
to be those of active genes.’

Perhaps due to the technology available at the time, the cellular stress
response received little additional attention until 1974 when experiments
using *°S-methionine-labeled proteins separated by SDS-PAGE clearly
showed the synthesis of new protems during/following exposure to elevated
temperatures, or “heat shock.”® Because heat shock was one of the first stres-
sors applied, the newly synthesized proteins were termed “heat shock pro-
teins” (HSPs). One of the first reports of HSPs in vertebrates showed that in
addition to heat, other stressors also induced the synthesis of HSPs.” As the
list of stressors capable of causing the “heat shock response” and inducing
the HSPs grew, the terms “cellular stress response” and “stress protein” were
introduced to more accurately reflect the myriad of stressors capable of
inducing the response. Today, the terms HSPs and SPs are often used inter-
changeably although there are differences.

As more studies were conducted, it became apparent that not all stressors
induced the same SPs.”'? That is, cells responded to different stressors by
synthesizing different proteins. For example, the proteins induced following
heat stress were different in molecular weight than the proteins induced in
cells deprived of glucose. 89112 Thys, at least two distinct sets of proteins
were induced in cells. The most prominent group, the HSPs, was induced
by heat shock and other protein-damaging stressors, while a second group
was induced following perturbations to glucose homeostasis (glucose and
calcium impairment, as well as agents that impair protein glycosylation).
Due to their induction following glucose perturbations, the latter group
became known as glucose regulated proteins (GRPs). GRPs are generally not
induced in cells by heat shock.

A distinguishing feature between the HSPs and the GRPs is the presence
of a specific regulatory sequence in the promotor region of all HSP genes.
This sequence is known as the heat shock element (HSE) and confers heat
inducibility.** The HSE is the binding site for regulatory proteins known
as heat shock transcription factors (HSFs)."”'* HSFs mediate the expression of
the HSP genes durmg conditions of stress as well as during some nonstress-
ful conditions.” At present, a number of HSFs have been identified, some
of which exhibit isoforms generated by alternative splicing."”"* Because GRPs
do not possess an HSE, they are not mediated by the HSFs and are not heat
inducible. Thus, although HSPs and GRPs can both be considered SPs, each
group is a separate set of proteins capable of being selectively induced.*"*"

During the 1980s, recombinant DNA techniques became popular and
some of the HSPs were among the first genes to be cloned. The heat shock
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Chapter one:  Overview of the stress response 5

response and induction of HSPs became a convenient model system for
studying inducible genes, and an increased awareness of HSPs (and SPs)
was established primarily by a small number of basic researchers. As more
SPs were identified, and as more researchers examined their model systems
for SPs, the scientific prominence of SPs gradually increased. Today, SPs are
being studied by many disciplines and play important roles in areas ranging
from immunology to myocardial protection. In addition, SPs are being stud-
ied for their roles in protein transport, protein synthesis, as well as their ability
to protect cells and tissues from reactive oxygen species. These topics are
addressed in detail in subsequent chapters.

Given that the stressors known to induce SPs in cells in vitro were very
similar to the homeostatic perturbations known to occur in cells and tissues
during exercise, it was not surprising that exercise physiologists became
interested in examining SPs during and following exercise. The often-
observed exercise-induced hyperthermia, combined with other cellular per-
turbations, implied that exercise might be capable of inducing SPs. The first
study to investigate the express1on of SPs during exercise involved mice that
were exercised by swimming.”’ Although no increase 1n SP content was
observed, it set the stage for additional exercise studies,” > and it is now
generally accepted that certain modes and intensities of exercise are capable
of inducing SPs in mammals, including humans. However, the mechanism(s)
responsible for the exercise induction of SPs and the exact significance of
the induction of SPs by exercise are less well understood and a current area
of investigation.

V. Stress protein inducers

Because temperatures of 43 to 45°C were often used to induce HSPs in mam-
malian cell lines, SPs were initially viewed as an in vitro phenomenon that
occurred primarily when cells were subjected to supraphysiological levels of
stress. Thus, the physiological role(s) of SPs in cells was unclear and the exact
function(s) of the various SPs remained largely unknown. Eventually, SPs were
shown to be expressed in cells in response to physiologically relevant stres-
sors.” " SPs were also shown to be expressed in cells during unstressed con-
ditions and in some cases in a tissue-specific manner. **** Stressors capable
of inducing SPs can be classified as either env1ronmental stresses, patho-
physiological stresses, or as nonstress conditions."” Environmental stressors
are known to include, but are not limited to, temperature changes, exposure
to transition metals, oxygen-derived free radicals, amino acid analogues, and
inhibitors of energy metabolism. Some of the pathophysiological stresses
may include fever, ischemia, oxidant injury, aging, hypertrophy, as well as
viral and bacterial infections. Nonstressful conditions include growth factors,
specific stages of the cell cycle, as well as processes that occur during cell
development and differentiation. While these classifications are useful, it is
now generally accepted that any stress capable of damaging or denaturing
cellular proteins will likely induce an SP response.
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6 Exercise and the stress response: The role of stress proteins

V1. Classification of stress proteins

All proteins exhibit a charge and molecular weight; hence, these character-
istics are used to separate and identify SPs. Although there are numerous
methods for determining these characteristics, a common method is electro-
phoretic separation of proteins by polyacrylamide gels. Thus, the number
following the HSP or GRP abbreviation refers to its approximate molecular
weight in kilodaltons (kDa). For example, HSP60 refers to a heat shock
protein with a molecular weight of 60,000 daltons or 60 kilodaltons (60 kDa).
As mentioned previously, although many stresses are capable of inducing
these proteins, many SPs are still referred to by their original name of heat
shock protein because heat stress/shock was the initial stressor used to
characterize these proteins. Because many SPs express isoforms, there can
also be confusion as to the exact SP being examined. For example, HSP70 is
often used to refer to both the entire family of proteins with an approximate
molecular weight of 70 kDa, as well as a specific member (the inducible member
also known as HSP72) of this family. Additional confusion can arise from
the same SP exhibiting a slightly different molecular weight in different
species. For example, HSP27 and HSP25 are both used to refer to the same
protein in human and rodent species, respectively.” Thus, there can be uncer-
tainty about the exact SP under investigation.

SPs are often placed into groups or families based on their relative molec-
ular weight and DNA sequence. The exact number of these groups varies but
usually there are at least three main groups. Most groupings generally identify
a group of low-molecular-weight SPs, the HSP70 family of SPs, and a group
of high-molecular-weight SPs. The high-molecular-weight SPs may or may
not include SPs with an approximate molecular weight of 90 kDa. The 90-kDa
family of SPs is often placed in a separate group and the high-molecular-
weight SPs used to refer to SPs of approximately 100 to 110 kDa.

Most group classifications of SPs also refer to a low-molecular-weight
group of SPs. While this term is generally used to refer to a family of isoforms
with a molecular weight of approximately 23 to 27 kDa, it should be noted
that there are many other low-molecular-weight proteins that are also con-
sidered SPs but are not members of this family. For example, heme oxygenase™
and ubiquitin® are both proteins that have been identified as SPs with a low
molecular weight but may have little similarity to the proteins traditionally
identified as the low-molecular-weight SPs. Thus, unless referring to a spe-
cific family of SPs (i.e., HSP70 or HSP90), the general groupings of SPs are
of limited value.

VII. Constitutive expression of stress proteins

Although the term “stress protein” was originally intended to describe pro-
teins that are induced during or following stress, it has become apparent
that many SPs are constitutively expressed. That is, they are expressed in
cells during “unstressed” conditions.””***”*' For example, the 70-kDa family
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A ==~ HSP 90p
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C 1D 3DHS
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Figure 1.2 Myocardial stress protein content after exercise or heat shock. Rats were
subjected to: no stress [C], one bout of treadmill running (30 m/min for 60 min) [1D],
three bouts of treadmill running on three consecutive days (30 m/min for 60 min)
[3D] or a 15-minute, 42°C heat shock [HS]. All animals were allowed to recover for
24 hours and the myocardial SP content assessed by SDS-PAGE followed by Western
blotting. Panel A: HSP90B. Panel B: GRP75. Panel C: HSP70 (both HSP72 and HSC73).
Panel D: HSP60. Panel E: an enlargement of a blot similar to that shown in panel C.
Both HSP72 and HSC73 are indicated by arrows.

of stress proteins is known to have both an inducible isoform (HSP72) and a
cognate isoform (HSC73).*"* The former, as its name suggests, was initially
observed to be absent or at low levels in most cells durmg unstressed con-
ditions, but increased following exposure to stresses.”” In contrast, the cog-
nate isoform is readily expressed in most cells during unstressed conditions
and generally does not demonstrate high levels of induction following expo-
sure to stresses.”” Figure 1.2 shows portions of Western blots demonstrating
the myocardial content of four SPs, 24 hours after rats were subjected to
either one exercise bout (treadmill running at 30 meters/minute for 60 min),
three exercise bouts (on three consecutive days), or a 15-minute 42°C heat
shock. Figure 1.2 panel C shows the typical increased expression of HSP70
detected in the rat myocardium 24 hours after either three bouts of exercise
(on three consecutive days) or a 15-minute, 42°C heat shock. Panel E, a
magnification of a blot similar to that in panel C, shows both a faster migrat-
ing inducible HSP70 isoform (HSP72) and a slightly slower migrating (less
inducible) cognate isoform (HSC73). These isoforms are more easily resolved
and identified using two-dimensional gel electrophoresis or HSP70 isoform-
specific antibodies, respectively. From these blots it can also be determined
that detectable quantities of certain SPs, both HSPs and GRPs, are detectable
in hearts from unstressed controls. Furthermore, the myocardial content of
certain SPs (HSP90B, GRP75, HSP60) is not increased after either exercise
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8 Exercise and the stress response: The role of stress proteins

or heat shock. This demonstrates the differential patterns of SP induction
that are often observed.

Because the inducible isoform of the HSP70 family (i.e., HSP72) can now
be readily detected in many cells and tissues during unstressed conditions,
it is not uncommon to refer to the constitutive expression of the inducible
isoform. Indeed, certain cells and tissues, including slow skeletal muscles,
have been shown to express high levels of the inducible isoform, HSP72,
such that its level in these cells is comparable to the HSP72 levels in cells
subjected to stress.””” The exact significance of these findings remains
unclear, but it serves to emphasize that the term “stress protein” may be some-
what of a misnomer because many of the so-called stress proteins are also
detectable during unstressed conditions in certain cells or tissues. The con-
stitutive expression of SPs also suggests that using SPs as markers of stress
may also require additional examination.

VIII. Stress protein function

SPs are highly conserved between species and have been observed in every
cell type examined to date, suggesting that SPs may have a universal and
thus important biological function(s). Although it was recognized that SPs
were the cell’s response to stress, their exact functions have remained more
elusive. Because HSPs were first induced by heat shock, it was logical to
examine their role in protecting cells during exposure to increases in tem-
perature. Not surprisingly, several early studles exammed the relationship
between HSP expression and thermotolerance.”” The expression of certain
HSPs was shown to correlate with the acquisition and decay of thermotolerance.
This was shown using manipulations at both the protein and DNA levels.”**

Although possible roles for the various SPs were suggested, it was not
until certain mammalian 70-kDa heat shock protein isoforms were shown
to be structurally and functionally related to proteins involved in releasing
clathrin triskelions from coated vesicles that insight into the function of certain
SPs was prov1ded “ The same SPs (HSP70 members) were also shown to
be involved in fac1htat1ng the translocation of polypeptides into microsomes
and mitochondria.*"* Thus, SPs were shown to play important roles in
maintaining and facilitating the correct protein folding, assembly, and trans-
port of protem structures within cells.” To accurately describe these functions,
the term “molecular chaperones” was developed and thus some SPs are cor-
rectly referred to as molecular chaperones.*** SPs have since been shown to be
involved in many protein-related or chaperone-like functions, 1nclud1ng pro-
tein synthesis, degradation, trafficking, transport, and repair.**" Given their
intimate relationship with proteins and protein-related functions within the
cell, as well as the importance of these functions to the cell during times of
stress, it is not surprising that SPs have been shown to play important roles
in cell protection. Indeed, the ability to protect cells during episodes of stress
is thought to be due to the chaperone ability of SPs.
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If the induction of HSPs by heat stress protected cells from subsequent
heat stresses, then a logical extension was to determine if HSPs induced by
heat could also protect cells or tissues from a second stressor. This concept,
known as cross-tolerance, occurs when stressor A, which in most cases is
heat, is used to elevate HSPs to subsequently provide protection against
stressor B. Cross-tolerance has important implications for exercise and it has
been examined using a rat model. 204592 HSPs were induced in the rat heart
by raising core body temperature to 42°C for 15 minutes, after which the
rats were allowed to recover for 24 hours to increase myocardial HSP content.
Hearts were subsequently removed and placed on an isolated heart appa-
ratus (Langendorff) where an ischemic stress (30 minutes) was applied. The
prior induction of HSPs in the heart minimized the myocardial damage from
ischemia, such that hearts from heat-shocked animals demonstrated an
enhanced recovery of myocardial contractile force and a reductlon in creatine
kinase release during a subsequent reperfusion period.”* This protective
ability conferred by HSPs has since been confirmed using transgenic animals
capable of overexpressing certain HSPs.” ™ The HSP mediated protection
has also been examined in skeletal muscle.” From an exercise viewpoint, the
concept of cross-tolerance provides a possible mechanism whereby exercise,
through induction of SPs, may confer protection to cells and tissues. Prelimi-
nary studies usmg exerc1se as a stressor have shown a similar cross-tolerance
effect to the heart.”® As more exercise studies are conducted, greater insight
into the role that SPs play in conferring protection to cells and tissues will
be ascertained.

IX. Conclusions

Our knowledge regarding the cellular stress response, as well as the proteins
involved in the response, continues to increase and remains an active area
of investigation. Although exercise has long been considered a stress, it has
only recently been examined as a natural physiological method for inducing
the protective cellular stress response and only a few studies have examined
the relationship between exercise and the stress response. It appears that
exercise is capable of altering cellular homeostasis to such an extent that the
cellular stress response is activated and SPs accumulate in certain tissues.
However, the exact significance of the increased SP content, as well as the
mechanism(s) by which exercise induces SPs and confers protection to cells
and tissues, remain to be determined. This will likely be an important area
of future investigation. The possibility of using a nonpharmacological
method, such as exercise, as a means to activate or harness a cell’s endo-
genous system of protection is an exciting possibility (SPs) that may have
important health implications. The subsequent chapters in this book provide
greater insight and detail into the relationship between cellular stress
response and topics relevant to exercise.

© 2002 by CRC Press LLC



10

Exercise and the stress response: The role of stress proteins

Acknowledgments

This work was supported in part by grants from the National Sciences and
Engineering and Research Council of Canada and the Heart and Stroke
Foundation of Canada.

References

1. Selye, H., The Stress of Life, 2nd ed., McGraw-Hill, New York, 1976.

2. Perdrizet, G. A., Hans Selye and beyond: responses to stress, Cell Stress Chaper-
ones, 2,214, 1997.

3. Subjeck, J. R. and Shyy, T.-T., Stress protein systems of mammalian cells, Am. J.
Physiol., 250, C1, 1986.

4. Morimoto, R. L, Tissiéres, A., and Georgopoulos, C., Eds., Stress Proteins in Biology
and Medicine, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New
York, 1990.

5. Ritossa, F, A new puffing pattern induced by temperature shock and DNP in
Drosophila, Experientia, 15, 571, 1962.

6. Tissieéres, A., Mitchell, H. K., and Tracy, U. M., Protein synthesis in salivary glands
of Drosophila melanogaster: relation to chromosome pulffs, |. Mol. Biol., 84, 389,
1974.

7. Kelley, P. M. and Schlesinger, M. J., The effect of amino acid analogues and heat-
shock on gene expression in chicken embryo fibroblasts, Cell, 15, 1277, 1978.

8. Welch, W.]J. et al., Biochemical characterization of the mammalian stress proteins
and identification of two stress proteins as glucose and Ca**-ionophore-regulated
proteins, J. Biol. Chem., 258, 7102, 1983.

9. Lee, A. S., The accumulation of three specific proteins related to glucose-regu-
lated protein in a temperature-sensitive hamster mutant cell line K12, J. Cell.
Physiol., 106, 119, 1981.

10. Hightower, L. E. and White, F. P, Cellular response to stress; comparison of a
family of 71-73 kilodalton proteins rapidly synthesized in rat tissue slices and
canavanine-treated cells in culture, J. Cell. Physiol., 108, 261, 1981.

11. Whelan, S. A. and Hightower, L. E., Differential induction of glucose-regulated
and heat shock proteins: effects of pH and sulfhydryl-reducing agents on chicken
embryo cells, J. Cell. Physiol., 125, 251, 1985.

12. Sciandra, J. J. and Subjeck, J. R., The effects of glucose on protein synthesis and
thermosensitivity in Chinese hamster ovary cells, J. Biol. Chem., 258, 12091, 1983.

13. Pelham, H. R. B., A regulatory upstream promotor element in Drosophila HSP70
heat shock gene, Cell, 30, 517, 1982.

14. Amin, J., Ananthan, J., and Voellmy, R., Key features of heat shock regulatory
elements, Mol. Cell. Biol., 8, 3761, 1988.

15. Westwood, J. T., Clos, J., and Wu, C., Stress-induced oligomerization and chro-
mosomal relocalization of heat-shock factor, Nature, 353, 822, 1991.

16. Sarge, K. D. et al., Cloning and characterization of two mouse heat shock factors
with distinct inducible and constitutive DNA-binding ability, Genes Dev., 5, 1902,
1991.

17. Morimoto, R. 1., Sarge, K. D., and Abravaya, K., Transcriptional regulation of

heat shock genes, J. Biol. Chem., 267, 21987, 1992.

© 2002 by CRC Press LLC



Chapter one:  Overview of the stress response 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Goodson, M. L. and Sarge, K. D., Regulated expression of heat shock factor 1
isoforms with distinct leucine zipper arrays via tissue-dependent alternative
splicing, Biochem. Biophys. Res. Commun., 211, 943, 1995.

Mizzen, L. A. et al.,, Identification, characterization, and purification of two
mammalian stress proteins present in mitochondria, GRP75, a member of the
HSP70 family and HSP58, a homolog of the bacterial groEL protein, J. Biol. Chem.,
264, 20664, 1989.

Hammond, G. L., Lai, Y.-K., and Markert, C. L., Diverse forms of stress lead to
new patterns of gene expression through a common and essential metabolic
pathway, Proc. Natl. Acad. Sci., 79, 3485, 1982.

Locke, M., Noble, E. G., and Atkinson, B. G., Exercising mammals synthesize
stress proteins, Am. J. Physiol., 258, C723, 1990.

Locke, M., Noble, E. G., and Atkinson, B. G., Inducible isoform of HSP70 is
constitutively expressed in a muscle fiber type specific pattern, Am. J. Physiol.,
261, C774, 1991.

Salo, D. C., Donovan, C. M., and Davies, K. J. A., HSP70 and other possible heat
shock or oxidative stress proteins are induced in skeletal muscle, heart, and liver
during exercise, Free Radic. Biol. Med., 11, 239, 1991.

Thompson, H. S. and Scordilis, S. P., Ubiquitin changes in human biceps muscle
following exercise-induced damage, Biochem. Biophys. Res. Commun., 204, 1193,
1994.

Skidmore, R. et al., HSP70 induction during exercise and heat stress in rats: role
of internal temperature, Am. J. Physiol., 268, R92, 1995.

Locke, M. et al., Enhanced post-ischemic recovery following exercise induction
of HSP70 in rat heart, Am. ]. Physiol., 269, H320, 1995.

Locke, M. et al., lanuzzo, S. E., and Ianuzzo, C. D., Activation of the heat shock
transcription factor in the rat heart following heat shock and exercise, Am. J.
Physiol., 268, C1387, 1995.

Locke, M., Tanguay, R. M., and Ianuzzo, C. D., Constitutive expression of HSP
72 in swine heart, ]. Mol. Cell. Cardiol., 28, 467, 1996.

Locke, M. and Tanguay, R. M., Increased HSF activation in muscles with a high
constitutive HSP70 expression, Cell Stress Chaperones, 1, 189, 1996.

Locke, M., Heat shock factor activation and HSP72 accumulation in aged skeletal
muscle, Cell Stress Chaperones, 5, 45, 2000.

Locke, M. et al., Shifts in the proportion of type I fibers in rat hindlimb muscle
are accompanied by changes in HSP72 content., Am. ]. Physiol., 266, C1240, 1994.
Arrigo, A.-P. and Landry, J., Expression and function of the low-molecular-
weight heat shock proteins, in The Biology of Heat Shock Proteins and Molecular
Chaperones, Morimoto, R. 1., Tissieres, A., and Georgopoulos, C., Eds., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York, 1994, 335.
Shibahara, S., Muller, R. M., and Taguchi, H., Transcriptional control of rat heme
oxygenase by heat shock, J. Biol. Chem., 262, 12889, 1987.

Bond, U. and Schlesinger, M. J., The chicken ubiquitin gene contains a heat shock
promotor and expresses an unstable mRNA in heat-shocked cells, Mol. Cell. Biol.,
6, 4602, 1986.

Locke, M. and Atance, J., The myocardial heat shock response following sodium
salicylate treatment, Cell Stress Chaperones, 5, 359, 2000.

Landry, J. et al., Thermotolerance and heat shock proteins induced by hyperther-
mia in rat liver cells, Int. . Radiat. Oncol. Biol. Phys., 8, 59, 1982.

© 2002 by CRC Press LLC



12

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Exercise and the stress response: The role of stress proteins

Riabowol, K. T., Mizzen, L. A., and Welch, W. ]., Heat shock is lethal to fibroblasts
microinjected with antibodies against HSP70, Science, 242, 433, 1988.

Johnston, R. N. and Kucey, B. L., Competitive inhibition of HSP70 gene expres-
sion causes thermosensitivity, Science, 242, 1551, 1988.

Ungewickell, E., The 70-kd mammalian heat shock proteins are structurally and
functionally related to the uncoating protein that releases clathrin triskelia from
coated vesicles, EMBO, 4, 3385, 1985.

Chappell, T. et al., Uncoating ATPase is a member of the 70 kilodalton family of
stress proteins, Cell, 45, 3, 1986.

Deshaies, R. J. et al., A subfamily of stress proteins facilitates translocation of
secretory and mitochondrial precursor polypeptides, Nature, 332, 800, 1988.
Chirico, W. J., Waters, M. G., and Blobel, G., 70K heat shock related proteins
stimulate protein translocation into microsomes, Nature, 332, 805, 1988.
Beckmann, R. P, Mizzen, L. A., and Welch, W. ]., Interaction of HSP70 with newly
synthesized proteins: implications for protein folding and assembly, Science, 248,
850, 1990.

Ellis, J., Proteins as molecular chaperones, Nature, 328, 378, 1987.

Ellis, R. J. and van der Vies, S. M., Molecular chaperones, Annu. Rev. Biochem.,
60, 321, 1991.

Chiang, H.-L. et al., A role for a 70-kilodalton heat shock protein in lysosomal
degradation of intracellular proteins, Science, 246, 382, 1989.

Baler, R., Welch, W. J., and Voellmy, R., Heat shock gene regulation by nascent
polypeptides and denatured proteins: HSP70 as a potential autoregulatory factor,
J. Cell. Biol., 117, 1141, 1992.

Currie, R. W. et al., Heat-shock response is associated with enhanced postis-
chemic ventricular recovery, Circ. Res., 63, 543, 1988.

Currie, R. W. and Karmazyn, M., Improved post-ischemic ventricular recovery
in the absence of changes in energy metabolism in working rat hearts following
heat shock, J. Mol. Cell. Cardiol., 22, 631, 1990.

Karmazyn, M., Mailer, K., and Currie, W. R., Acquisition and decay of heat-shock-
enhanced postischemic ventricular recovery, Am. J. Physiol., 259, H424, 1990.
Currie, R. W. and Tanguay, R. M., Analysis of rat heart RNA for transcripts for
catalase and SP71 after in vivo hyperthermia, Biochem. Cell. Biol., 67, 375, 1991.
Currie, R. W,, Tanguay, R. M., and Kingma, J. G., Jr., Heat-shock response and
limitation of tissue necrosis during occlusion/reperfusion in rabbit hearts, Cir-
culation, 87, 963, 1993.

Plumier, J.-C. L. et al., Transgenic mice expressing the human heat shock protein
70 have improved post-ischemic myocardial recovery, J. Clin. Invest., 95, 1854,
1995.

Marber, M. S. et al., Overexpression of the rat inducible 70-kD heat stress protein
in a transgenic mouse increases the resistance of the heart to ischemic injury, J.
Clin. Invest., 95, 1446, 1995.

Radford, N. B. et al., Cardioprotective effects of 70-kDa heat shock protein in
transgenic mice, Proc. Natl. Acad. Sci., U.5.A., 93, 2339, 1996.

Garramone, R. R. et al., Reduction of skeletal muscle injury through stress con-
ditioning using the heat shock response, Plast. Reconstr. Surg., 93, 1242, 1994.

© 2002 by CRC Press LLC



chapter two

Transcriptional requlation
of the mammalian heat
shock genes

Jenny S. L. Ho and ]. Timothy Westwood

Contents
[ INtrOdUCHON ...veceiiticeieetecteeeee ettt e 13
[I. Heat shock transcription factors .........ccceeeveeveeciieiecieeeecie e, 15
[II. Functional organization of HSF1 ........ccccooeeiiiiieiiiiicieeee e, 17
[V. Regulation of HSF1 activity ......cccccocievieviiiieiieiecieeeeeeeveee e 18
A. Cellular localization of HSF1........cccooiiiiiiiicieiececeeeeee, 19
B. Trimerization and DNA binding ........ccccccevievieieecieereeceereereeneenn, 20
C.  TransactiVation .......c.ccceeceecieeiieeieeeieeeecee e e e ereeseeeereesseeese e 23
1. HSF1 repression dOmains .........c.ecceeeveeveeereevieereeeieeeesreeeeeneennns 23
2. Regulation by phosphorylation ..........c.ccceeeieieviiieieciecieenen, 24
V. Transcriptional activation of the heat shock genes by HSF1 ............ 26
VI. Attenuation of the heat shock response ........ccccoeevevieeieeeceeeecreennenne. 27
VII. Sensing and transduction of the stress signal............cccooeevvevecieeneennn. 28
VIII. Summary and perspectiVes.........ccccieeeeieeeeereeeeereeieereereereereereeeveeseens 30
ACKNOWIEAGIMENTES ...ttt ettt et eanas 32
RELEIEIICES. ....eevieeiectieteeeeetee ettt ettt ettt et te et e eaeeete et e ereennas 32
AddEnNdUIN .......oooviiiiiieeeeeee ettt e aeas 41

I. Introduction

The ability of cells to respond rapidly and appropriately to external and
physiological stresses is essential for their survival in an ever-changing envi-
ronment. There are many forms of stress that result in the transcriptional
induction of specific genes, and the products of those genes generally help

13
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14 Exercise and the stress response: The role of stress proteins

the organism cope with that damage caused by the stress. Such stresses
include oxidative/reactive oxygen stress,” toxic heavy metals,” and heat
shock/proteotoxic stress. This chapter focuses on the regulation of one of
these stress responses: the heat shock response.

The heat shock response occurs in organisms as diverse as bacteria and
humans and is induced by exposure to elevated temperatures as well as a
variety of chemical and physiological stresses. The response involves the
transcriptional induction of the heat shock genes, which encode a set of con-
served polypeptides known as the heat shock proteins (HSPs). These HSPs
function as molecular chaperones that assist in protein folding, translocation,
and degradation.”" Because of their capacity to repair and prevent protein
damage and aggregation, the HSPs confer stress tolerance to the cells against
a variety of proteotoxic agents that induce abnormal proteins and protein dam-
age.”'"'® Some of these proteotoxic agents include heat, amino acid ana-
logues, transition series metals, and alcohols. 720 1 addition to external heat
and the various chemical inducers, the expression of HSPs is invoked by a
number of phys1olog1cal stresses, such as exercise, which increases core body
temperatures,’ and pathophysmloglcal stresses and disease states such as
fever, inflammation,” infection,” and ischemia.” The precise functions of the
HSPs under these conditions, however, are not well defined. In essence, the
heat shock response plays a pivotal role in the maintenance of protein homeo-
stasis, cellular survival, and recovery during environmental and physiolog-
ical stresses; as a consequence, intensive efforts and progress have been made
toward the elucidation of the processes that are involved in the regulation
and execution of the defense response.

The heat shock response was first discovered in 1962 by Ritossa,” who
described the induction of a set of chromosomal puffs on the polytene
chromosomes of Drosophila busckii upon exposure to heat dinitrophenol, or
sodium salicylate. Subsequently, Tissieres and co-workers” observed that the
stress-induced puffs coincided with the synthesis of a set of new proteins,
which Wwere later isolated and characterized as the products of the heat shock
genes.” The HSPs can be grouped into several families: HSP100, HSP90,
HSP70, HSP60, HSP40, and the small HSPs. As well, the HSP families contain

constitutively expressed members known as the heat shock cognates, or
hscs, which function as molecular chaperones to facilitate the folding and
assembly of proteins under normal conditions."” In addition to the changes
in gene transcription, the heat shock response affects other molecular pro-
cesses. For example, preferential translation of heat shock gene transcripts
during heat stress occurs in a number of organisms (reviewed in References
27 and 28).

In eukaryotes, the expression of the 1nduc1ble heat shock genes is pri-
marily regulated at the level of transcription”” by the heat shock transcription
factor (HSF), whose activity is in turn tightly controlled by a complex, multiple-
step cascade of events that is induced upon exposure to stress. As a conse-
quence, the elucidation of the mechanisms involved in the regulation of HSF
activity is central to the understanding of the heat shock response as a whole.
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II. Heat shock transcription factors

This chapter mainly focuses on animal, and in particular mammalian, heat
shock transcription factors (HSFs) and their regulation. Several excellent
reviews of HSFs have been published in recent years™>* and more informa-
tion on HSFs, including those found in yeasts and plants, can be found in
these reviews. The cloning of HSF genes from various organisms has led to the
finding of multiple HSF proteins. Whereas the fruitfly (Drosophila melanogaster)™
and yeast (Saccharomyces cerevisiae)”® possess a smgle HSE, two HSF genes
have been isolated from mouse (HSF1 and HSF2)” and three each from
human (HSF1, HSF2, HSF4)**” and chicken (HSF1, HSF2, HSF3)."’ A phy-
logenetic comparison at the amino acid level of all the sequenced animal
HSF genes is shown in Figure 2.1. Vertebrate HSF1s and HSF2s cluster
together well and divergence within clusters is in good agreement with
expected evolutionary divergence. As an example, the similarity between
the mouse and human HSF1 and the mouse and human HSF2 is 90% and
95%, respectively.' It should be noted that certain protein domains of the
HSF molecule, in particular the DNA binding and the oligomerization (hep-
tad repeat) domains (see Figure 2.2A and Section 1l1), are very highly con-
served among all of the HSF molecules. Thus, in vertebrates in which there
are two or more HSF genes, the homology of HSF types (e.g., HsHSF1 vs.
MmHSF1) is much higher than it is to other HSFs of a different type within
a species (e.g., HsHSF1 vs. HsHSF2). This supports the notion that for those
species containing multiple HSFs, each HSF likely has a specific function(s)
as opposed to having redundant functions.

HSF1 is known to be the principal stress-responsive transcription
factor”* and is the most extensively studied HSF homologue thus far. In
contrast, much less is known about HSF2 and HSF4. Although it is insensitive
to typical stress stimuli, studies have implicated a role of HSF2 in certain
developmental processes such as spermatogenesis,”’ mouse early embryonic
development,”* and hemin-induced erythroid differentiation in human
K562 cells."*"” While the expression of HSF1 and HSF2 appears to occur in
all cells, HSF4 expression seems to be specific to the heart, skeletal muscle,
and brain.” Transcripts for mouse HSF4 can be alternatively spliced to yield
HSF proteins with different activities; one of these appears to lack transcrip-
tional activity and may act as a repressor of heat shock genes while the other
may act as a transcriptional activator.”*® Alternatively spliced transcripts for
mouse HSF1 and HSF2 have also been reported and in the case of HSF2 the
two isoforms appear to have different transcriptional activities in vitro.*””'
The relative proportions of the polypeptides derived from the alternatively
spliced HSF transcripts, as well as their function inside cells, remain an area
that requires more investigation.

As mentioned, HSF1 is the main HSF homologue that is responsive to
stresses caused by heat and various chemical inducers. Under normal con-
ditions, the constitutively expressed HSF1 is maintained as a latent mono-
mer, which, upon heat shock, associates with two other HSF1 molecules to
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Figure 2.1  Phylogenetic relationship of the animal heat shock factor proteins. A
multiple alignment was performed on the amino acid sequences of all of the animal
HSF proteins found in GenBank using CLUSTAL_X version 1.8 (http:/ /www-igbmc.
u-strasbg. fr/Biolnfo/ClustalX/Top.html)'* and an unrooted tree was constructed
using TreeView 1.6.5.' The scale bar (0.1) is substitutions per site; that is, a branch
of that length has, on average, 0.1 amino acid substitutions per site. Abbreviations
and accession numbers (acc. nos.): HSF, heat shock factor; Dm, Drosophila melanogaster
(fruit fly), acc. no. M60070.1; X1, Xenopus laevis (South African clawed frog), acc. no.
JC4199; Gg, Gallus gallus (chicken), acc. nos., GgHSF1, P38529, GgHSF2, P38530,
GgHSE3, P38531; Hs, Homo sapiens (human), acc. nos., HsHSF1, NM_005526.1, HsHSE?2,
M65217.1, HsHSF4, NM_001538.1; Mm, Mus musculus (mouse), acc. nos., MmHSF1,
P38532, MmHSF2, P38533, MmHSF4, Q9R0L1; Dr, Danio rerio (zebrafish), acc. nos.,
DrHSFla, AAF72750, DrHSF2a, AAF72751; Rn, Rattus norvegicus (rat), acc. no.
NP_113882.

form a homotrimer.""”*™ Saccharomyces cerevisize HSF monomers have the
ability to bind heat shock gene promoter elements but metazoan monomers
do not. The trimerization of HSF1 dramatically increases its DNA-binding
affinity to a conserved cis-acting element, called the heat shock element
(HSE), found in multiple copies at the promoters of the heat shock genes.”
The heat shock element consists of three contiguous inverted repeats of a
pentameric unit with the consensus sequence 5’ nGAAn 3’, where each subunit
of the HSF1 trimer interacts with one of the three repeats.””* In many heat
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shock gene 0promoters, the first nucleotide in the pentameric sequence is an
adenosine.” Moreover, the binding of HSF1 trimers to adjacent HSEs is
cooperative, further increasing its binding affinity to the heat shock gene
promoters.éo_63

The oliogomerization states for HSF2 and HSF4 appear to vary some-
what from HSF1. For example, under normal and heat shock conditions,
HSF2 is dimeric and lacks HSE binding ability."” Upon exposure to hemin,
HSF2 trimerizes and binds to HSEs."” In addition, the optimal HSE sequence
for HSF2 binding is slightly different from that for HSF1.” HSF4 appears to
be missing protein domains that suppress oligomerization and therefore is
constitutively trimeric and HSE-bound.™*

Deletion of the sole HSF gene in Drosophila is lethal.” Using a temperature-
sensitive mutant allele of the HSF gene, Jedlicka and co-workers” found that
HSF protein was dispensable for general cell growth and viability in Drosophila
but it was required for oogenesis, early larval development, and for the
ability to survive extreme heat stress. In mice, disruption of the HSF1 gene
eliminates the heat shock response.” In addition, acquired thermotolerance is
prevented and the susceptibility of cells to heat-induced apoptosis is
increased in cell lines derived from HSF1”~ mice.”” While HSF1~/~ mice
survive to adulthood, they exhibit a number of detrimental phenotypes,
including female infertility, placental defects, and postnatal growth retarda-
tion.” HSF1 does not appear to be required for oogenesis in mice as oocytes
were ovulated and fertilized in HSF17~ females but embryos from these
females mostly arrested at the 1-2 cell stage.”

I1I. Functional organization of HSF1

The activation of HSF1 into a fully competent transcription factor is a multi-
faceted process, and this is reflected in the various structural domains found
in HSF1. The human and mouse HSF1s are 529 and 503 amino acids in length,
respectively. Found near the amino (N)-terminus of the protein are two
domains that are extensively conserved in evolution: the DNA-binding
domain and the trimerization domain, separated by a short flexible linker
region (see Figure 2.2A). The crystal structure of the Kluyveromyces lactis HSF
DNA-binding domain® and the solution structure of the Drosophila HSF
DNA binding domain®” reveal a helix-turn-helix DNA-binding motif. Car-
boxy (C)-terminal to this DNA-binding domain is the trimerization domain
that consists of three arrays of hydrophobic heptad repeats, where the first
and fourth positions within each repeat are composed of hydrophobic resi-
dues (Figure 2.2A). The organization of the heptad repeats allows the assembly
of HSF monomers into homotrimers via the formation of a triple-stranded,
o-helical coiled-coil structure at the trimerization domain.” Near the C-terminal
end of all HSF1s is a third region of conservation composed of an array of
hydrophobic heptad repeats that function to suppress trimerization (Figure
2.2A and B).”*” The acidic transactivation domain maps to the C-terminal
part of all HSFs and its activity is negatively regulated by a central regulatory
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A. Human HSF1
DNABinding Heptad  Negative  Heptad .
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Figure 2.2 Functional organization and activation of human HSF1. A: Functional
organization of HSF1. Functional protein domains are identified and their positions
on the HSF1 molecule are indicated. N and C are the amino and carboxyl termini of
HSF1. Numbers refer to amino acid position and P is a phosphorylation site. B: Model
of the activation and deactivation of HSF1. See text for details.

domain located between the DNA-binding domain and the transactivation
domain.”*”” Finally, a nuclear localization signal for human HSF1 has been
placed near the N-terminal region 6preceding the first hydrophobic heptad
repeat of the trimerization domain.”

IV. Regulation of HSF1 activity

The activity of HSF1 appears to be regulated at a number of steps.
fact, the regulation of HSF1 activity can be viewed as a concerted series of
events that is dependent on the intrinsic structural and conformational char-
acteristics of the transcription factor, as well as its interaction with various
cellular regulators to bring about a finely tuned, tightly regulated response
that begins with the detection and transduction of the stress signal, leading
to the activation of the transcription factor and ultimately to the transcriptional

31,41,78,79
In
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activation of the heat shock genes. A number of events have been proposed
to be involved in HSF1 regulation, including (1) the trimerization of HSF1
and the acquisition of DNA -binding ability,"*" (2) the achlevement of trans-
activation competence "and (3) the attenuation of HSF1 act1v1ty * In addi-
tion, cellular regulators such as the HSPs, 1% as well as phosphorylation
activity,” ™ may participate in the regulation of one or more of the above
events.

Certain authors have suggested that an additional step, one that precedes
the three steps listed above, is involved in regulating HSF activity. This step
is the stress-induced translocation of HSF1 from the cytoplasm into the
nucleus.”™"”> A number of recent studies have cast doubt on whether
unstressed HSF1 is a cytoplasmically localized protein and these studies are
discussed below.

A. Cellular localization of HSF1

While all studies to date indicate that the active trimeric HSF1 is located in
the nucleus, the cellular localization of the latent monomeric form of HSF1
remains a matter of debate. In some biochemical fractionation studies done
in human K562 cells, HeLa cells, and mouse 3T3 cells,*"*”° HSF1 is found
in the cytoplasmic fraction of unstressed cells. Upon heat treatment, HSF1
associates predominantly with the nuclear fraction.”*” In one immunocy-
tochemical study with 3T3 and HeLa cells, unstressed HSF1 is distributed
in a diffuse pattern in both the nucleus and the cytoplasm while heat-
stressed HSF1 is found exclusively in the nucleus." From these studies, it
would appear that the heat-induced activation of HSF1 might include a
cytoplasmic-to-nuclear translocation event. The mapping of a nuclear local-
ization signal at a region overlapping the DNA-binding domain and the
trimerization domain leads to the proposal that heat-induced changes in
HSF1 conformation or interaction with cellular regulatory proteins may
unmask the nuclear localization signal, thus promoting the translocation of
HSF1 upon heat shock.”

In contrast, other immunocytochemical studies done in human and
mouse cells in culture,79 2% postnatal rat neural and glial cells,” as well as
Xenopus oocytes” and Drosophila cells and tissues,”””*** indicate that HSF1
resides in the nucleus both before and after heat stress. From these studies,
it appears that nuclear translocation does not play a role in the activation of
HSF1 during heat stress. Interestingly, in one study” done on nonstressed
HeLa cells, HSF1 is found to reside predominantly in the cytoplasmic fraction
using one biochemical fractionation procedure, while a different fraction-
ation procedure shows HSF1 in both the nuclear and cytoplasmic fractions.
This observation brings into question the rel1ab1l1ty of localization results
based on biochemical fractionation studies.” Mercier and co-workers’ con-
cluded that monomeric HSF1 in unstressed cells is a nuclear localized protein
that has a relatively low affinity for DNA and that during fractionation, HSF1
diffuses out of the nuclei with the amount leaking out being dependent on
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the fractionation procedure and buffer used. Heat-stressed HSF1, on the
other hand has a high affinity for DNA and thus remains in the nuclear
fraction.””” The discrepancies in the immunocytochemical studies might be
dependent on the source of anti-HSF1 antibodies as well as the particular
cell type being examined (see Reference 79 for more discussion on these
points).

The subnuclear distribution of HSF1 has also been the subject of several
studies. It has been observed that upon heat shock in HeLa cells, HSF1
relocalizes in the nucleus to form large, irregularly shaped granules.”””
These HSF1 granules have been detected in immunofluorescence studies as
well as in live HeLa cells using a GFP-HSF1 fusion protein. It is observed
that the appearance and disappearance of the granules coincide with the
activation and attenuation of HSF1.”*”” In addition, the number of heat shock-
induced HSF1 granules correlates with the ploidy of the cells, suggestmg
the presence of a specific chromosomal target for these granules.” Interest-
ingly, however, despite the association of the granules with HSF1 activity,
fluorescence in situ hybridization studies have indicated that these HSF1 foc1
are distinct from the sites of transcription of the HSP70 and HSP90 genes.”
Treatment of HeLa cells with proteasome inhibitors leads to the formation
of HSF1 granules that are noticeably different from those observed during
heat shock, although the level of HSF1 DNA-binding act1v1ty and HSP70
transcription is comparable to that induced by heat shock.” In addition, only
15% of the cells treated with the proteasome inhibitors MG132 or clasto-
lactacystin B-lactone display HSF1 granules, compared to 100% during heat
shock and the granules are smaller and fewer per cell. It would appear that
the transcriptional activity of HSF1 is not directly correlated with the pres-
ence, number, or morphology of the granules and, as a result, the roles of
these HSF1 foci during the heat shock response remain elusive at present.

B.  Trimerization and DNA binding

Results from cross-linking assays and hydrodynamic studies indicate that
under normal conditions, HSF1 exists as a latent, inactive monomer, which
upon heat shock undergoes a monomer-to-trimer transition to acquire its
high-affinity HSE-binding ability."""* Trimerization is mediated by the HSF1
trimerization domain, which is composed of three arrays of hydrophobic
heptad repeats that can form leucine zippers to allow HSF1 molecules to
interact as a triple-stranded o-helical coiled coil”! (see Figure 2.2). This tri-
merization is essential for the acquisition of high-affinity binding to HSE.
Monomenc Drosophila HSF1 binds HSEs poorly with a binding constant (K;)
of 107 M.” Upon exposure to heat stress, the bmdmg affinity of HSF1 increases
by several orders of magnitude to a K4 of 107" M for Drosophila HSF'* and
10" M for human HSF1.""

Studies in Drosophila and yeast have suggested that the overexpression
of HSPs under normal conditions is disruptive to the growth and normal
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functioning of the organism.'>'” As a result, it is essential that the activit
g g y

of HSF1 be tightly regulated under normal conditions. Near the C-terminal
end of HSF1, a region consisting of a fourth array of hydrophobic heptad repeats
has been identified as a suppression domain for HSF1 trimerization.””*”
Mutations of hydrophobic residues to charged amino acids in the fourth
zipper motif of human HSF1 or the deletion of that region result in the
constitutive trimerization and DNA-binding activity of HSF1 under normal
conditions.”””*”® Based on these observations, a model has been proposed
that describes the HSF1 monomer as a folded structure that is stabilized by
the association of the N-terminal and C-terminal hydrophobic heptad repeats
to form an intramolecular coiled coil, thus preventing the trimerization of
HSF1 under nonstress conditions (Figure 2.2B ).72’73’76 In addition to the trimer
suppression domain, a region near the N-terminus of HSF1 is also implicated
in the negative regulation of HSF1 trimerization. Mutations in the short
linker domain (amino acids 102-136 for human HSF1) between the DNA-
binding domain and trimerization domain lead to constitutive trimerization
and DNA binding of HSF1."" However, the precise role of the linker domain
in the suppression of HSF1 oligomerization remains to be determined.
Although it may have a direct regulatory function, it is conceivable that
mutations in the linker domain may simply perturb the overall protein
structure, thus destabilizing the HSF1 monomer.

How is the stress signal transduced to HSF1 to effect the conformational
changes associated with a monomer-to-trimer transition during heat shock?
In some studies, the overexpression of HSF1 in human cells leads to deregu-
lated DNA-binding activity at nonstress conditions, leading to the suggestion
that HSF1 oligomerization is controlled by a titratable negative regulatory
factor.””* In addition, expression of HSF1 in Escherichia coli, which presum-
ably lacks the regulatory factors that may be present in human cells, results
in a transcription factor that binds DNA in the absence of heat shock.”
Furthermore, the activity of human HSF1 expressed in Drosophila cells is repro-
grammed to adopt the induction temperature of the host cell, which is
approximately 10°C lower than that observed in human cells.'® Again, this
can be interpreted as indirect evidence for the presence of cellular regulatory
factors that mediate the activity of HSF1. What could this regulator be?
Several lines of evidence favor the proposition that the heat shock proteins
themselves act as regulators of HSF1 activity. Two possible candidates are
HSP70 and HSP90, both of which have been shown to interact with
HSF1.**%%% More importantly, addition of exogenous HSP70 interferes
with the in vitro activation of HSF1,* and overexpression of HSP70 in vivo
leads to a decrease in DNA-binding activity of HSF1 under heat shock.**'"
Likewise, immunodepletion of HSP90 from HeLa cell lysates or injection of
anti-HSP90 antibodies into Xenopus oocytes results in a several-fold increase
in HSF1-HSE binding activity, implicating the molecular chaperone in the
negative regulation of HSF1 DNA-binding capacity.*'” Using the yeast two-
hybrid protein interaction assay, Marchler and co-workers'’ have identified
Dro]1 (Drosophila dnaJ /HSP40) as a protein that interacts with Drosophila HSF.
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These results lead to the suggestion that the HSPs may interact with HSF1,
perhaps to stabilize the intramolecular hydrophobic interactions within the
HSF1 monomer; upon exposure to heat shock, the generation of nonnative
proteins may compete away the HSPs from HSF1, thus allowing the tran-
scription factor to become activated as the suppression is relieved.”**'* In
keeping with this model, many of the above-mentioned studies have pro-
posed that “monomeric” HSF1 is stably associated with chaperones such as
HSP70, HSP90, HSP40 (dnaJ), and other proteins found in chaperone com-
plexes.***'” However, there is very little evidence to support the presence
of such stable complexes in vivo, and at least some biochemical evidence
indicates that the majority of inactive HSF exists as a true monomer."”

Contrasting the studies that support a role of HSPs 1n regulatmg HSF
binding activity, a study from Rabindran and co-workers'” indicates that
the overexpression of HSP70/HSC70 does not affect the induction of HSF1
binding activity in Ratl cells upon exposure to stress. Also contrasting the
studies done in Xenopus and human cells,*"' depletlon of HSP83 (HSP90)
or Dro]1 individually in Drosophila cells usmg RNAI resulted in only a
moderate effect on the activation of HSF1."" Interestingly, however, the simul-
taneous depletion of both HSC70 and Dro]1 resulted in a large proportion of
the HSF in the cell being trimeric and transcriptionally active." All of the
observations discussed support a model in which at least three HSPs (70, 40,
and 90) appear to have some role in maintaining HSF in its inactive form
inside cells, although modulating the levels of any one of them may or may
not affect HSF activity in a particular cell type (Figure 2.2B). This further
suggests that there could be redundancy in the ability of the different HSPs
to maintain HSF in the inactive form and that the requirement for a particular
HSP for this function might be species and cell-type specific.

There are also a number of studies that have demonstrated that the
trimerization and DNA-binding activity of HSF1 can be regulated in a
temperature- responswe fashion in the absence of other protein factors."" ™"
When purified human'? or mouse'"'""> HSF1 is exposed to heat in vitro, it
is able to acquire trimerization and DNA-binding ability. Furthermore, puri-
fied Drosophila HSF displays reversible trimerization and DNA-binding
activity when the temperature is elevated, returned to normal, and increased
again."* With a view to these findings, an alternative model can be proposed
in which the intrinsic structural characteristics of HSF1 may confer temper-
ature sensitivity to the transcription factor based on heat-induced changes
in intramolecular interactions that may destabilize the monomeric struc-
ture."""” Although attractive, these in vitro data may not accurately reflect
the in vivo conditions. For example, the in vitro heat-activated Drosophila
HSF displays a lesser induction of trimerization and DNA binding in com-
parison to that observed after heat shock in cells."* Thus, it is conceivable
that the intrinsic heat sensitivity of HSF1 may be additionally controlled by
other cellular regulators, such as HSPs, that govern the activity of the
transcription factor.
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C. Transactivation

The activation of HSF1’s transcriptional stimulatory properties involves at
least a two-step mechanism in which HSF gains DNA-binding ability, fol-
lowed by an apparently independently regulated acquisition of transactivation
(transcriptional stimulatory) competence. Evidence that demonstrates the
uncoupling of the two events can be obtained from studies characterizing
the effects of various non-heat shock inducers of the heat shock response.
For example, in the absence of heat, sodium salicylate is found to induce the
DNA-binding activity of HSF1 in HeLa and Drosophila cells; however, this
DNA-bound form of HSF1 is transcriptionally inert, as shown by its failure
to induce HSP70 transcripts.”""” Similarly, hypertonic'” and hypo-osmotic''®
stresses activate HSF1 DNA binding without transactivation. In another
study,” overexpression of HSF1 in HeLa cells leads to constitutive DNA
binding; however, transcriptional activation remains absent in this case. As
a result, the acquisition of DNA-binding activity is not necessarily accom-
panied by the achievement of transactivational competence. However, there
may be other explanations for the above observations. That is, certain induc-
ers of the heat shock response may affect other processes in the cell besides
the activation of HSF binding (e.g., transcription in general) and the amount
of HSF within cells is normally tightly regulated and kept in its inactive
form through an appropriate level of chaperones. That is, under “normal”
conditions, HSF1 binding and transactivation properties may actually be
coupled.

1. HSF1 repression domains
The uncoupling of DNA-binding activity and transactivation suggests that
there may be independent mechanisms that control the two events, possibly
involving different regulatory regions of HSF1 itself, or the interaction with
or modification by, cellular regulatory factors. The transactivation domains
of human and Drosophila HSF1 were identified in experiments that made
chimeric fusion proteins which replaced the native HSF1 DNA-binding
domain with the GAL4 DNA-binding domain of Saccharomyces cerevisiae. The
resulting fusion proteins constitutively bind the GAL4 DNA-binding site
and the transcriptional activity of various HSF deletion and point mutant
constructs can be assayed directly.”*”*” From these studies, the transactiva-
tion domain, a region rich in acidic and hydrophobic residues, is mapped
to the carboxy-terminal end of the protein, distal to amino acid residue 371
for human HSFl,74 395 for mouse HSFl,75 and 603 for Drosophila HSF” (see
Figure 2.2A). In some studies, the activation domain has been further subdi-
vided into two units (AD1 and AD2) with distinct structures.”*""” When the
transactivation region alone is fused to the GAL4 DNA-binding domain,
potent constitutive transcriptional activity is observed; in contrast, the chimeric
factor that contains the rest of the regions N-terminal to the transactivation
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domain is essentially transcriptionally inert at control temperatures, but is
induced upon heat shock to acquire transcriptional activity.*” As a result,
it appears that HSF1 transcriptional activity is negatively regulated at nor-
mal conditions and this regulation is dependent on a stress-responsive
region distinct from the transactivation domain. Various studies have
assigned this negative regulatory domain to the central region of human
HSF1, spanning amino acids 221-310 in one study, * and in another study
to a region containing amino acids 228-276 in addition to part of the N-ter-
minal leucine zippers (heptad repeats A /B). As well, a corresponding region
consisting of amino acid residues 181—227 and part of the N-terminal leucine
zippers is mapped in mouse HSF1.” The minimal negative regulation
domains for mouse HSF1 (and presumably human in approximately the
same places) occurs at amino acids 203-227 and 300-310 (Figure 2. ZA)
The central HSF1 regions, when fused to the native HSF1 transactivation
domain or the VP16 activation domain, are able to confer heat-inducible
transcriptional activity that is independent of the mechanisms that regulate
oligomerization and DNA binding.”*”*""” It should be noted that the above-
mentioned repression regions are distinct from the repression of trimeriza-
tion domain (heptad repeat C in Figure 2.2A), which suppresses HSF activity
by interacting with the oligomerization domain (heptad repeats A/B), pre-
venting its trimerization.

2. Regulation by phosphorylation

Evidently, additional events apart from DNA-binding must occur for HSF1
to achieve full transcriptional potential. One mechanism that has been pro-
posed involves phosphorylation/dephosphorylation events that may func-
tion as a switch to alter the activity of the transcription factor. The notion
that inducible phosphorylation events may regulate HSF1 activity first came
about from the observation that heat-activated HSF1 undergoes a decrease in
electrophoretlc mobility that can be reversed by phosphatase treatment.”*"'*
In addition, *P-labeling experiments have shown that HSF1 from heat-
shocked cells incorporates two- to threefold more *P over control levels.”

Although hyperphosphorylation of HSF1 occurs during heat-induced HSF1
activation, it is unclear as to whether it plays a regulatory role in the activity
of HSF1. Several lines of evidence suggest that, indeed, inducible phospho-
rylation is implicated in the acquisition of transcriptional competence by
HSF1. For example, sodium salicylate has been found to induce trimerization
and DNA-binding activity with the apparent absence of transcriptional activ-
1ty,96 10 interestingly, this transcriptionally inert HSF1 is not hyperphospho—
rylated, unlike that observed in the heat-activated transcription factor. 7
These correlations are contradicted by studies using the ammo acid analog
azetidine, which fails to induce HSF1 hyperphosphorylation'' but is still
capable of stimulating HSF1 DNA-binding activity and transcriptional acti-
vation. It has also been difficult to precisely identify phosphorylation sites
on HSF1 that are phosphorylated only upon heat shock. A study on Drosophila
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HSEF by Fritsch and Wu'?! suggests that there are several phosphorylation sites
on HSF that appear to incorporate more phosphates during heat shock. How-
ever, the authors of this study also observed that the steady-state phospho-
rylation of HSF remained unchanged after heat shock and that the phospho-
rylation of HSF1 plays no significant role in regulating its binding activity."”'
The study by Fritsch and Wu, however, did not directly address the role
of HSF phopshorylation on transcriptional activation. A study with yeast
(Kluyveromyces lactis) HSE, in which numerous serine and threonine residues
were mutated to an amino acid that could not be phosphorylated, did not
prevent the mutated HSF from stimulating heat shock gene transcription
upon heat stress, suggesting that HSF hyperphosphorylation may not be
required for HSF1 activity.'” Thus, it is unclear at present whether the induc-
ible phosphorylation observed during heat shock plays a regulatory role in
HSF1 activity. One possibility is that the hyperphosphorylation of HSF1
observed during heat stress may simply reflect changes in the balance of
cellular kinase and phosphatase activities, with some of these enzymes being
affected more than others by increases in temperature.

In addition to inducible phosphorylation, constitutive phosphorylation
has also been postulated to modulate the activity of HSF1. Several studies
have indicated that constitutive phosphorylation at Ser303 and Ser307 in the
negative regulatory domain suppresses the transcriptional activation of human
HSF1¥% (see Figure 2.2A). These serine residues are found to be constitu-
tively phosphorylated and mutating them to alanine to abolish their phos-
phorylation leads to derepression of HSF1 transcriptional activity in the
absence of heat shock.” ™ In the same studies, when the same serine residues
are mutated to glutamine, which mimics phosphorylation, these mutated
HSFs have normal heat inducibility. Although phosphorylation of Ser303
and Ser307 is implicated in the negative regulation of HSF1 activity under
normal conditions, their dephosphorylation is not required for heat shock
induction, suggesting that other regulatory mechanisms are involved in the
transcriptional activation of HSFI.

A number of kinases have been implicated in the phosphorylation of
Ser303 and Ser307. In vitro studies'™ have indicated that mitogen-activated
protein kinase (MAPK) is the kinase responsible for phosphorylating Ser307,
and that this event precedes the phosphorylation of Ser303 by glycogen
synthase kinase 3 (GSK3).*""** The Raf/Erk MAP kinase pathway, and in
particular Erkl, has been implicated in the negative regulation of HSF1
activity,”” probably by increasing, either directly or indirectly, the amount
of phosphates on Ser303 and Ser307. Inhibition of GSK3 activity in Xenopus
results in increased HSF1 binding and heat shock gene transcription while
overexpression of GSK3beta reduces these events, thus supporting the con-
cept that GSK3 acts as a negative regulator of HSF1 activity.”® All of these
results imply that a number of cellular kinases, many of which are known
to be involved in cell growth and proliferation, likely negatively regulate the
basal activity of HSF1 under nonstress conditions.
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V. Transcriptional activation of the heat shock
genes by HSF1

How does HSF1 promote the transcriptional activation of heat shock genes?
Several mechanisms have been proposed, based mainly on in vitro studies.
Previous work examining the promoter region of the Drosophila HSP70 gene
has shown that under noninduced conditions, RNA polymerase II is paused at
a region between +20 and +30, poised to become activated upon heat
shock."”'* This promoter-proximal transcriptional pause is also demon-
strated at the human HSP70 promoter using permanganate footprinting
analysis.”” Instinctively, then, this may be a perfect place where the action
of HSF1 can be elicited to relieve the transcriptional pause, thus activating
the transcription of HSP70. Using in vitro chromatin assays, it has been shown
that the disruption of nucleosome spacing at the Drosophila HSP70 promoter
that occurs upon heat shock depends on a protein known as GAGA factor,
as well as an ATP-dependent nucleosome remodeling factor.” This remod-
eling factor is known as NURF and is composed of at least four subunits,
one of which has an ATPase domain and is called ISWI (imitation switch).
ISWI is related but dlstmct from the SWI/SNF2 ATP-dependent chromatin
remodeling complexes.””"** An in vitro study using human cells extracts has
been able to reproduce the in vivo pausing phenomenon at a heterologous
human HSP70 promoter containing GAL4 DNA-binding sites.'” This study
showed that the pausing is nucleosome dependent and can be relieved by
the addition of a chimeric activator consisting of the GAL4 DNA-binding
domain and the HSF1 transactivation domain. Together with a SWI/SNF
remodeling complex, the HSF1 chimera is able to 51gn1f1cant1y increase the
amount of full-length transcripts in the in vitro system.'” Thus, it is conceiv-
able that HSF1 might recruit chromatin-remodeling complexes to assist in
nucleosome disruption, and in this way allow RNA polymerase II to enter
into productive elongation. This model is consistent with the observation
that HSF1 is associated with chromatin remodeling both near the promoter
region and in the transcribed region of HSP70."

In addition to the disruption of nucleosomes by ATP-dependent remod-
eling complexes, other modifications to chromatin may also be occurring.
An immunocytochemical study that examined the distribution of phospho-
rylated and acetylated histone proteins on Drosophila polytene chromosomes
found that while no appreciable change occurred in the distribution of acety-
lated histones H3 and H4 after heat shock, the staining pattern of phospho-
rylated histones was altered.'” In particular, the total number of sites with
phosphorylated H3 decreased during heat shock but at the same time phos-
phorylated H3 accumulated at the heat shock gene loci, suggesting a potential
role for the phosphorylatlon of histones during activation of heat shock gene
transcription. 1%

A different mechanism, although not necessarily exclusive to the above
models, has been postulated for the role of HSF1 in the escape of RNA
polymerase II from the transcriptional pause. Using affinity chromatography;,

© 2002 by CRC Press LLC



Chapter two: Regulation of the heat shock genes 27

in vitro binding assays, and co-immunoprecipitation analysis, HSF1 has been
shown to interact with TATA-box binding protein (TBP) in vitro in Drosophila
and both in vitro and in vivo in human.1341% Likewise, RNA polymerase II
interacts with TBP via a C-terminal region (on RNA polymerase II) that
possesses sequence similarity to acidic transactivators,'*1% a class of activa-
tors to which HSF belongs. This interaction between RNA polymerase Il and
TBP, however, is disrupted upon addition of HSF, leading to the proposal of
a “competition” model of HSF function." Here, the pausing of RNA poly-
merase II at the HSP70 promoter is maintained by its interaction with TBP;
upon activation of HSF during heat shock, HSF competes with RNA poly-
merase II for interaction with TBP, thus allowing the escape of Pol II into
functional elongation. HSF may additionally promote progressive elongation
by the recruitment of various elongation factors to the heat shock genes. To
visualize the in vivo distribution of HSF and various elongation factors,
immunocytochemical studies have been performed on the Drosophila poly-
tene chromosomes. Thus far, the elongation factors that have been analyzed
using this approach include P-TEFb, Spt5, and Spt6."*'* P-TEFb is impli-
cated in the maturation of RNA Pol II into an elongationally competent
complex'*"'** and Spt5 and Spt6 are shown to have a positive effect on
transcriptional elongation."® Upon heat shock, Spt6 and P-TEFb are recruited
to the heat shock gene loci and this recruitment is dependent on functional
HSF activity.”* " Finally, there is some evidence to suggest that HSF may
facilitate transcriptional reinitiation to promote multiple rounds of transcrip-
tion th1a4:[1 lead to the dramatic increase in expression of the HSPs during heat
shock.

V1. Attenuation of the heat shock response

In addition to the processes regulating the activation of HSFI, it is evident
that mechanisms exist to down-regulate the heat shock response subsequent
to its activation. This is suggested by the observation that the expression of
heat shock genes attenuates despite the continuous presence of the heat
stress.'*”'* The exposure of HeLa cells to continuous heat shock at 42°C
results in the transcriptional activation of HSP70 up to 60 minutes, after
which HSF dissociates from DNA and the transcription of the heat shock
gene is attenuated.” Furthermore, the dissociation rate of HSF1 from HSE
is tenfold faster in vivo than it is in vitro, suggesting the presence of an active
process that facilitates dissociation.” Although the effect of HSP70 in the
regulation of HSF1 activation is debatable, most studies agree that the chap-
erone plays a role in HSF1 deactivation. An autoregulatory role has been
proposed for HSP70 which, following heat shock, accumulates to high levels
in the cell and facilitates the deactivation of HSF1 in a negative feedback
loop. This role of HSP70 is consistent with various observations. For example,
the re-exposure of cells to a second heat shock following recovery from an
initial heat shock induces a much lower level of HSP70 transcription and a
more rapid attenuation response,' ™'’ possibly as a result of the high level
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of HSPs that is already present. Moreover, when the expression of functional
HSP70 is inhibited by the addition of actinomycin D, cycloheximide, or the
arginine analog canavanine (which leads to the production of malfolded
HSP70), the attenuation of HSF1 activity is either delayed or absent." ™"
Conversely, the overexpression of HSP70 is associated with the accelerated
loss of HSF DNA-binding activity and attenuation of HSP70 transcription
following heat shock. 53100148 However, it is unclear whether the effect of
HSP70 is exerted directly on HSF1, or if the accumulation of HSP70 is sensed
(perhaps through the decrease in the level of nonnative proteins) and trans-
duced to HSF1 via an indirect mechanism. Some evidence in support of a
direct role of HSP70 arises from the demonstration that HSP70 interacts with
active HSF1, in particular via the transactivation domain of the transcription
factor.”"*'™ Here, the overexpression of HSP70 is shown to inhibit HSF1
transcriptional activity, while the use of an HSP70 mutant that is deficient
in chaperone function and is incapable of binding the HSF1 transactivation
domain fails to affect transcription.” Studies by Ali and co-workers'” sug-
gest that HSP90 might also play a role in the attenuation of HSF1. In a two-
hybrid assay with mouse HSF1, Satyal and co-workers' identified a novel
interacting protein, which they named heat shock factor binding protein 1
(HSBP1), that may be involved in the deactivation of HSF1."* The 76-amino
acid HSBP1 contains two arrays of hydrophobic repeats and can interact
with the trimerization domain of activated HSF1 in vitro, but not the non-
DNA binding form of the transcription factor. HSBP1 is also found in asso-
ciation with HSP70 during attenuation. Satyal and co-workers'*’ have also
demonstrated that HSBP1 can impair the DNA binding and transcriptional
activity of HSF1; conceivably, HSBP1 can destabilize hydrophobic heptad
interactions to facilitate the dissociation of the HSF1 trimer. Finally, some
studies'"™"" contend that certain phosphorylation and dephosphorylation
events on HSF1 may be involved in its deactivation by facilitating HSF-HSE
dissociation, suppressing HSF transcriptional activity, and clearing HSF1
from the sites of transcription.

VII. Sensing and transduction of the stress signal

Studies from past years have accumulated a vast amount of knowledge in
the processes and events that occur during HSF1 activation and attenuation.
However, the precise stress sensing and transducing mechanism that signals
to HSF1 for the onset of activation remains to be elucidated. What is the
cellular sensor of stress? The heat shock response is induced by a myriad of
environmental and chemical inducers, and the determination of their modes
of action is central to the identification of the primary detector or effector of
the stress stimulus. In the search for a unifying factor or common denomi-
nator for all of the inducers of the heat shock response, one hypothesis has
been proposed that suggests that it is the appearance of abnormal proteins
that triggers the stress cascade. Various lines of evidence are consistent with
this proposal. First, most (if not all) of the stress inducers can be shown to
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either directly, or indirectly, result in the formation of nonnative proteins in
the cell."” In addition, the injection of denatured proteins into Xenopus oocytes
is sufficient to induce the activation of HSF1."”'* Also, the addition of glycerol,
which stabilizes protein structure and thus buffers protein damage, leads to
a decrease in HSF1 activation upon heat exposure in vitro."”*'*> Furthermore,
different inducers have differing induction kinetics for HSF1 activity.
Whereas heat rapidly activates HSF1, amino acid analogues confer a much
more delayed activation, reflecting the time that is required for their incor-
poration into nascent polypeptides, and the resultant misfolding and accu-
mulation of nonnative proteins in the cell.**'** Finally, it has been shown
that proteasome inhibitors such as MG132 and lactacystin induce HSF1
activation in the absence of heat and that this effect is abolished by the protein
synthesis inhibitor cycloheximide."*"* This can be interpreted as the con-
sequence of the compromised ability of the proteasome to engage in the
degradation and turnover of abnormal cellular proteins resulting from incor-
rect folding during or post translation. The addition of cycloheximide, then,
may prevent the further build-up of abnormal proteins in the cell, thus
obviating the activation of HSF1.

If abnormal proteins are the universal signal of cellular stress, then the
sensor of the heat shock response must be able to detect their accumulation.
A prime candidate, naturally, would be the molecular chaperones them-
selves. Here, the model suggests that HSP70, most likely in complexes with
co-chaperones and other factors, participates in the maintenance of HSF1 in
the inactive form under normal conditions. Upon heat shock or other
stresses, denatured proteins accumulate and the demand for chaperones
increases; this compromises their ability to maintain HSF1 in its inactive
state, leading to its activation and the up-regulation of the heat shock genes.
Indeed, the activation of HSF1 by the injection of denatured proteins into
Xenopus oocy’reslg’153 can be abolished by the co-injection of HSC70, which,
conceivably, will allow the negative regulation of HSF1 to remain undis-
rupted.””

Alternatively or in addition to the above model, HSF1 may be capable
of directly sensing the biochemical disturbances invoked by the stress agents.
Studies in Drosophila have demonstrated that purified HSF can be directly
and reversibly activated in vitro by heat and hydrogen peroxide.'* Similarly,
a decrease in pH in the physiological range induces the same activation of
HSF'" and this is relevant in that heat shock and various chemical inducers
have been observed to decrease intracellular pH in living cells."™'***> Th
the intrinsic structure of HSF1 may allow it to directly sense changes in
temperature, biochemical balance, and pH through stress-sensitive alter-
ations in intramolecular interactions within the HSF1 molecule. For example,
the trimerization domain and the C-terminal trimer suppression domain of
HSF1 contain two histidine residues and more than 20 charged amino acids;
a decrease in pH may disrupt the salt bridges and hydrogen bonds that stabilize
the interactions that maintain the HSF1 monomer."” On the other hand, the
notion that HSF1 may directly sense heat through temperature-induced

7
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changes in conformation probably cannot account for all the conditions
under which HSF1 is activated. For example, some chemical inducers, such
as cadmium sulfate, canavanine, and sodium arsenite, can induce the acti-
vation of HSF1 in the absence of heat and without a decrease in intracellular
pH." In addition, the temperature at which HSF1 activation is induced is
not absolute. This is demonstrated by the observation that HeLa cells grown
at a decreased culture temperature (35°C instead of 37°C) have a lower
temperature requirement (40 to 41°C) for HSF1 activation.*” More interest-
ingly, the induction temperature of human HSF1 expressed in Drosophila cells
is reset to that observed in the host."” Thus, it appears that the activation of
HSF1 is dependent on the relative, rather than the absolute, change in envi-
ronmental temperature. With a view to that, the elucidation of the precise
mechanisms that mediate the sensing and transducing of the stress signal
within the cell awaits further study.

VIII. Summary and perspectives

Through the integration of results obtained by the diverse experimental
approaches employed thus far, a multi-step model of HSF1 activation begins
to emerge. HSF1 is predominantly a nuclear protein and under nonstress
conditions exists as a latent monomer whose DNA binding and transactiva-
tion activities are suppressed (see Figures 2.2B and 2.3). This suppression is
achieved primarily by the interaction of the hydrophobic domain near the
C-terminus of HSF1 with the trimerization domain found next to the DNA-
binding domain in the N-terminal half of the protein. Cognate forms of the
heat shock proteins/molecular chaperones likely play an important role in
the formation and maintenance of this repressed state. During heat shock
and other stresses, denatured proteins accumulate in the cell, necessitating
the induction of the chaperone-mediated refolding or degradation of these
proteins. Here, HSF1 becomes activated through conformational changes in
its structure that arise via a direct self-sensing mechanism in response to
changes in the physical environment and/or through the decrease in chap-
erone activity, causing HSF1 to go from its repressed (monomeric) to its
active (trimeric) state. Trimerization of HSF1 fully exposes its DNA-binding
domain, allowing for high-affinity binding to the HSEs in the heat shock
gene promoters. HSF1 then achieves transcriptional competence through an
independent process, possibly involving further conformational changes
from self-detection of the physical environment and/or phosphorylation/
dephosphorylation events. The transcriptionally competent HSF1 then acti-
vates the transcription of the heat shock genes by a mechanism that likely
involves the recruitment of chromatin remodeling factors and the stimulation
of RNA polymerase elongation and reinitiation. The products of the heat
shock genes, after accumulating to a certain level within the cell, facilitate
the inactivation of HSF1 in a negative feedback loop. Finally, HSF1 reverts
back to its inactive monomeric form during the deactivation or attenuation
phase of the heat shock response (Figure 2.3).
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Figure 2.3  Model for the regulation of heat shock factor in mammalian cells. In-
active and active HSF reside in the nucleus. In response to heat and other forms of
proteotoxic stress, inactive HSF monomers undergo a conformational change such
that the interaction between the hydrophobic heptad regions found in the N and C
terminal halves of the protein is disrupted promoting the formation of an HSF
homotrimer. This conformational change may be a direct physical response of HSF
to heat and/or it may be an indirect response to a decrease of HSP chaperone activity
within the cell. HSF trimers bind heat shock elements (HSEs) found in the promoters
of hs genes. HSF trimers likely undergo even further conformational changes to
expose the transactivation domain found at the C-terminal of each HSF molecule.
Active HSF stimulates the transcription of heat shock genes by releasing paused RNA
polymerase II (RNA pol) and by recruitment of new polymerase complexes. Heat
shock gene mRNAs are translated in the cytoplasm, thereby increasing the level of
HSPs within the cell. Heat shock proteins (HSP) and heat shock cognate (HSC)
proteins are translocated into the nucleus during heat shock and are thought to
promote the refolding of active HSF back to its inactive monomeric form. In addition,
another HSF interacting protein, HSBP1, is thought to bind to the hydrophobic heptad
repeats of HSF1, thus contributing to its attenuation.
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The heat shock response is an inducible defense mechanism that allows
cells to cope with stressful environmental changes. Not only does it provide
insight into how cells counteract and recover from stresses, but studies of
the heat shock response also offer an excellent paradigm for investigating
various aspects of transcriptional regulation in inducible gene expression
systems. Moreover, the expression of heat shock proteins is found to increase
during a number of pathophysiological states such as ischemia, cardiac
hypertrophy, fever, inflammation, infection, aging, and cancer. Although it
is unclear at present whether the HSPs are expressed as a cellular strategy
to confer cytoprotective action during these disease states, or simply as a by-
product of protein damage, studies of the regulation of the heat shock
response can potentially offer enormous clinical significance.

Despite the tremendous advancement of knowledge over the years since
the initial observation of heat shock-induced chromosomal puffs in Drosophila,
much work remains to be done in the investigation of the regulation of the
heat shock response. One challenge is to determine the relevance of the various
proposed regulatory components, such as molecular chaperones, HSBP1,
and phosphorylation events, in the multi-step activation and deactivation of
HSF1. This feat can be approached by a combination of strategies. For example,
the use of purified proteins to reproduce components of the heat shock response
in vitro will allow the dissection of the heat shock pathway and the identi-
fication of direct effects conferred by one element to another; subsequently,
further studies can be performed to confirm their in vivo significance. In
addition, the determination of the mode of action of the various inducers of
the heat shock response will permit a better understanding of the events and
cellular conditions that lead to the activation of HSF1 under the seemingly
diverse array of stress stimuli. Hopefully, future studies will allow the elu-
cidation of the complex network of regulatory factors and molecular mech-
anisms that underlie the transcriptional regulation of the heat shock defense
response in cells.
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Addendum (November 7, 2001)

Note added in proof. Subsequent to the writing of this chapter, a review on
heat shock factors has appeared (Pirkkala, L., Nykanen, P., and Sistonen, L.,
Roles of the heat shock transcription factors in regulation of the heat shock
response and beyond, Edakia., 15(7), 1118-1131, 2001) as well as an article
on the function of heat-induced HSF phosphorylation (Holmberg, C., Hie-
takangas, V., Mikhailov, A., Rantanen, J., Kallio, M., Meinander, A., Hellman,
J., Morrice, N., MacKintosh, C., Morimoto, R. I., Eriksson, J. E., and Sistonen,
L., Phosphorylation of serine 230 promotes inducible transcriptional activity
of heat shock factor 1, EABQ., 20(14), 3800, 2001).
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I. Introduction

Striated muscle is a complex organ, which in man forms approximately 40%
of total body mass. Constantly responding to an ever-changing environment,
muscle can dramatically increase metabolism to sustain movement or it can
be metabolized as a food source in times of decreased energy intake. Some
muscles such as the heart are active on a continual basis, whereas others are
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44 Exercise and the stress response: The role of stress proteins

only infrequently recruited. As a result striated muscle is one of the most
plastic and dynamic organs in the body." Among the components that allow
muscle to meet its many and varied tasks is a group of intracellular proteins
known as heat shock proteins (HSPs) or stress proteins (SPs). In recent years,
the wide range of activities performed by these proteins has begun to be
elucidated and their actions fall into two main categories. They either main-
tain structural integrity or chaperone cellular constltuents ? As a result, they
play fundamental roles in protein synthesis,’ degradation,” and stab1hzat1on
and are intimately involved in regulation of intracellular signaling.”” HSPs
are often associated with cellular protectlon and consequently are of great
interest as potential therapeutic agents.*” In this regard exercise is unique
in that it is a nontoxic, physiological inducer of HSPs." With this in mind,
the purpose of this chapter is to (1) review the major HSPs found in striated
muscle; (2) comment on their response to exercise, and (3) identify some
functional implications of this response. An extensive list of primary refer-
ences is provided for the readers” use.

II. Major heat shock proteins in striated muscle

HSPs are a highly conserved superfamily of proteins that perform multiple,
critical roles in both the developing and adult organisms.”""'” Under conditions
that result in the presence of partially denatured proteins (and possibly in
response to other forms of signaling), heat shock elements (HSEs) located in
the 5" region of HSP genes are bound by trimerized heat shock transcription
factors (HSF1 usually, although others are involved) which upon phospho-
rylation or dephosphorylat1on result in varying degrees of transcriptional
activation of heat shock genes." This response is autoregulatory in that the
resultant increase in HSP levels leads to a sequestration of HSF1 and termi-
nation of the stress response'* (see also Chapter 2). There are several groups
of HSPs, most often referred to on the basis of their molecular mass (i.e., the
HSP70 family is comprised of proteins weighing in the 70-kDa range), that
act independently and cooperatively to effect a concerted response to stress.
The following, highlights a select list of the major HSPs found in striated
muscle.

A. Ubiquitin

Ubiquitin is a small-molecular-weight protein (8.5 kDa) that is part of the
ubiquitin-proteasome pathway responsible for most of the non-lyosomal
protein degradation, and hence most muscle protein degradation, in mammals.
During this process, proteins that are no longer necessary or that cannot be
rescued from unproductive folding are covalently bound by a branched
polyubiquitin cham and are thereby targeted for degradation by the proteasome
in the cytosol.* Proteins destined for ubiquitin targeting and destruction are
identified by several means, including exposure of specific motifs such as may
occur with protein unfolding or dissociation,™'® post-translational modifications

© 2002 by CRC Press LLC



Chapter three: Heat shock proteins and their induction with exercise 45

such as phosphorylation'” and dephosphorylation,”® and interaction with
other HSPs such as the 70-kDa heat shock protein cognate (constitutive
isoform) HSC70.""' In the later case, HSC70 may initially protect the protein,
presenting 1t for degradation only after repeated attempts at refolding have
been made.” Proteins may also be protected from degradation by the ubig-
uitin pathway by virtue of their quartenary structure. For example, intact
myofibrils are not good substrates for ubiquitin-proteasome degradation,
whereas damaged contractlle proteins resulting from muscle injury are
readily hydrolyzed.”

Recent evidence indicates an imp ortant role for ubiquitylation in cell
signaling and regulation.'®** Mono as opposed to polyubiquitylation may
target some membrane receptors, including several growth factor receptors, for
degradation.”* For example, when ubiquitin binds to growth hormone recep-
tors, it can down—regulate these receptors via both lysosomal and proteasome-
dependent pathways,*” thereby directly affecting signal tranduction via
the Jak/Stat pathway.”” Moreover, the transcription factor MyoD which
is critical to muscle development, growth, and regeneration,” is degraded
in the nucleus by the ubiquitin system unless it is bound (and presumably
exerting transcriptional regulation) to its DNA-binding element.'** Ubig-
uitin may exert an effect on protem synthesis by modulating accessibility to
the DNA transcription complex and by influencing the decay of cytokine
and proto-oncogene mRNAs.”’ This ubiquitin targeting of growth factor
receptors, muscle-specific transcription regulators, DNA accessibility, and
mRNA viability is intriguing in that it suggests that ubiquitin-related sys-
tems might control protein turnover at both “input” and “output” stages.

B. Small HSPs

The small HSPs are a superfamily of low-molecular-weight proteins (17 to
27 kDa), of which several members (HSP27 oB- crystalhn, HSPZO MKBP/
HSPB2, and HSPB3/cvHSP) are found in skeletal muscle.’™ As with other
HSPs, these small HSPs exhibit dual roles that may not be mutually exclu-
sive. Not only are they molecular chaperones*’™ that have critical functions
in development and maintenance of muscle,”** but they also protect the
muscle during periods of stress.** ™

HSP27 (HSP25) and aB-crystallin have been the most intensively inves-
tigated of the small HSPs but recent information suggests that others are
also important. A 20-kDa HSP that is homologous to aB-crystallin binds to
both oB-crystallin and HSP27.*** MKBP /HSPB2, which interacts with myo-
tonic dystrophy protein kinase (DMPK), maintains myoflbrll stability and is
integral to the development of myotonic dystrophy.” HSPB3 is a recently
characterized, small HSP whose precise function is unclear.”*” cvHSP, a 25-
kDa protein, is selectively expressed in cardiovascular and insulin-sensitive
tissues and may be involved in actin polymerization and associated with
metabolism.” It has been suggested that the small HSPs can be divided into
two functionally distinct groups.”> HSP27, oB-crystallin and HSP20 (p20) are
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widely distributed in a variety of cells, including striated muscle, whereas
MKBP /HSPB2 and HSPB3 are more localized to skeletal and, in the case of
HSB3, cardiac muscle. > Moreovert, in cell culture, Sugiyama et al®
observed that HSP27, oB-crystallin and HSP20 interacted with each other in
various hetero- and homo-oligomeric configurations that were independent
of MKBP/HSPB2 and HSPB3 oligomers. In addition to this selective inter-
action, the small HSPs exhibit differential localization and developmental
properties. HSP27 and oB-crystallin are up-regulated and bound to actin
bundles in the early stages of myogenic differentiation while MKBP /HSPB2
is not.

As noted above, small HSPs normally exist in oligomeric aggregates of
high molecular weight.SS’56 However, under conditions of development, or
cellular stress, these proteins may assume smaller oligomers with potentially
altered function as a result of phosphorylation.”** For example, in devel-
oping striated muscle, phosphorylated HSP27 is found at high levels,’
whereas post-parturition, the degree of phosphorylation is reduced.*”
Given its cellular localization, at the I-band and M-line, it has been postulated
that small phosphorylated HSP27 oligomers are associated with myofibril-
logenesis and the insertion of actin into myofilaments.”*** The reduced
phosphorylation observed with development would reflect a reduced rate
of myofibrillogenesis while the continued high expression of HSP27 in oxi-
dative fiber types compared to those that depend more on glycogenolysis
probably reflects a higher rate of protein turnover in the former.”

HSP27 is also involved in microfilament stabilization during times of
stress,”* but here the effect of phosphorylation is more complex. Phosphory-
lation of HSP27 may initially cause an increase in native molecular mass,”*
followed by a subsequent decrease in oligomeric size."””****” The large
aggregates are critical for chaperone function® and may also increase the
level of the antioxidant glutathione, thereby protecting cells against the dele-
terious effects of oxygen free radicals.”*” The small oligomers are involved in
microfilament stabilization and can enter the nucleus where they may either
protect nuclear proteins or interact in cell signaling pathways.”” In cells
undergoing stress, the re-organization of HSP27 not only allows smaller
oligomers to stabilize intracellular structures, but may enable them to retain
chaperone activity and hold partially denatured proteins for subsequent
refolding by HSC70.*”° HSP27 also binds specific initiation factors, thereby
limiting mRNA transcription.” This might serve the effect of eliminating the
production of proteins requiring chaperones, which are in short supply,
having been recruited in an effort to maintain cellular viability.

oB-crystallin tends to co-localize with HSP27 at the I-band and M—line,S’71
as well as at the Z-line in association with actin and desmin where it may
help stabilize the Z-line.””” Like HSP27, oB-crystallin is also involved in
assembly and stabilization of the thin filament but possibly has an addi-
tional involvement in intermediate filament regulation.’ In this regard, indi-
viduals exhibiting inherited, desmin-related dystrophies that included
adult onset accumulation of desmin aggregates also displayed co-aggregation
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of an oB-crystallin gene defect. Further, muscle cell lines transfected with
this mutant gene showed desmin and oB-crystallin aggregates that were similar
to those observed in the patients.”* oB-crystallin may also influence cytoskel-
etal remodeling by acting as a chaperone to present proteins to the proteasome
for degradation.” HSP27, oB-crystallin increases post-parturition in both skel-
etal muscle, with the greatest elevations being observed in oxidative fibers."*”*
The role of the altered phosphorylation state of aB-crystallin in these pro-
cesses is unclear.”

There is very little information on the biological function of the other
small HSPs. Changes in HSP20 during both development and in response
to denervation suggest that HSP20 is influenced by neural 1nput and is
particularly important in frequently contracted oxidative muscles.”*** With
stress, HSP20 either remains in the cytoplasm or migrates to the nucleus;
but unlike HSP27 or ocB -crystallin, it does not appear to be important in
filament stabilization.”

C. HSP32

HSP32 (or HO-1) is the inducible isoform of heme oxygenase. Along with
the constitutively expressed isoform (HO-2), HSP32 is believed to act as an
antioxidant by accelerating conversmn of heme into biliverdin and ulti-
mately bilirubin and carbon monoxide.” Heme which is a pro-oxidant, can
thus be converted into antioxidant metabolites.”” In this way, ] HSP32 provides
protection against atherosclerotic lesion and vascular i 1n]ury 081 and is critical
in guarding against myocardial 1schem1a—reperfu51on m]ury ? Although
HSP32 has a heat shock element in its promoter region,™ it is most often
up-regulated in response to oxidative stresses that may not operate through
the traditional heat shock signaling pathways but may involve NFkB and
AP-2 transcription factors. $3% Moreover, the increase in HSP32 expression in
response to various oxidative stresses, including exercise,”*”* does not appear
to involve typical chaperone functions where specific proteins are stabilized
or transported. Rather, HSP32 may provide protection through the afore—
mentioned elimination of heme with coincident productlon of antioxidants®
as well as the production of specific cellular messengers.”””" While still con-
troversial,” carbon monoxide produced during the HO-1 production of
biliverdin may be involved in thls protective action, either directly or in
conjunction with nitrous oxide.”””” Interestingly, hypoxia is also associated
with increased HSP32 expression””* but the importance of this under normal
physiological conditions is unclear (see also Chapter 6).

D. HSP47

HSP47, a glycoprotein located in the endoplasmic reticulum, is proposed to
bind both collagen and procollagen molecules. It is involved in collagen
processing and stabilizes procollagen in a monomeric state while chaperoning
them to the Golgi apparatus.”” This chaperone, which may function in a
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heteromeric complex with the glucose-regulated protems (GRPs) 78 and 94,
is responsive to various stressors, including heat shock.” HSP47 has also been
found to bind with collagen associated with the basement membrane™ and
it is interesting to speculate as to whether this HSP might help maintain
membrane integrity or be involved in specific signaling pathways during
periods of stress.

E. HSP70 family

Of the HSPs studied to date, the best characterized are those with an appar-
ent molecular weight of 70 kDa At least ten members of this family have
been identified in mammals™ and it is likely that each of the isoforms per-
form similar functions in dlfferent cellular compartments. As with HSP90,'”
HSP27,"” and heme oxygenase,” cytoplasmic HSP70 is found in both con-
stitutive (HSC70 or HSP73) and inducible (HSP70 or HSP72) isoforms that
exhibit a plethora of functlons These include cell s1gnahng, mRNA stabiliza-
tion and degradation,”'” protein degradation,” cytoskeletal interac-
tions,"”"™ and even apoptosis or cell death.'” However, more than any of the
other HSP families, the HSP70s are involved in the chaperoning and folding
of nascent polypeptides.**'* They interact with hydrophobic peptide segments
of many newly synthesized proteins, ' thereby preventing improper fold-
ing and aggregation of these polypeptides prior to their assumption of
proper conformation. There may be as many as one HSP70 binding
sequences per every 40 amino acids, and slight differences in motif may
determine whether HSP7O acts to assist with protein folding or to chaperone
proteins within the cell” As a result, both HSC70 and HSP70 are integral to
proteins synthesis, both through association with the ribosomal
machiner 3y3 712 and direct involvement in regulation of translation
initiation"*'""* (see also Chapter 4). Moreover, under conditions of protein
denaturation or damage, members of the HSP70 farmly bind directly to
these sequences to prevent protein aggregation 1910 and, in conjunction with
other HSPs, stimulate protein refolding. The N-terminal domain of the HSP70
family is a weak ATPase that appears to oscillate these proteins between strong
and weak binding states. When ATP is present, protein recognition and bind-
ing occur; but the association is transient, and upon ATP hydroly51s (see
accessory chaperones below), protein interaction is stabilized."” While they do
not direct proteins to their final conformation, it is this sequential binding and
release of the substrate that is important in stabilizing critical 1ntermed1ates
and preventing improper associations of elongating polypeptldes

An important non-cytoplasmic member of the HSP70 family is the mito-
chondrial protein, HSP75 (GRP75). 18120 (See also Chapter 8.) The mitochon-
drion is a unique organelle in that it carries DNA, which can code for many
of its own constituents. However, several proteins must be imported from
the cytoplasm and HSP75 is important in this regard.””"*" Having been manu-
factured on ribosomes in the cytoplasm, proteins that have a specific mitochon-
drial targeting sequence'” are chaperoned to the mitochondrial membrane by
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cytosolic HSP70s'> and, in an energy-dependent process, HSP75 in conjunc-
tion with outer and inner mitochondrial translocase complexes transports
the protein into the mitochondria."”"* Like HSC70, HSP75 may cycle between
ADP- and ATP-bound configurations to accomplish mitochondrial protein
import.””"* Once in the mitochondria, recently imported proteins are folded,
assembled into enzymatic complexes, and subsequently released from an
oligomeric ring structure of the mitochondrial chaperones HSP60 and
HSP10.>*"'”" This complex is important not only in chaperoning proteins
that have been recently transported into the mitochondria, but also in refolding
partially denatured proteins within mitochondria that have been subjected
to stress.'” Interestingly, a process involving HSC70 and a ring structure
known as TRiC/CCT appears to perform a role similar to HSP60 in the
cytoplasm.'**

Recently, an HSP70-like family of proteins termed HSP110 has been
described,'” which is moderately expressed in heart and skeletal muscle."”
Often found in large aggregates with HSP25 and HSC70,'” HSP110 may pro-
vide thermotolerance and recovery from stress by holding unfolded proteins
in preparation for refolding by HSP70,"* much like HSP27.* The RNA bind-
ing properties of HSP110 suggest that, like HSP70, this protein could be
involved in regulating mRNA stability or translation.'”

Upon stress, both HSC70 and HSP70 redistribute within the cell®1%
and, in doing so, protect the nucleus, nucleolus,lss_137 and cy’roskele’ton138
and are important in helping maintain protein synthesis.'” Stress-induced
increases in HSP75 and associated proteins appear to protect mitochondria
and enhance their capacity to maintain energy production during subse-
quent stressful events.””*"**'*! Cytosolic members of the HSP70 family may
also protect the mitochondria'**"** and, in conjunction with their role in the
regulation of the stress-activated kinase JNK, may limit the degree of
apoptosis. '

One of the more interesting questions with regard to the HSP70 family
is why the cell has the nearly identical proteins HSC70 and HSP70 in the
cytoplasm. In fact, in many tissues (including striated muscle), the so-called
inducible isoform, HSP70, is found at relatively high constitutive levels.”
Moreover, in response to a variety of stressors, including exercise, HSC70 is
much less inducible than HSP70."* In attempting to address this issue, Brown
and co-workers'* observed that, following heat shock, HSP70 and HSC70
interacted with one another in vivo and co-localized in the nucleus and
nucleolus and exhibited little difference in their biochemical characteris-
tics."*” More recently, it was demonstrated that although the localization of
HSC70 and HSP70 were similar following stress (primarily in the nucleus
and nucleoli and to some extent over the mitochondria), in resting cells,
HSP72 had a primarily nuclear locus whereas HSC73 was distributed through-
out the cell but concentrated over the mitochondria or in the nucleolus." This
suggests potentially different functions, or interaction with different acces-
sory proteins in unstressed cells but common targets during stress. Further
study will be required to address this issue.

136,14

© 2002 by CRC Press LLC



50 Exercise and the stress response: The role of stress proteins

F. HSPI0 family

As with many of the other heat shock proteins, members of the HSP90 family
exhibit differential compartmentation and activation but perform similar
functions. Of these proteins, the two most important in vertebrates appear
to be HSP90o and HSP90B, with HSP90P representing the constitutive iso-
form and HSP90o. the inducible isoform.'® HSP90, which is very abundant
in eukaléyotic cells,"* is generally present as homo-oligomers of various
sizes'”"* whose size increases in response to stress.” This oligomerization
of HSP90 appears to be critical to its cellular function.'®’ In an ATP-dependent
cycle,™" HSP90 will transiently interact with immature proteins either
independently'™ or more usually as part of a multi-protein complex which
frequently includes HSC70.”"> HSPY0 is rapidly up-regulated in response
to stress and like HSP27 acts to prevent the unwanted aggregation of
partially unfolded proteins'**'* by maintaining them in a folding compe-
tent state for refolding by the HSC70 machinery."* Like HSP70, HSP90 may
self-regulate its stress-induced synthesis through its interaction with the
major heat shock transcription factor HSF1."” "

HSP90 also exhibits more specific interactions within various signal
transducing pathways which are critical to the adaptive capacity of the
cell.' ™" In this regard, the best described of the HSP interactions is that
with steroid receptors in that HSP90 maintains the unstable receptors in a
conformation that will allow them to interact with the target hormone and
then transports the active complex to the nucleus where signal transduction
can be executed.”™"*'®* In fact, the association of HSP90 with actin and
other cytoskeletal elements'*'*” may not only represent a means of stabiliz-
ing these structures, but also a means by which these signal transduction
complexes are transported to and from the nucleus.'” HSP90 appears to
interact with other signaling pathways in an analogous manner, most notably
with several transcription factors and protein kinases. For example, HSP90
is involved in the control of helix-loop-helix transcriptions factors, including
the muscle-specific MyoD.'™'**'” Not only does the transient interaction of
HSP90 with MyoD convert this transcription factor to its active form,'” but
it also is critical in the assembly of functional MyoD oligmers with other
transcription factors necessary for successful DNA binding and transcription.'*
Interestingly, during muscle development, it is the inducible HSP90o. isoform
that is co-localized with MyoD,m’lég'169 and in addition to increased expres-
sion in response to stress, this isoform appears to play an essential role in
muscle formation. The observation that HSP90 may help regulate both pro-
tein synthesis'”’ and degradation'®"""'” supports its significance in muscle
function.

Along with HSC70, HSP90 plays a prominent role in the mitogen-acti-
vated signal cascade (MAP kinase).”” The destabilization and subsequent
degradation of tyrosine kinase receptors,”'”* disrupted translocation of Raf
to the cell membrane, and inhibition of MAP kinase activation> " using the
HSP90 inhibitory drug geldanamycin all point to the importance of HSP90
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in a wide range of cellular signaling. Further HSP90 appears to play an
1mportant role in nitrous oxide signaling'”® and is critical for proper vascular
function."” Recently, a mitochondrial homologue of HSP90 has been
characterized® but its importance to mitochondrial protection, signaling, and
adaptation has yet to be determined.

G. Accessory proteins

In addition to the major HSPs noted above, there are several accessory
chaperones that are critical for normal HSP function. Members of the HSP40
family stimulate HSP70 binding to substrates by increasing the ATPase
activity of the HSP70s and HSC70-interacting protem (Hlp) helps stabilize
this complex, thereby enhancing chaperone function."® " These chaperones,
in conjunction with HSC70-HSP90 organizing protein (Hop), are not only
important in regulating the function of individual HSPs but are critical in
the interaction of multiple HSPs in chaperone machines."”*'** A co- chaperone
identified as CHIP which attenuates HSC70 chaperone activity'”" likely
assists HSC70 and HSP90 in targeting proteins for degradation via the
ubiquitin-proteasome pathway, thereby linking several HSPs."*'® More-
over, Bag-1, which also negatlvely modulates HSP70 function,™"" exerts
roles 1r1 both apoptotic'® and intracellular signaling via Rafl/ERK path-
ways."® The above observations suggest that these accessory proteins (and
numerous others that go beyond the scope of this review) not only mod-
ulate individual HSP activity but identify specific chaperone targets. In this
manner, they can regulate whether HSP function is anabolic or catabolic,
stimulatory or inhibitory. To date, the response to and action of these
accessory proteins with physiological stressors such as exercise have yet
to be examined.

II1. Heat shock protein induction with exercise

Following exercise, the stress response can be invoked in an effort to maintain
or regain cellular homeostasis. As has been detailed in several recent
reviews'"”" ™ and addressed elsewhere in this text, exercise results in
activation (and inactivation) of a number of cell signaling pathways, which
vary in a muscle- and exercise-specific fashion."” "> Moderate changes in
intracellular ATP Concentrahons with increases in ADP and AMP"™*"*
decreased carbohydrate stores,” hypoxia,””*”" ischemia,” and reduced
intracellular pH***" could all be responsible for exercise-induced expres-
sion of HSPs. Elevated exercise temperatures may result in partial protein
denaturation,””** mitochondrial uncoupling with subsequent reactive oxy-
gen species (ROS) formation, and changes in membrane integrity”” " leading
to HSP synthesis. Increases in intracellular calcium”**"' and exerc1se—dependent
release of hormones such as epinephrine and norepinephrine”**"* may 2?5121%

result in HSP accumulation. Finally, direct exercise-induced muscle stretch
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or damage resulting in cytokine release and initiation of the inflammatory
response can alter HSP production. 272 The magnitude of the stress response
and the role played by HSPs varies as a consequence of the exercise stim-
ulus. Hence, the response to a single bout of exercise may represent a
reaction designed to recover homeostasis, whereas the changes that occur
with repetitive exercise training likely represent an adaption designed to
maintain homeostasis.

A. Acute exercise

The first study to document the effect of exerc1se on the stress response was
that conducted by Hammond and colleagues.” In this study, rats were swam
to exhaustion and immediately post-exercise, hearts were extirpated and
analyzed for changes in translation products of isolated mRNA. Although
increased synthesis of HSP70 proteins were evident in hearts from animals
that had undergone heat shock or aortic banding, no difference between
control hearts and those from swimmers were observed. Subsequent studies
employing treadmill running rats***”*'***'*! and exercising humans'*****
have demonstrated that acute exercise is a sufficient stressor to induce the
synthesis of a number of HSP transcripts and/or proteins. Interestingly,
there has been no further evaluation of the stress response to swimming
with the exception of two abstracts (Pshedin et al., Med. Sci. Sports Ex., 26,
S134, 1994 and Kelly et al., Med. Sci. Sports Ex., 27, 543, 1995), which resulted
in conflicting observations regarding the potential of swimming as an
inducer of HSP expression.

HSP70, the inducible isoform of the HSP70 family, has been the most
extensively examined HSP with regard to its response to acute exercise. In
animal models, HSP70 has generally been observed to rise in response to
one to three bouts of exercise with the magnitude and timing of the increase
being influenced by exercise intensity, core temperature achieved, and muscle
examined. In response to moderate intensity exercise, Locke et al” reported
that activation and binding of HSF1 and increased expression of HSP70
mRNA were detected as early as 20 and 40 minutes, respectively, in cardiac
muscle. Although these investigators did not examine skeletal muscle, the
time course of activation was likely similar as increased HSP70 mRNA has
been reported in the plantaris immediately upon cessation of exhaustive
exercise.”” Using a sensitive ELISA techmque 1ncreased protein levels have
been detected by 30 minutes following exercise,””* but most studies have exam-
ined the response at 24 to 48 hours post-activity where relative increases of
1 to 30-fold have been reported.”

New or enhanced synthesis of a number of other putative HSPs, includ-
ing those of approximately 65, 90, and 100 kDa, has been reported in rats
subjected treadmill running, but the actual proteins were not identified.””**
Induction of HSP32 in the rat tibialis anterior exhibits a time course similar
to that noted above for HSP70 following electrical stimulation of a loaded
muscle and is elevated sevenfold immediately post-exercise in the plantaris
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of rats that had run for 60 minutes.*® With 15 minutes of acute electrical
stimulation, HSP60 content was found to increase in mouse soleus (within
4 hours) but not in the EDL. Finally, as with other stressors,™ "' HSC70
exhibits a minimal response to exercise.”**"!

While the data from rodent exercise models indicate a rapid and dra-
matic HSP response to stress, in human models, the data are less clear. To
date, HSF1 activation with exercise has not been examined in humans but
during moderate intensity effort (60 to 70% VO,,,), HSP70 mRNA in
skeletal muscle was found to have increased 40 minutes before the end of
exhausting exercise and to follow a time course similar to that observed
in rat cardiac muscle post-exercise. 1992254 However, up to 3 hours post-
exerc1se no increase in HSP70 was detected either in muscle™ or lympho-
cytes.” Similarly, HSP60 and HSP70 were not found to increase in vastus
lateralis in response to 45 minutes of singled-legged exerc1se at 70% VO, ax
until 3 and 6 days, respectively, after the exercise bout.”” In contrast, when
previously trained subjects were subjected to a half-marathon, increases in
HSPs27, 60, and 70 were detected in leucocytes immediately post-exercise,
persisting in some subtypes up to 24 hours.”> Moreover, although there
was no change in transcription rate or accumulation of oB-crystallin in
response to either exhaustive single-leg knee extension at 70% of the 2-minute
maximal resistance or to a single 4-hour bout of cycling at 60% of VO,,.,,
HSP32 transcription and subsequent MRNA accumulatlon occurred very
rapidly with the more intensive single- 1eg exerc1se * Clearly, many factors,
including HSP exammed training status,”* exercise duration,*** muscle
or cell type examined, 2351 and large inter-individual variability in induc-
tion of the stress response with activity”™ *"**** have an impact on HSP
expression.

Changes in exercise intensity that lead to differences in muscle recruit-
ment pattern and hence muscle loading also appear to have a significant
effect on HSP expression.””** In this regard, the HSP70 expression in various
muscles known to undergo different recruitment patterns was recently exam-
ined 24 hours following a single bout of exercise (Milne and Noble, unpublished
observations). Reminiscent of the manner in which muscle fiber cytochrome
¢ content is elevated in relation to recruitment order,”* HSP70 also exhibited
a distinct recruitment effect, increasing in the more oxidative muscles at
lower running speeds and increasing in the least oxidative muscles only
when very intense exercise was performed (see Figure 3.1). Development of
high muscle forces may also influence the time course and nature of HSP
induction. Eccentric res1stance exercise, which is known to lead to physical
damage of the muscle,” results in a rapid stress response. If fact, in mouse
muscle subjected to lengthening contractions, increases in HSP70 are ev1dent
within 6 hours post-exercise, peak at 1 to 3 days, and decline thereafter.”
In humans, an increased level of polyubiquitin transcripts has been detected
in lymphocytes of individuals that have undergone a weight-lifting circuit,”
and an increase in ubiquitin® and HSP/HSC70 and HSP27"" has been
detected in human biceps 48 hours after a single bout of eccentric exercise.
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Figure 3.1  Relative HSP70 expression in rat muscle, 24 hours after running up a
2% grade at 15 (light exercise) or 30 (intense exercise) m/min for 60 minutes. Soleus
and red and white portions of the vastus (RV and WYV, respectively) were chosen
because they represent muscles that are recruited in a sequential fashion with in-
creasing running speed. HSP70 content is expressed as a percent of control + SE; *
indicates significantly greater than Con; p < 0.05; n = 8 per group.

B.  Exercise training

Elevated levels of several HSPs persist with repeated bouts of exercise deszglte
adagtatlons that would tend to reduce the relative stress of exercise.'**'*****
ORI 2ASI220 The myocardium exhibits up to a 12-fold increase in HSP70
following 8 to 10 weeks of treadmill run training at moderate exercise inten-
sities in young rats (10 weeks of age).””****' However, oB-crystallin, HSP32,

HSC70, HSP75, and HSP90 are unaltered following a similar training regimen
at room temperature ' Using middle-aged animals (10 months old),

Samelman™ observed smaller (25 to 45%) but significant increases in both
HSP70 (combined level of HSP70 and HSC70) and HSP60. In summary, these
results suggest that chronic exercise training can maintain the increases in
HSP70 in cardiac muscle observed following acute exercise.”*?**?*>?*

In skeletal muscle, exercise training is accomparued b an increase in most
HSPs examined, including HSPs 60, 70, 75, and 78.'**#22623425:258.201.262
However, there are several reports in which the HSP70 content of skeletal
muscle was unaltered following exercise training.”****** In two separate
studies employing a training period of 8 weeks, training did not increases
the content of HSPs70 or 60 and 75 in rat soleus. 24 In contrast, the mitochon-
drial chaperones (HSPs 60 and 75) were elevated in the less oxidative plan-
taris.”* Muscles such as the soleus, which are rich in oxidative fiber types,
do not tend to exhibit as great an HSP response to exercise training as more
mixed or fast- tw1tch muscle,******* despite the apparent capacity to do so.”
Gonzalez et al.** observed an approximate doubling of HSPs 70, 75, and 78 in
the soleus of rats subjected to an intense 3-month exercise training regimen
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yet in the less oxidative EDL, although HSPs75 and 78 demonstrated increases
similar to those in the soleus, a much larger ninefold rise in HSP70 was
observed.”” Skeletal muscles with increased oxidative capacity generally
exhibit a higher basal level of HSP70 (see below) and, as a consequence of
this 1ncreased basal synthesis, the magnitude of the stress response may be
attenuated.” Other factors such as age, gender (see Chapter 9), and strain
(or race) may also (Play a critical role in the synthesis of HSPs in response
to eXerCise.221/227’265’2 6

Most exercise studies examining the effect of exercise training on HSP
expression have employed rodent models but a few studies have been con-
ducted using human subjects.”******* Of these, none have compared
trained individuals to a control group with the exception of one in which
basal HSP levels in blood leucocytes of trained individuals were compared
to untrained controls. Surprisingly, HSP27 and HSP70 levels were lower in
the trained individuals, whereas no differences in the expression of HSC70
and HSP90 were observed.” In the same group of subjects, although the
levels of HSP27 mRNA were down-regulated in the athletes, HSP70 mRNA
expression was increased.”” This suggests that an HSP-specific post-tran-
scriptional regulation might be involved in the training response. In support
of this, despite an increase in HSP70 mRNA having been observed in
response to a single bout of exercise in humans, P27 Liu et al* note that
during an intense 4-week training period, the maximum level of HSP70 in
highly trained rowers occurred about a week after the most intense training
phase. These investigators and others™ have speculated that in humans,
there may be a time delay for HSP accumulation following exercise and that
several bouts of activity causing transient increases in gene transcription
may be required to elicit detectable change. Control of HSP expression at
both transcription and translation has been reported”” but whether it occurs
in exercising humans has yet to be determined. In summary, it appears that
exercise training results in a chronic increase in HSP70 in striated muscle.
However, the magnitude of the response and the effect of training on other
HSPs appear to be variable and regulated by a variety of factors.

One question that bears consideration is whether the accumulation of
HSPs observed in skeletal muscle with exercise training blunts the ability of
trained animals to respond to additional or novel stresses In the most com-
prehensive study to date, Gonzalez and colleagues examined the rates of
synthesis of HSPs 70, 75, and 78 in rat soleus, 3 days after various durations
of exercise training. At each time point, they measured resting HSP synthetic
rates and their response to a single bout of exercise. They observed that with
exercise training, the resting synthetic rate for all HSPs was reduced with a
greater effect for HSPs 70 and 75 the longer the duration of the training.
Nonetheless, the trained animals were responsive to a single bout of exercise
3 days after the last training session, exhibiting increased synthesis of all
HSPs examined. In fact, when animals that had been trained for 3 months
were given a single bout of exercise, the ratio of their post-exercise vs. resting
synthetic rates for HSPs 27 and 70 were significantly elevated compared to
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sedentary controls.”*’ Similar observations have been made with regard to
HSP27 and 70 mRNA expression following heat shock when leucocytes from
resting trained humans were compared to those from untrained controls.””
These observations suggest that exercise training might allow individuals to
mount a faster HSP response to external stressors while perhaps attenuating
the magnitude of the increase accompanying training.

Whole body exercise is not required for a training effect as chronic
electrical stimulation will elicit similar elevations in HSPs in striated muscle
as those obtained with exercise.”***** Electrical stimulation is known to
increase mitochondrial biogenesis,"” hence the observed induction of mem-
bers of the mitochondrial import machinery including HSPs 10, 60, 70, and
75 with electrical stimulation is likely associated with enhanced protein
import into mitochondria.”**”" Low-frequency chronic electrical stimulation is
also associated with predictable changes in muscle fiber type with an increase
in the more oxidative type I and type IIa fibers.”” Coincident with this muscle
transformation are increases in some of the HSPs found to be constitutively
expressed in the more oxidative muscle fibers (see below), including ubig-
uitin, oB-crystallin, HSP27, and HSP70.2462827 Ubiquitin levels are increased
in rabbit skeletal muscle fibers that are undergoing necrosis (type IIx/d), as
might be expected, but are also elevated in fibers that appear uninjured (Ila)
and are simply transforming.””

C. Fiber-specific expression

HSPs are not only rapidly induced in response to stress but are also consti-
tutively expressed in many tissues, including striated muscle.” Within stri-
ated muscle there is a differential expression, however, in that muscle with
a high proportion of oxidative fibers tends to exhibit elevated constitutive
expression of ubi uitin,m_277 HSPZO,54 ocB—crys’tallir1,35’36’45’73’76’268/278 HSP27,45’268
H‘SP70,144’223’263”269’2 and HSPs 60 and 75.%% At present, there is no information
that HSP90 is distributed in a fiber-specific fashion; however, differences in the
temporal expression of HSP90 in fast and slow muscle fibers has been noted
during development'” and, although not constitutively expressed, HSP32
induction is directly correlated with the percentage of oxidative fibers and
myoglobin content.”® In contrast, HSC70 appears to be constitutively
expressed at similarly high levels in striated muscle of all types.'*** These
data on whole muscle are supported by immunohistochemistry, which sug-
gests that HSP70 and, aB-crystallin may be localized to the oxidative type I
and Ila fibers.”***® Despite the general trend for elevated HSP expression in
oxidative muscle, there are some notable exceptions. Cardiac muscle is the
most oxidative of all striated muscle and although a:B-crystallin, HSP27, and
the mitochondrial chaperones HSPs 60 and 75 are found in high levels,*****
cardiac HSP70 content, at least in the rodent, is low compared to that
observed in skeletal muscle such as the soleus.”***”*”” Human myocardium
has been reported to have high HSP70 levels,™" but this may be explained bgz
the fact that the tissue came from the hearts of patients undergoing surgery.””
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The reason that cardiac muscle has low levels of HSP70 relative to oxidative
fibers in skeletal muscle is unknown but it points to a specific role for HSP70
in the latter which need not be directly related to mitochondrial content and
oxidative capacity.

Muscles rich in oxidative fiber types generally have increased roles in
posture and ambulation, and elevated constitutive expression of HSPs could
be a consequence of their greater use. It has been estimated that 2 to 5% of
all oxygen taken up is released as reactive oxygen species (ROS)* and ROS
are one by-product of frequent contractile activity.”' These ROS may lead to
membrane damage or protein oxidation and, hence, elevated levels of
HSPs.””** When muscle use is chronically reduced, such as occurs with
hindlimb unweighting, denervation, or tenotomy, oxidative muscles such as
the soleus demonstrate decreased levels of HSP70 and oB-crystallin. >
Moreover, when soleus muscle is subjected to unloading as rats are run at
increasing speeds,”” HSP70 levels actually decline toward control values
(Figure 3.1). This latter observation, which suggests that muscle loading
rather than contractile activity per se is important, is in agreement with a
previous report that demonstrated HSP32 was elevated to a greater degree
in electrically stimulated muscle when the muscle was contracting against
a load.® The response to muscle disuse is complex, however, as HSP27 is
transiently increased in the soleus with denervation, whereas fast muscles
such as the EDL demonstrate either no change or an increase in HSP27 and
oB-crystallin, thereby suggesting that additional pathways beyond those
which are neurally mediated may be important in the fiber-specific consti-
tutive expression of HSPs."

Differences in HSP expression in muscle with different fiber composi-
tions could also be the consequence of their coordinated expression with
other fiber-specific proteins. Fiber differences in protein composition are
believed to be partially controlled by the differential expression of myogenic
regulatory factors (MRFs).” At least one HSP (oB-crystallin) has regulatory
elements in its promoter that not only interact with MRFs**** but which in
muscle undergoing continuous electrical stimulation are activated with a
similar timecourse.”® Under a variety of conditions, HSP70 expression is
shifted in conjunction with slow or type I myosin heavy chain (type Il MHC),
which may be viewed as a marker for activation of the slow fiber type gene
program. For example, when rat plantaris was subjected to compensatory
overload in the presence of thyroid hormone, the normal overload induced
increase of both type I MHC and HSP70 was blocked.” Moreover, the
normal decline in HSP70 that occurs in the denervated soleus can be atten-
uated under a hypothyroid condition that also reduces the loss in type I
MHC (O’Neill et al., unpublished observations). In individuals with spinal
chord injuries who underwent an exercise training regimen, myosin mRNA
levels for atrophied type II fibers were increased, while ubiquitin and 20 S
proteasome mRNA levels, which are normally high in the more oxidative
fibers,”” declined.”” These data support the contention that constitutive
expression of HSPs may be partially under the control of factors specific to
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different muscle fiber types in addition to the direct effects of altered contrac-
tile activity. Experiments designed to elucidate these factors could potentially
prove useful in offering muscle protection (see below) against various types
of stress.

IV. Functional consequences of exercise-induced
HSP expression

Studies employing transgenic animals provide direct evidence for the impor-
tance of HSPs, especially HSP70, to the protection of cardiac muscle against
ischemia- reperfusmn injury'* 25299 despite studies that have questioned this
relationship. 9% Moreover, exercise-induced elevations in cardiac HSP70
are correlated with better recovery from ischemic insult.”***' Since in cardiac
muscle, chronic exercise training does not appear to be accompanied by a
sustained increase in other HSPs,*’** this emphasizes the potential impor-
tance of exercise-induced HSP70 expression to cardioprotection. However,
as noted above (see also Chapter 5), this response is complex because acute
exercise in the cold can protect the heart during ischemia-reperfusion with-
out an elevation in HSP70. In this instance, the investigators attrlbuted the
protection afforded by exercise to induction of antioxidant enzymes.” In a
subsequent study involving exercise training (after which the activity of sev-
eral antioxidant enzymes was unaltered), only hearts that exhibited a signif-
icant 1ncrease in HSP70 demonstrated protection from ischemia-reperfusion
injury.”® Interestingly, as previously mentioned, HSP70 induction may only
occur with relatively intense exercise and it has been reported that the
cardioprotective effects of exercise in humans are most influenced by the
intensity of exercise.”**”

In contrast to the heart, a link between exercise-induced increases in
HSPs and protection of skeletal muscle function has yet to be established.
Using other pre-conditioning agents, such as heat shock, observations have
been mixed. Enhanced survival of ischemia-reperfused skeletal muscle, with
protection against mitochondrial injury and maintenance of creatine phos-
phate levels, have been reported following heat shock.***** Heat stress
has also been reported to attenuate skeletal muscle atrophy following hind-
limb unwe1ght1ng ® However, as with the heart, there are reports that ques-
tion the role of HSPs in protecting skeletal muscle.””*"

Given the HSP response to exercise, it is reasonable to assume that these
proteins may be involved in maintaining normal cellular homeostasis during
and after exerc1se For example, the damage caused to m1tochondr1a during
intense exercise”” may be alleviated by HSP induction.” In one study, when
rats were exercised at high environmental temperatures (36 to 37°C), those
that had undergone heat shock (15 min at 41-42°C) 24 hours earlier were not
only able to exercise longer (89 vs. 63 min), but also exhibited enhanced
activity of selected mitochondrial enzymes involved in energy production."
HSP-mediated mitochondrial protection may take on a more critical role in
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muscle that has undergone severe, dama%ing exercise. Such exercise can lead
to apoptosis or programmed cell death,” and leakage of cytochrome c from
stressed mitochondria is believed to be one of the precipitating steps in this
pathway.311 The C-terminal N-terminal kinase (JNK) and p38 stress kinase
pathways are key arbitrators of apoptosis'” and they are activated in
response to various stressors, including exercise,”*'>*" especially if the
contractions are more intense or exhibit an eccentric componen’r.314 Such con-
tractions of course are those most likely to lead to muscle damage and cell
death.”™ HSP70 modulates the JNK pathway by directly inhibiting JNK'**°
or by interacting with other apoptosis-regulating proteins.””*"* HSP27,'*"
HSP60,”** and aB-crystallin®' may also be involved in regulating the apo-
ptotic response to exercise. Whether the damaged muscle cell undergoes
repair or apoptosis may ultimately depend on the availability of HSPs to
stabilize and chaperone denatured proteins while simultaneously suppress-
ing the activation of the stress kinases.

In addition to mitochondrial damage, damage to cell membranes such
as the sarcolemma, the t-tubules, and the sarcoplasmic reticulum may be an
outcome of exercise.”” Reactive oxygen species are likely involved in this
damage and may affect the ability of muscle to maintain force or recover from
fatigue.”** Given the potential chaperoning and stabilizing roles of HSPs,
Thomas and Noble™ subjected rat plantaris muscle to an in situ exercise
protocol designed to induce a preferential reduction in force at low frequen-
cies of stimulation (low-frequency fatigue). It was postulated that structural
alterations in proteins, which are involved in calcium release and which give
rise to low-frequency fatigue,”*** might be ameliorated by a priming stress
(heat shock) designed to increase HSP levels. In fact, there is some evidence
that HSP70 might modulate excitation contraction coupling™ and HSP70s
can interact with lipid membranes to form cation channels.”” Although
muscle HSP70 content (and presumably that of several other HSPs) was
elevated in the heat-shocked animals, recovery from fatigue was not
enhanced.” These results were confirmed in a subsequent study employing
skeletal muscle from transgenic animals with up-regulated HSP70.**

HSPs are known to be involved in cytoskeletal restructuring during
periods of stress and, when muscle is loaded, the cytoskeleton is rear-
ranged.” Not only do HSPs help stabilize and chaperone elements of the
cytoskeleton but, additionally, they are intimately involved in regulation of
the altered protein turnover that occurs with exercise™ (see above and also
Chapter 4). In addition to their direct roles in transcription and translation,
HSPs may play more indirect roles through their interaction with intracel-
lular messengers. For example, both ubiquitin and HSP90 assist in the reg-
ulation of the MyoD, a transcription factor that is involved in growth and
differentiation and whose expression is up-regulated in fast muscle fibers
(see above). HSPs 70 and 90 bind to calmodulin and the serine-threonine
phosphatase calcineurin, thereby stimulating calcineurin activity.”>" Cal-
cineurin has recently been implicated in the regulation of both muscle fiber
type profile”™* and muscle hypertrophy.™*** Interestingly, anabolic steroids
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increase the content of HSP70 in rat fast-twitch muscle, leading the authors
to suggest that this could increase the exercise tolerance in these muscles.”

Other potential actions of HSPs induced in response to exercise remain
speculative. Any process that requires maturation of protein complexes and
intracellular chaperoning are clearly targets for HSP function. HSPs are also
involved in the immune response and may be both up-regulated as a con-
sequence of the immune response yet have a role in the regulation of cytokine
expression™ (see also Chapter 10). In this regard, the degree to which acti-
vation of the inflammatory response with exercise may confer protection
beyond the exercised muscle (which had undergone damage) is unclear. In two
studies that were conducted using single leg exercise, no stress response was
noted in the contralateral muscle,”*%” nor was HSP70 induced in the brain
in response to exercise in the absence of cranial hyperthermia.” However,
under conditions of induced pancreatitis, HSP70 was up-regulated in the
lungs in response to circulating neutrophils.337 Whether damaging exercise may
similarly lead to systemic effects that might prove to be protective has not
been fully evaluated but remains an intriguing possibility.

V. Summary and future directions

Exercise is one of the few physiologically relevant models to up-regulate
HSP expression. Given their wide ranging influence on cell growth, adap-
tation, and protection, these proteins may play a vital role in the known
benefits of exercise.” At the present time, however, there is little under-
standing of the molecular mechanisms underlying either the influence of
exercise on HSP expression or the manner in which HSPs may regulate
adaptation to activity. For example, members of the mitogen-activated pro-
tein kinase (MAPK) pathway(s), including the JNK, p38, and extracellular
signal regulated protein kinases (ERKs), are imgplicated in the altered tran-
scription patterns that occur post—exercise.l%’l%’33 Not only do various HSPs
interact with specific proteins in these pathways, thereby modulating their
function,” but these kinases also influence HSP expression.”** Similarly,
the up-regulation of NOS™ and cAMP,* which can occur in response to
exercise, both regulates HSP expression™”*** and is regulated by HSPs.*”” The
role of these and other cell signaling pathways in mediating the stress
response to exercise must be clarified. Moreover, only a select number of
studies have simultaneously examined the response of several of the molec-
ular chaperones to an exercise stress. To gauge the true impact of the stress
response to exercise, such integration is necessary because HSPs often have
individual cellular roles, yet under many circumstances condense to form
heteromeric chaperone machines. The phosphorylation state of many of
these chaperones is critical in this regard because phosphorylated HSPs may
be acting individually at specific targets, performing disaggregation, renatur-
ation, and stabilizing functions, whereas chaperone machines may be more
engaged in higher-order functions such as signaling and cellular reconstruction.
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In essence, the first response to exercise might be stabilization of a difficult
situation, whereas the more long-term response might be mediation of molec-
ular adaptation. Only by addressing such issues will we ultimately be able
to judge the importance of the induction of HSPs with exercise.
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I. Introduction

Lying in the balance between the anabolic process of protein synthesis and
the catabolic process of protein degradation is protein expression. For phys-
iologic viability, protein expression must be controlled, thus requiring control
of both protein synthesis and degradation. This chapter reviews the role of
heat shock proteins 70 and 25 in the control of proteins synthesis.
Eukaryotic protein synthesis consists of three general phases, each with
their own points of control:' initiation of the protein synthesis complex,
elongation of the nascent polypeptide, and termination by release of the
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nascent protein and disassembly of the synthesis complex. Initiation of pro-
tein synthesis involves a myriad of cofactors to recognize mRNA, assemble
the ribosome, and locate the initiation site."™ As discussed below, heat shock
proteins (HSPs) can affect initiation. Elongation of the nascent polypeptide
involves coordinate movement of the ribosome, deciphering of the next
codon, and condensation of a new amino acid on the growing pro’cein.5 Heat
shock proteins can affect elongation as well. Termination of synthesis and
release of the new protein has received less research attention, but is no less
important for protein expression.’ Although lacking direct evidence, the
apparent influence of C-terminal structure on termination rate” leaves open
the possibility for influence by molecular chaperones. As will become obvi-
ous in the discussion that follows, heat shock proteins have the potential for
many interactions that may affect protein synthesis in mammalian striated
muscle.

II. Heat shock protein 70 and protein synthesis

The heat shock protein 70 (HSP70) family of molecular chaperones has been
the focus of intense interest during the past decade. It is now well-recognized
that these proteins and their associated proteins provide dual functionality.
On the one hand, they protect the cell from the aberrantly folded proteins
as may occur during cell stress, hence their initial characterization as “heat
shock” or stress proteins. On the other hand, these molecular chaperones
aid in the normal, unstressed transport and folding of nascent polypeptides
and in the refolding of denatured proteins. These functions are not exclusive
and, true to the principles of homeostasis, the molecular chaperones act
seamlessly to provide the actions necessary for cells to meet the challenges
they encounter. The section that follows discusses these actions in mamma-
lian skeletal muscle, particularly as they relate to protein synthesis.

A. HSP70 function

1. Binding to denatured protein
As with several cell types, some skeletal muscle fibers constitutively express
a cognate and an inducible heat shock protein 70 (HSC70 and HSP70, respec-
tively), in addition to having the classic ability to inducibly express the
HSP70.%" To briefly review, the HSP/HSC70 proteins are thought to aid in
the proper folding or refolding of proteins.'>® As a stress response, expression
of HSP70 provides clear survival advantages to the cell.”"” The HSP70
family of proteins are nucleotide binding proteins, the nucleotide affecting
the affinity of the chaperone for unfolded protein: ADP-bound HSP70 has a
higher affinity for unfolded protein than does the ATP-bound form.””” The
endogenous ATPase activity of HSP70*** is affected by various cofactors (or
co-chaperones), thus affecting the affinity for unfolded protein. Specifically,
the HSP40 class of proteins significantly increases HSP70 ATPase activity,
resulting in an increase in affinity of the HSP70-HSP40 complex for the
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unfolded protein.”*” Members of the HSP110 protein family also have chap-
erone activity.” Pertinent to this discussion, specific HSP110 class members
(HSP1050,B) can modulate the HSP70-HSP40 ATPase activity by increasing
the rate of hydrolysis.29 In turn, the increase in ATPase activity increases the
affinity of the complex for unfolded protein. A counter-regulatory mecha-
nism also exists in the form of an HSP70 binding protein, HSP70BP1. Found
abundantly in cardiac and skeletal muscle, HSP70BP1 significantly inhibits
the HSP40-stimulated ATPase activity of HSP70.**! Subsequent to binding of
the denatured protein by HSP70, HSP40, HSP110, and apparently HSP25,”
renaturation or degradation takes place through the action of HSP90 and
other accessory proteins.””*>** The regulation of the unfolded protein binding
is obviously complex, considering the interaction and potential modulatory
effects of the various components within the binding complex. It is therefore
worthwhile to consider the unstressed physiological function without com-
pounding the complexity with the induction of the proteins by stress. The
following paragraphs briefly discuss the normal functioning of the binding
complex.

In the cytosol, the HSP70 class of proteins can interact with the ribonucle-
oprotein complex that consists of the ribosome, mRNA, and nascent polypep-
tide."”"** Although the HSP70 is associated with the polyribosomes (a.k.a.,
polysornes),9’10 the most direct evidence for an interaction with the nascent
polypeptides comes from puromycin-truncated polypeptides. Puromycin
causes premature termination of translation and release of the truncated
nascent polypeptide.” In yeast, truncation with puromycin disrupts the asso-
ciation of HSP70 with the polysomes,” and immunoprecipitation with an
antibody to puromycin co-precipitates predominantly HSP70.” Others and
we have shown that this association of HSP70 with the nascent polypeptide
is acutely sensitive to cytosolic ATP levels (Figure 4.14,).""""** The coordi-
nate assembly of nascent polypeptide, HSP70, and HSP40 apparently is an
essential step toward the productive folding of the newly synthesized protein
into a functional protein, and differs from the aggregation of heat shock
proteins on denatured proteins.”*” Subsequent productive folding of the
nascent polypeptide then requires participation of members of the chaper-
onin or HSP60 family of proteins. The association of HSP70 and HSP40 with
the growing polypeptide appears to be essential not only for proper folding,
but also for a normal pace of protein synthesis. For example, without an
HSP40 family member, full-length inactive rhodanese can be synthesized but
only attains an active conformation with HSP40 addition.” Folding can
apparently begin prior to completion of a full-length polypeptide, as evi-
denced by the appearance of partially folded intermediates.'”® Either this
folding or the direct interaction with molecular chaperones assists in the
movement of the nascent polypeptide through the ribosome channel. Tem-
perature-sensitive yeast mutants that lack functional HSP70 activity appear
to exhibit slowed nascent polypeptide elongation.”*>* Overexpression of an
elongation factor 1o-like protein overcomes the deficit in elongation.” Sup-
porting the role of HSP70 in efficient translation, mutation of the yeast HSP40
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Figure 41  Skeletal o-actin synthesizing polysomes from (A) cultured myotubes
and (B) rat soleus muscle were precipitated with a monoclonal antibody to the N-
terminus of actin and probed for HSC/HSP70 content by Western blot. (A) Intracel-
lular ATP levels affect the association of HSC/HSP70 with the actin synthesizing
polysomes. ATP levels were adjusted by permeabilizing the myotubes in the presence
of different extracellular concentrations of ATP.” Increased ATP levels decrease the
protein synthesis rate.” (B) Soleus muscle a-actin synthesizing polyribosomes show
decreased association of HSC/HSP70 with the nascent polypeptide 18 hours follow-
ing hind-limb suspension, consistent with the decrease in nascent polypeptide elon-
gation rate.”*°

analog results in less efficient expression of foreign genes in yeast.”” Consis-
tent with these data, decreased association of HSC/HSP70 with nascent
polypeptides in slow-twitch skeletal muscle is associated with slowed
polypeptide elongation.”* As with cytosolic proteins, proteins translocated
across membranes also appear to require a “tugging” action for efficient
synthesis. For example, members of the HSP70 family are necessary for
translocation of protein across the mitochondrial membrane.” ™ Similarly,
transport across the endoplasmic reticulum membrane also requires HSP70
family proteins.””"

Indirectly, HSP70 can also affect initiation of translation. The hydrolysis
of GTP and release of initiation factor 2a (elF-20.) in a GDP-bound form is
required for the formation of the 80S ribosome." For a new round of initiation
to take place, nucleotide exchange must take place to regenerate elF-20.-GTP.
Phosphorylation of elF-2a. by a specific kinase, elF-2a kinase, effectively
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locks the elF-20. in the GDP-bound form and inhibits a new round of initi-
ation.” Normally, the e[F-2a. kinase is kept in an inactive state by HSP70.”
The appearance of unfolded protein, however, causes the translocation of
HSP70 from the kinase to the unfolded protein. This in turn activates the
kinase and slows protein synthesis initiation both in vitro and in vivo."*>

2. Novel functions

In addition to the well-accepted chaperone function of HSP70 for binding
nascent or denatured protein, reports are beginning to appear indicating
novel functions for HSP70. Someren et al.” report a modulatory role for
HSP70 on calcineurin (protein phosphatase 3) enzyme activity. In these
experiments, a calmodulin-dependent increase in the V, of calcineurin
(protein phosphatase 3) by HSP70 and HSP90 was observed. In addition to
binding protein, recent reports show an association of HSP70 and HSP110
with RNA.*® The fact that some of these associations involve mRNAs is
suggestive of an involvement in RNA folding in such a manner as to affect
mRNA stability or expression. The binding of HSP70 and HSP110 to AU-
rich regions of mRNA raises the possibility that these chaperones affect
mRNA half-life.” HSP70 is required for the binding of erythropoietin mRNA
binding protein to the 3’-untranslated region of erythropoietin mRNA, fur-
ther suggesting a role of the chaperone in mRNA stability.”

A much less direct, although considerably more diverse, effect of HSP70
on cell function is indicated from data on the signal pathways involved with
HSP70 mRNA induction. In vascular smooth muscle, stress proteins are
induced by hypertensive or hypertrophic stressors.” * The cyclic stretch of
the muscle cells in culture results in HSP70 induction through intracellular
signaling pathways that involve the small G-proteins Rac and Ras.”**
Although in these cells the p38™*"™ pathway does not appear to be
involved,™ this is not true for the osmotic stress induction of HSP70 in renal
cells.”” What is interesting in both of these processes is the potential role of
HSP70 as a negative feedback signal to attenuate the initial signal. In the
osmotically challenged renal cells, at least initially, p38"*"* is stimulatory
for its own expression as well as HSP70 expression,66 and therefore must
have a negative feedback mechanism to turn off the signal. Likewise, cyclic
stretch creates a continued activation of the small G-proteins Rac and Ras
following 6 hours of stress despite the beginning of a diminution of HSF1
binding activity and the beginning of down-regulation of HSP70 protein
expression.” Clearly, considerable work remains to dissect these pathways.

B.  HSP70, exercise, and protein synthesis

An acute bout of exercise is a potent modulator of protein synthesis, both
during and following the exercise. For many proteins, the modulation of trans-
lation on such a rapid time scale is inconsistent with the time necessary for
transcriptional regulation to affect translation to the degree that protein syn-
thesis is affected. For example, a single bout of running or swimming exercise
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by untrained rats immediately decreases protein synthesis in the hindlimb
muscles by 35 to 80%, depending on the method of measurement.””" Acute
resistance exercise does not depress post-exercise protein synthesis rates to
the same extent.”””>”* The depression of protein synthesis is modulated by
contractile state, correlates with the energy status of the working muscle,
and appears to be inhibited at the level of initiation.””*

Part of the rapid regulation of protein synthesis appears to be mediated
by the HSP70 class of stress proteins. The stress of exerc1se induces the
expression of HSP70 in a dose-dependent manner.”” ™ Because exercise or
oxidative stress causes muscle damage and free radical formation,”* both
inducible and cognate forms of HSP70 shift toward affected proteins and away
from their “normal” chaperone roles. The shift of HSP70 among intracellular
pools has a significant influence on protein synthesis, either directly or
through cofactors. Y10465356 As shown in Figure 4.1, HSP70 shifts away from
nascent polypeptlde an effect that decreases the nascent polypeptide elonga-
tion rate.”* Tt is possible that a constltutlve level of inducible HSP70 expression
in slow-twitch skeletal muscle fibers®"' may have a sparing effect on protein
synthesis by buffering these translocations of the chaperone protein in response
to an acute bout of exercise. Perhaps a similar buffering role occurs with exercise
training. Exercise training results in greater levels of expression not only in
working muscle, but other tissues as well. 7785 As shown in Figure 4.2,
the acute induction of HSP70 with a single bout of exercise does apparently
buffer the translocation in some, but not all muscles.

Thus, we see that HSP70, whether constitutively or inducibly expressed,
can influence protein synthesis by its movement among intracellular pools.
Moreover, exercise and exercise training may have profound effects not only
on the expression of the chaperone, but also on the control of protein syn-
thesis that is a consequence of the chaperone expression.

Crude lysate Polysomes

m. gastrocnemius
m. gastrocnemius

0.9

0.8 plantaris

plantaris

0.7

HSC/HSP70 (relative to control)

HSC/HSP70 (relative to control)

0.6

Time post-exercise (h) Time post-exercise (h)

Figure 42  An acute bout of running exercise by rats (30 min, 20 m/min, 30%
grade) induces expression of HSC/HSP70 in the medial gastrocnemius and plantaris
muscles (left). Significant induction is detectable immediately following exercise.
However, the HSC/HSP70 associated with polysomes isolated from the plantaris
muscle indicate decreased association with the nascent polypeptides (right). This is
consistent with the translocation of the stress protein between intracellular pools.
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II1. Heat shock protein 25 and protein synthesis

The heat shock protein 25 (HSP25) class of stress proteins (including murine
HSP25 and human HSP27) contains at least three family members, and likely
more.” A common naming scheme has been adopted for the family member
genes, HSPB,” of which the most generically referred to member that is
expressed is from the gene HSPB1. HSP25 bears sequence homology with
the HSP20 family of small heat shock proteins, of which aB-crystallin is
perhaps the best-known member.”* Although oB-crystallin is known for
its expression in the lens of the eye, it is also expressed in other tissues. In
particular, o.B-crystallin expression is greater in slow-twitch than fast-twitch
skeletal muscle, and is regulated in response to mechanical activity and
thyroid status.””” This section addresses the functions of HSP25 and similar
proteins, with particular attention given to protein synthesis and exercise.

A. HSP25 function

1. Binding to denatured protein and cellular dynamics

The precise function and mechanism of HSP25 action has remained some-
thing of a mystery. That HSP25 falls into the class of proteins characterized
as stress proteins is supported on many fronts. In particular, HSP25 has a
similar distribution as some other stress proteins (HSP70 and HSP84). % Like
these other proteins, HSP25 expression is 1nduced by heat stress. HSP25
expression is also induced by other stressors,”'” including cold stress."
However, expression of HSP25 in response to stress is not a foregone result.
A murine leukemic cell line appears to be incapable of expressing HSP25
despite apparent normal function of the promoter and the HSF1 transcription
factor."” HSP25 expression is developmentally regulated, as well, being a
predominant form of heat shock protein in many tissues.'” The develop-
mental regulation of expression appears to be of significant importance.
Although expression levels are quite high in mature tissue, the express1on
level actually decreases during development of the rat heart, for example.'
It appears that one function of HSP25 is as a chaperone protein similar to
HSP70, trapping unfolded proteins in a folding competent state. As discussed
previously, HSP25, HSP7O and HSP110 can directly interact with each other
to form large complexes Usmg citrate synthase as a test protein, several
reports propose a mechanism where HSP25 “catches” the denatured protein
before it can 1rrevers1bly aggregate, allowing HSP70 to then initiate refolding
of the protein.”*'” The same mechanism appears to be true for denatured
o-glucosidase, with o.B-crystallin able to act similarly to HSP25.™

The ability of HSP25 to diminish irreversible aggregation of denatured
proteins is 1nterest1ng because HSP25 itself can exist in quite large oligomers.
Ehrnsperger et al.'"™ report that HSP25 exists in a hexadecameric structure
that is in equlhbrlum with dimers and tetramers of the protein. In response
to heat in vivo, large aggregates (heat granules) of the protein form whose
functional ability appears to be retained.'”” Here is something of a dilemma.
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As is discussed further below, HSP25 is a target of the mitogen-activated
protein kinase-activated protein kinase 2 (MAPKAPK?2). The activity of this
kinase increases with stress. However, phosphorylation of HSP25 appears
to diminish oligomerization and the protective effect of HSP25."” Therefore,
it is not clear how oligomerization in response to heat stress coexists with
activation of MAPKAPK2, unless it is to maintain an equilibrium between
small and large oligomers. This is discussed further below.

HSP25 responds to a number of cell stressors. In fact, as with other classes
of stress E)zrggeins, a cell stressor is identified by its ability to induce stress
proteins. ~ For example, thermal stress causes an increase in the expression
of HSP25 and the inducible form of HSP70 in the heart.'” Although normally
constitutively expressed, the hyperthermia-induced expression of HSP25 is
anatomically selective. Whereas HSP70 is induced uniformly in the myocar-
dium, HSP25 is induced in the left ventricle.'” Translocation of HSP25 also
takes place with thermal stress. In neonatal cardiomyocytes, heat stress
causes translocation of HSP25 from the cytosol to sarcomeric struc’cures,110
and these have been identified as the actin I-bands.'” In addition, HSP25 also
translocates to the nucleus."’ While these data indicate a cytoskeleton pro-
tective function for HSP25, overexpression of HSP25 was only protective in
ischemic adult cardiomyocytes, not neonatal cells."" This is curious because
thermal stress causes induction of HSP25 in neonatal cardiomyocytes.110
However, it may be that aB-crystallin plays a larger protective role in the
neonatal cells. As with HSP25, a.B-crystallin translocates to the sarcomere in
response to heat stress,"’ and overex]?ression of aB-crystallin is protective
against ischemia in the neonatal cells.""

2. Phosphorylation of HSP25

Phosphorylation of HSP25 is a common stress response, although as men-
tioned above, the function of the phosphorylation is not clear. The protein
is a potential target of several kinases and phosphatases, including PKA and
PKC,"” MAPKAPK?2," and calcium-calmodulin phosphatase 2B."* Consistent
with MAPKAPK? targeting HSP25, HSP25 is phosphorylated in a p38**™-
dependent manner in response to oxidative stress.'” ' Similarly, heat
shock,""® osmotic stress,""’ shear stress,'” and TNFo.'® all increase HSP25 phos-
phorylation through a p38“*"*-MAPKAPK2 pathway. Whereas a p38"*"-
mediated processes for induction of HSP70 appears to be necessary for the
protective effect against osmotic stress,'”! it appears that protection is not a
consequence of HSP25 phosphorylation. Several reports indicate that expres-
sion of mutant forms of the protein that cannot be phosphorylated still confer
protection against heat and TNFo."”'?” Similarly, blockade of p38"™ activ-
ity does not alter the protective effect of HSP25 against TNFa.."” The phos-
phorylation may affect the dynamics of HSP25 aggregation and potential
nuclear function, however. In response to TNFa., there is more pronounced
aggregation of HSP25 in cells exgressing non-phosphorylatable HSP25
mutants and in cells in which p38"'*"™ is inhibited. These data indicate that
phosphorylation may influence assembly and disassembly of the aggregates.
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MAPK

Another possibility is that the p38 /MAPKAPK2 stress response that
targets HSP25 provides a transcription regulatory signal. Indeed, p38™*"™/
MAPKAPK2 also targets the serum response factor (SRF) transcr1pt1onal
regulator.'” Because HSP25 contains a nuclear targeting domain,* it is pos-
sible that phosphorylation regulates a nuclear role for the protein. However,
although inhibition of the p38*'*"™ pathway prevents HSP25 phosphorylation
and differentiation of embryonic carcinoma cells into cardiomyocytes, it
appears that the expression of HSP25 and not its phosphorylation, is impor-
tant for the differentiation process.'” Thus, the specific role of HSP25 phos-
phorylation remains to be determined.

B. HSP25, exercise, and protein synthesis

The association of HSP25 with the cytoskeleton raises a possibility that HSP25
may have other roles in addition to control of cytoskeletal structure. Indeed,
it has been reported that HSP25 binds the adaptor protein elF4yand prevents
assembly of the initiation complex."'” This ability to diminish protein
synthesis and HSP25’s association with the cytoskeleton are consistent with
the cytoskeleton’s role in protein synthesis and the stress response.’” " For
example, volume loading of the heart in the absence of a pressure load can
be induced in rats by placing the ammals in a head-down tilt. In these hearts,
protein synthesis is rapidly depressed,”” in part due to decreased initiation of
protein synthesis.'***'* In addltlon there is a rapid erosion of the cytosk-
eleton in the cardiac myocytes.'” We have found that HSP25 is rapidly induced
in the volume-loaded rat heart in the absence of a pressure load. As shown
in Figure 4.3, total expression of HSP25 protein increases within 8 hours of
the volume loading. However, the expression level returns to unloaded levels
by 18 hours and remains at control levels for at least 7 days of the head-
down tilt. At 7 days, protein synthesis in the volume-loaded hearts remains
depressed. Association of HSP25 with the polysomes isolated from
volume-loaded hearts also increases, lagging the total expression (Figure 4.3).
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Figure 4.3  HSP25 is induced in rat hearts within 8 hours of volume loading (left;
expanded time scale at right). Imposing a head-down tilt with tail-traction produces
volume loading. The association of HSP25 protein with the polysomes isolated from
the volume-loaded hearts reflects the induction of HSP25, lagging by several hours.
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Figure 44  Along with induction of HSP25 protein expression by volume loading,
HSP25 is also phosphorylated. On a relative basis, HSP25 is phosphorylated to a
greater extent than the increase in protein expression.

$ 1757 8hour $ 1757 18hour
DE: 1.50 - % 150
oo oo ©® Volume-loaded
& _g 1.25 @ Volume-loaded & % 1.254 center-of-mass
center-of-mass
BE 100 BE 100 Vv
T O \l/* T O
08 o075 02 075
> fgte]
=90 =90
83 050 8 S 050+
£ £ o Control
ontrol
=1 0251 O Control = 0257 center-of-mass
(@] center-of-mass (@]
0 T T T T T T T T T T T T T T 1 0 T T T T T T T T T T T T T T 1
lighter heavier lighter heavier
Polyribosome Size Polyribosome Size

Figure 4.5  Consistent with the increased HSP25 protein expression, more HSP25
mRNA is associated with polysomes isolated from the volume-loaded hearts at 8
hours (left) and 18 hours (right). In contrast to the overall decreased protein synthesis
rate and polysome size observed in the volume-loaded hearts,'”'™ there is a significant
increase in the size of the HSP25 mRNA-containing polysomes (*P < 0.05, compared
with control hearts).

This is consistent with total HSP25 expression driving the association with
the polysomes. This association also returns to control levels with extended
head-down tilt despite the maintenance of depressed protein synthesis.
Phosphorylation of HSP25 mirrors the increase in HSP25 expression,
although phosphorylation levels exceed the increased total HSP25 expres-
sion early in the volume loading (Figure 4.4).

Interestingly, the increased expression of HSP25 and its association with
the polysomes at both 8 hours and 18 hours of volume loading is accompa-
nied by an increase in the “center-of-mass” of the polysomes synthesizing
HSP25 (Figure 4.5); center-of-mass is one measure of the dynamics of protein
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plantaris m. gastrocnemius

time post-exercise: Control Oh  18h Control Oh  18h

Figure 4.6  Plantaris muscle HSP25 protein expression increases immediately fol-
lowing running exercise (30 min, 20 m/min, 30% grade). In contrast, expression by
the medial gastrocnemius muscle is delayed.

synthesis.”** We have previously shown that the polysomes from the volume-
loaded hearts indicate diminished initiation of protein synthesis with a shift
of the center-of-mass to smaller polysomes."” This is attributed, in part, to
an HSP70-driven phosphorylation of e[F20..”® However, despite the overall
decrease in protein synthesis, but consistent with the increased expression
of HSP25 protein, there is an increase in the HSP25 mRNA in polysomes
isolated from the volume-loaded hearts (Figure 4.5). Furthermore, the HSP25
mRNA containing polysomes apparently escape the decreased initiation
rate, as evidenced by their shift toward larger polysome sizes. Like volume-
loading, which may impose an oxidative stress on the heart, running exercise
also rapidly induces HSP25 expression. Thirty minutes of treadmill running
by rats at 20 m/min produces an immediate post-exercise increase in HSP25
expression (Figure 4.6). Like the heart, and HSP70 levels in the plantaris
(Figure 4.2), the plantaris HSP25 expression peaks early in the stress response
and is easily detectable immediately following the exercise. Somewhat sur-
prisingly, the medial gastrocnemius exhibits a later peak in HSP25 expression
(Figure 4.6). This is in contrast to HSP70 expression in the medial gastrocne-
mius, which peaks immediately following the running exercise and returns
toward control levels 18 hours post-exercise (Figure 4.2).

To summarize, both constitutively and inducibly expressed HSP25 may
influence protein expression in muscle through several mechanisms. These
include classical chaperone function, co-chaperone interaction and modula-
tion of activity, and association with the cytoskeleton. However, the mech-
anisms of HSP25 function have considerable detail yet to be described.

IV. Conclusion

The discussion presented outlines some of the known mechanisms by which
HSP70 and HSP25 function, and their potential impact upon protein synthe-
sis in working muscle. Clearly, a major role for these stress proteins is as
chaperones for unfolded or denatured proteins. In that role, the stress pro-
teins may have direct or indirect effects on protein synthesis. However, the
precise mechanisms are not always straightforward. This is perhaps not
surprising, considering the multiple functions that have been identified for
the stress proteins, both under stressed and nonstressed conditions. Much work
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remains to be done. Modulation of the expression of the stress proteins
themselves is just one aspect of research on these proteins. Major consider-
ation must also be given to modulation of function and activity of the stress
proteins, especially under nonstressed conditions (as function may be dif-
ferent under these circumstances).
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I. Introduction

It is now well accepted that chronic physical activity lowers the risk of
cardiovascular disease and reduces deaths from heart attacks."™ The American
Heart Association now categorizes lack of physical activity as a risk factor
for cardiovascular disease, which is the leading cause of death in the United
States. Therefore, appropriate exercise has tremendous potential for reducing
health care costs in this country. Consequently, there is a great deal of interest
in determining such key issues as the underlying mechanisms for improved
cardiovascular health and the amount of exercise necessary to achieve it.
One indication of the health of a heart is its ability to tolerate and recover
from an acute severe stress. Many investigations have focused on the intrinsic
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ability of the heart from exercise trained animals to tolerate ischemia. In addition
to being clinically relevant, ischemia is a powerful tool to probe basic myo-
cardial physiology. Several studies, using various models and endpoint mea-
sures, have reported that exercise results in improved cardioprotection
against imposed ischemia and subsequent reperfusion, that is, return of blood
flow to the coronary circulation. Another intervention that leads to protection
against reperfusion injury is a bout of heat stress. It is generally believed
that the induction of certain cardioprotective proteins is responsible for the
adaptation to both interventions and there appears to be many similarities
between exercise-induced and heat shock-induced cardioprotection. Proteins
that are strong candidates include, but are not limited to, a stress-induced
member of the 70-kDalton heat shock protein family (HSP70) and the anti-
oxidant enzymes superoxide dismutase (SOD) and catalase. This chapter
focuses primarily on the role of these proteins because of the considerable
amount of attention they have received. We discuss their possible roles in both
heat shock-induced and exercise-induced protection against reperfusion injury.

II. Types of reperfusion injury

Before discussing cardioprotective proteins, a definition of reperfusion injury
and explanation of experimental models used will be helpful. Reperfusion
injury represents the reversible and irreversible injury caused by the return
of blood flow (reperfusion) to a previously ischemic heart. While reperfusion
is absolutely necessary to prevent cell death that would eventually occur
during ischemia, the return of oxygen causes damage of its own. The specific
type and amount of damage is related to the length and/or severity of the
preceding ischemic period. Reperfusion following brief ischemic periods
(20 minutes or less) usually produces temporary postischemic dysfunction
that is fully reversible within a few minutes to a few hours. This dysfunctlon
has been given the term “myocardial stunning” by Braunwald and Kloner’
and is characterized by the absence of irreversible damage and the mainte-
nance of normal coronary flow.” With more prolonged or severe ischemia,
irreversible necrosis and cell death occur, leading to myocardial infarction.
Necrosis is characterized by disruption of cell membranes and can be
detected during reperfusion by observing the quantity of cellular enzymes
and other proteins released into the coronary effluent. The actual amount of
infarcted tissue (infarct size) can be determined by administering dyes that
discriminate between viable and nonviable cells.

Stunning can also be induced during exercise. Exercise results in signif-
icant increases in myocardial oxygen demand and if oxygen supply is limited
by a stenosis or coronary spasm, ischemia and dysfunction may occur. Dys-
function persists for some time after exercise, although oxygen demand no
longer exceeds supply.”® In hypertrophied hearts, exercise has been reported
to produce postischemic stunning even without evidence of coronary stenosis.’
The observations that myocardial stunning can also occur in exercise situa-
tions has major clinical implications.
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III. Experimental models

A diverse array of models have been developed and used to study ischemia-
reperfusion injury (for reviews, see Reterences 10 and 11). Most models were
devised to answer specific questions and thus often cannot be used to study
other aspects of reperfusion injury. A close examination of the literature
reveals that many of the apparently conflicting conclusions regarding rep-
erfusion injury are likely due to differences in the model systems employed.
Most studies investigating the effect of exercise on reperfusion injury have
been carried out on one species, the rat, and have used either an in vivo or
in situ model of regional ischemia or an isolated perfused heart preparation.
In the in vivo/in situ models, ischemia to a portion of the left ventricle is
produced by occluding a coronary artery for various lengths of time before
allowing blood to return. Lack of an effective coronary collateral circulation
in the rat heart allows for a well-defined ischemic region. The advantage of
this model is that it allows for normal tissue and blood interactions, and the
response of the heart to the ischemic event can be followed for several days
after reperfusion. This model is excellent for evaluation of infarct size and
ventricular remodeling because it is very stable and receives all the appro-
priate nutrients and growth factors from the host. Contractile measures of
whole ventricle are not very sensitive indicators of myocardial injury because
these measures can be altered by neural and hormonal input from the host,
who may have a different short-term goal than the investigator. This input
could result in changes in afterload, preload, and/or contractility compared
to baseline or preischemia values. Also, because the heart is usually perform-
ing at a low workload in an anaesthetized animal and only a portion of the
ventricle is actually injured, healthy tissue may be able to “take up some of
the slack” for the dysfunctional area. However, regional contractile function
can be estimated with the aid of piezoelectric crystals or other sophisticated
instrumentation.

In isolated perfused preparations, the heart is removed from the animal
and rapidly secured by the aorta to an apparatus containing a physiologically
balanced perfusion solution. Once on the apparatus, a good preparation is
stable for up to 3 hours. The entire heart can be made ischemic (global
ischemia), providing homogeneous injury throughout the ventricles and
negating the potential contribution of collateral blood supply. The perfusion
solution does not normally contain red blood cells, but is gassed with a 95%
0,:5% CO, mixture to maintain oxygen content above 600 torr and pH at
7.4. Coronary flow can be conveniently collected and used to measure various
metabolic products and markers of myocardial damage, including cytosolic
enzyme/protein leakage. There are two variations of the isolated perfused
model: the Langendorff preparation and the working heart preparation. The
most commonly used model is the Langendorff preparation, originally
described in 1895, in which the heart is perfused retrogradely through the
aorta at a constant flow or pressure. The perfusate enters the coronary ostia
located just above the aortic valve and is pushed through the coronary
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circulation by the imposed perfusion pressure. Raising the perfusion pres-
sure increases mechanical activity by the “garden hose” effect in which the
arteries distend and st1ffen the myocardial walls requiring more energy
during contraction.""* Typical mechanical measures include intraventricular
systolic and diastolic pressures, maximum rates of pressure development
and relaxation (£dP/dt), and the product of heart rate and developed pres-
sure (rate—pressure product). Usually these mechanical measures are made
with the aid of a balloon inserted into the left ventricle to assure constant
ventricular volume. This preparation is also referred to as the nonworking
heart because it does not perform external work (i.e., cardiac output). How-
ever, it does perform metabolic and mechanical work that is dependent on
its own contractile properties and the perfusion pressure.
The working heart preparation was described in 1967 by Neely et al.”

In this preparation, both the aorta and the left atrium are cannulated and
the perfusate traverses the heart as it would in vivo. The ventricle pumps
perfusate into the aorta and pushes the fluid up a column that is high enough
to then provide the perfusion pressure necessary to drive the perfusate
through the coronary tree. If the ventricle cannot push the aortic flow high
enough up the column, perfusion pressure to the coronary tree falls and the
heart fails. Compared to the Langendorff preparation, the working heart
preparation provides greater sensitivity to detecting small changes in con-
tractility. It is the model of choice for studying postischemic stunning.'
However, it cannot be used for evaluating reperfusion injury following pro-
longed or severe ischemic events because the ventricle will suffer too much
irreversible damage and be unable to pump with enough force to adequately
perfuse the coronary tree. For such studies, the Langendorff preparation is
used because the perfusion apparatus ensures adequate perfusion pressure.

IV. Heat shock and cardioprotection

Heat shock proteins received their names because they were originally dis-
covered as a stress response to sublethal elevations of core temperature.'®"”
Typically, the numerous and diverse heat shock or heat stress proteins are
differentiated and named by molecular weight. It is now known that stress
proteins are induced by a wide variety of stressors and can provide protec-
tion against different subsequent stresses. Protectlon provided in this manner
has been termed “cross-tolerance.” Li and Hahn'® were perhaps the first to
conduct experiments relating to this concept. They reported that pretreat-
ment with ethanol produces thermotolerance much like that observed with
prior heat shock. Evidence that prlor heat shock could protect the cell against
a variety of stresses led Currie et al.” to determine if prior heat shock could
provide protection against ischemia reperfusion injury in the myocardium.
In this 1988 study, they used a heating pad to raise core temperatures of rats
to 42°C for 15 minutes. Hearts were isolated 24 hours later and subjected to
30 minutes of low-flow (1 ml/min) ischemia followed by 30 minutes of
reperfusion using the Langendorff method. Hearts from animals that were
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previously heat shocked had significantly greater recovery of force and rates
of contraction and relaxation compared to controls, thus indicating that
whole-body heat shock could result in intrinsic myocardial protection from
ischemia.

A majority of the literature supports the findings of Currie et al.”” that
heat shock provides cardioprotection. Other investigations have found better
recovery of function and less enzyme leakage following an ischemic bout.”**
In addition, a number of studies have also demonstrated a decrease in infarct
size following prior treatment with heat shock.” A few investigations,
however, have not observed improved cardioprotection following heat
shock.”*** The reasons for these discrepancies appear to be the model used
to assess cardioprotection as well as the severity of the insult being admin-
istered. For example, Donnelly et al.” observed reductions in infarct size
following 35 minutes of regional ischemia but not following 45 minutes of
regional ischemia. The authors indicated that 45 minutes of ischemia may
have been too severe to be overcome by the protective effects of prior heat
shock. These data suggest that prior heat stress will attenuate ischemic
damage for a certain window of time after an initial threshold of damage.

A. HSP70

Although it appears clear that prior heat stress can provide protection against
ischemic injury, the mechanisms involved are less distinct. In the original
study by Currie et al.,"” the authors suggested that certain protective proteins
were expressed following heat shock, especially the one they called SP71.
SP71, more commonly referred to as HSP72 or HSP70, is the major stress-
inducible form of the HSP70 family of stress proteins. The HSP70 family of
proteins is the most highly conserved of the stress proteins from bacteria to
man. Most eukaryotes contain over a dozen different members of this family.”
The high degree of conservation of these proteins implies a vital and universal
function and a majority of the literature on heat shock-induced “tolerance”
have focused on these proteins. HSP70/72 and its constitutive homolog
HSC70 (or HSP73) fall under the classification of molecular chaperones.
Molecular chaperones, and HSP70/72 in garticular, are involved in the proper
folding of newly synthesized proteins.””' In addition, HSP70/72 has been
shown to be involved in protein transport, disassembly and degradation,
as well as preventing protein aggregation and denaturation. It may also help
restore the function of proteins that are damaged during stress.”> Other
possible roles are be discussed later in this chapter. We use the term “HSP70”
throughout this chapter to refer to the stress-inducible form of the HSP70
family.

Within 2 years after the discovery by Currie et al.,”” the same group took
a closer look at the potential relationship between HSP70 expression and
cardioprotection.”’ This study followed recovery of force and amount of
enzyme leakage after global ischemia in Langendorff perfused hearts at 24,
48, 96, and 192 hours post heat shock. The results indicated a similar rise and
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fall in cardioprotection and HSP70 expression. However, they also found an
increase in catalase activity and, when it was inactivated, the hyperthermia-
induced enhancement of postischemic recovery was abolished. Subsequently,
Hutter et al.,” employing 35 minutes of coronary artery occlusion in the
intact rat, demonstrated a direct correlation 24 hours after heat shock
between the level of HSP70 and post-ischemic infarct size (R* = 0.97). Heating
the animals at different temperatures was used to alter the induction of heat
shock protein. In contrast, Qian et al ® using a similar in vivo ischemia-
reperfusion protocol as Hutter et al., ? reported a disassociation between
HSP70 expression and infarct size following heat shock. They induced
30 minutes of regional ischemia at 2, 4, 12, 24, and 30 hours following whole-
body heat shock. Only the 24- and 30-hour groups had significant reductions
in infarct size after 90 minutes of reperfusion, but HSP70 expression reached
80% of its maximum value at 4 hours and a maximum value at 12 hours.
Furthermore, no differences in mean arterial pressures or rate pressure prod-
uct were observed between any group at any time. However, these are not
very sensitive measures of cardiac function. Overall, it is likely that heat
shock induces several proteins that may also contribute to the cardioprotec-
tive effect.

Although it has been difficult to establish that HSP70 is the primary
stress protein involved in cardioprotection following heat shock, there is
now little doubt that it is a potent cardioprotective agent. This has been
established using transgenic animal models, which allow for the evaluation
of the protectlve effect of HSP70 independent of most other factors. Hutter
et al.”* found reduced infarct size following 30 minutes of coronary artery
ligation in vivo in mice overexpressing the inducible rat HSP70. Studies
utilizing global ischemia in the isolated perfused Langendorff model have
also found HSP70 to be protective. Marber et al.” showed that transgenic
mice overexpressing the inducible rat HSP70 had a 40% reduction in infarct
size, 50% reduction in creatine kinase release, and a twofold increase in
contractile function compared to controls following 20 minutes of global
ischemia and 30 minutes of reperfusion. Plumier et al.* and Radford et al.”
also found improved cardloprotectlon in mice overexpressing the human
inducible form of HSP70. Trost et al.* looked at functional recovery of trans-
genic mouse hearts following a brief period of ischemia using both in vitro
and in vivo models. The in vitro model consisted of 10 minutes of global
ischemia in isolated Langendorff perfused hearts, and the in vivo model
consisted of 8 minutes of regional ischemia by coronary artery ligation. The
ischemic periods were shown not to lead to necrosis, but the authors hesitate
to classify them as stunning. In the in vivo experiments, a regional epicardial
strain technique was used that provided a more sensitive measure of changes
in regional myocardial function compared to measures of ventricular pres-
sure development or rate pressure product. The HSP70-positive mice were
found to have better recovery upon reperfusion in both models.

In transgenic models, the heart is genetically altered to overexpress
HSP70 from birth. Therefore, it may adapt over time to develop other

© 2002 by CRC Press LLC



Chapter five: ~ Stress proteins and myocardial protection 103

-
n
o

-o- H group
o S group
- C group
-»- N group

g
o
o

©
o

60

(=2}
o

40

B
o

n
o

Percent recovery of LVDP
3

Percent recovery of coronary flow

o

o

5 120 0.6
o =
© 2

100 > 05
5 H
£ A
£ 80 o 04
3 €
£ IS
% 60 5 0.3
> =
S 40 S 02

(o]

8 X
3 «
2 20 @ 0.1
:
S o O o01-
o <— ischemia—-l¢—— reperfusion——— <— ischemia—#<e—— reperfusion——-

1ol O 10720 30 0o 10 20 3 -

BL 0 10 20 30 40 BL 0 10 20 30 40
Time (min) Time (min)

Figure 5.1  Evidence that heat stress and elevating HSP70 protect against ischemia-
reperfusion injury. Isolated hearts were subjected to 30 minutes of global ischemia.
Values are means + SE. Upper left, left ventricular developed pressure (LVDP); lower
left; maximum rate of pressure development (dP/dt); upper right, coronary flow;
lower right; creatine phosphokinase (CPK) leakage. H group, transfected with human
HSP70 gene; S group, heated to 42°C rectal temperature for 20 minutes; C group,
sham control; N group, untreated control; BL, baseline pre-ischemic value. Overall,
heat shocked group recovered better than controls and HSP70 transfected group gen-
erally recovered better than all groups. *P < 0.05 vs. S group; P<0.05vs. C group;
*P < 0.05 vs. N group. (From Suzuki, K. et al., J. Clin. Invest., 99, 1645, 1997. With
permission.)

defenses not found in the natural heart. Another genetic manipulation is the
process of gene transfectlon where a gene is carried by a virus to the host’s
DNA. Suzuki et al.” transfected human HSP70 into rat hearts to produce a
12- to 20-fold increase in 4 days, which was double the amount induced by
heat shock (20 minutes at 42°C, 24 hours prior to determination). As in other
studies, protection from 30 minutes of global ischemia and subsequent rep-
erfusion in the Langendorff perfused heart was improved by heat shock, but
gene transfected hearts provided an even greater magnitude of protection.
Key findings of this study are displayed in Figure 5.1. The overall results
led the authors to conclude “that HSP70 is by far the most powerful and
effective mechanism for myocardial protection among many endogenous
protective mechanisms mobilized by heat stress.” Gene transfected rat hearts
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have also been found to suffer less apoptosis compared to non—transfected
controls using both in vitro and in vivo ischemia-reperfusion models.*’ Overall,
these studies with transgenic and transfected animals clearly demonstrate
that HSP70 is one factor in myocardial protection from ischemia-reperfusion
injury.

The mechanisms by which HSP70 is cardioprotective have not been fully
elucidated. It is known to act as a molecular chaperone, which may facilitate
the restoration of enzymes and other key proteins denatured during ischemic
stress.”* Also, Kawana et al." have recently provided evidence that HSP70
can protect the heart by attenuating the activity of nuclear poly(ADP-ribose)
synthetase, which consumes excessive amounts of energy during reoxygen-
ation, thereby making an 1nsuff1c1ent amount available for pump function.
Consistent with this, Knowlton" has recently carried out an experiment
demonstrating that nuclear accumulation of HSP70 is required to confer
protection. Using transfected rats from the same colony that was used in
Figure 5.1, Sakaguchi et al.” demonstrated that the cardioprotective effects
of HSP70 are mediated by ecto-5"-nucleotidase, which catalyzes the break-
down of AMP to adenosine. This enzyme is significantly increased by over-
expression of HSP70, resulting in a corresponding increase in adenosine
release (approximately fivefold) during reperfusion. Inhibiting the enzyme
in transfected hearts abolished the HSP70-induced improvement in postis-
chemic recovery and decrease in enzyme leakage, but had little effect in
control hearts.

Several groups have explored protein kinase C (PKC) along with HSP70
in the cardioprotection induced by heat stress." ™ These studies used a
variety of models, ranging from isolated cells to regional ischemia in vivo.
All studies found that PKC inhibitors administered prior to heat stress did
not prevent HSP70 induction but abolished the cardioprotective response
normally observed within 24 to 48 hours. Thus, heat-stress induced cardio-
protection was dissociated from HSP70 induction. The possibility exists that
PKC inhibitors affect HSP70 functlon perhaps by preventing post-translational
phosphorylation of the protem * The relationship between PKC and HSP70
synthesis and function is still unresolved. By the time this chapter is published,
there will likely be several more papers in print exploring the cardioprotective
mechanism of HSP70.

B. Catalase and superoxide dismutase

It is now widely accepted that oxygen-derived free radicals are a mitigating
factor in ischemia-reperfusion injury. They are believed to play a major role
in postischemic dysfunctlon (stunning) associated with ischemic bouts of less
than about 20 minutes.® Much of the injury is thought to result from the burst
of free radicals during the initial moments of reperfusion. The relative con-
tribution of free radicals associated with 1rrever51ble injury from more pro-
longed ischemic bouts is less clear. Henry et al.”” have observed that the
magnitude of free radical generation during reperfusion is dependent on
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ischemic duration in a bell-shaped manner: low after short and long lengths
and highest at intermediate lengths. As reviewed by Marban and Bolli,’
exogenous administration of superoxide dismutase (SOD) and catalase via
the coronary circulation has proven to be effective in attenuating myocardial
stunning although these enzymes cannot penetrate cells of the heart. Admin-
istration of these enzymes in this manner does not appear to be effective
against prolonged ischemic insults that result in irreversible injury (infarc-
tion). However, elevations of intracellular antioxidants using cell-permeant
antioxidants has been reported to attenuate reperfusion injury in ammals
subjected to 45 minutes, and even 90 minutes, of coronary occlusion.*™
Furthermore, transgenic mice overexpressing catalase or SOD have enhanced
cardioprotection against ischemia-reperfusion injury.”

Superoxide dismutase is sometimes considered to be the first line of
defense against intracellular oxygen-derived free radicals. It forms hydrogen
peroxide from the superoxide radical and is located in both mitochondria
(Mn-SOD) and the cytosol (CuZn-SOD). Catalase and the glutathione redox
system work to prevent the accumulation of hydrogen peroxide. This mol-
ecule is an important source of oxygen free radical species, including the
highly reactive hydroxyl radical, but 1t also acts independently and freely
diffuses across biological membranes.™ Although both catalase and the glu-
tathione system act to metabolize hydrogen peroxide, there is considerable
controversy concerning the relative roles of these two antioxidant systems
in the myocardium under physiological and pathological conditions.

Up-regulation of antioxidant enzyme genes may play a significant role
in cardioprotection following heat shock. Many of the studies reporting
improved post-ischemic functional recovery within 24 hours after heat shock
also reported increased catalase and/or SOD.”™ As mentioned, Karmazyn
etal’ reported that the irreversible catalase inhibitor, 3-aminotriazole, abol-
ished the protective effect of heat shock on postrschemlc mechanical recovery
of isolated perfused rat hearts. Also, Joyeux et al.” reported that catalase
plays a role in preventmg reperfusion arrhythmias of heat stressed rats. In
contrast, Auyeung et al.” reported that 3-aminotriazole does not alter the heat
shock attenuatlon of infarct size subsequent to in vivo ischemia, and Steare
and Yellon” reported that the increase in endogenous catalase activity caused
by heat stress does not protect isolated rat heart against exogenous hydrogen
peroxide. Yamashita et al.” found that heat stress to isolated rat cardiomy-
ocytes caused the induction of Mn-5OD and HSP70 and was associated with
improved tolerance to hypoxia 24 hours later. When the elevation of Mn-
SOD was prevented by an antisense oligodeoxyribonucleotide to the
enzyme, the enhanced tolerance to hypoxia following heat stress was also
prevented, although HSP70 was increased as before. This finding is interest-
ing because HSP70 alone can protect cells and isolated hearts from ischemia
(as discussed above). Perhaps SOD and HSP70 can work in concert to facil-
itate the biological activity of each other.

Mitochondrial SOD is not generally considered to be the “weak link”
responsible for the ischemia-reperfusion dysfunction associated with stunning.
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As stated in a recent review by Bolli and Marban,’ there is considerable
evidence that the underlying mechanism(s) for myocardial stunning is due
to disruptions in cytosol/sarcolemma. In fact they dismiss mechanisms that
involve mitochondria as “not plau51ble This conclusion appears to be
con51stent with our earlier experiments on hearts stunned by short-term
ischemia.” In this study, we found that isolated mitochondrial function was
unaltered while overall cardiac function was depressed. However, Mn-SOD
may play an increasingly more prominent role as the duration or severity
of the ischemic stress increases.

V. Exercise and cardioprotection

Exercise has been found to provide many of the same cardioprotective ben-
efits as heat shock. Participation in a chronic exercise program has been
reported to attenuate myocardlal ischemia-reperfusion injury in both isolated
heart models and in vivo models.”* As in heat shock studies, cardioprotec-
tion has been observed 24 hours after acute exercise bouts in previously
sedentary animals.”””* Although the mechanisms are unclear, many investi-
gators have focused on increased expression of various cardioprotective
proteins. Because exercise can result in the rapid induction of HSP70, it has
been implicated as one of the protems respon51b1e for the intrinsic cardio-
protection observed after acute exercise’””' and chronic exercise.”*”® Thus, it
appears that exercise and heat stress may share some common pathways in
providing protection against ischemia-induced injury.

A. Chronic exercise studies

Prior to 1990, epldemlologlcal studies suggested that exercise could provide
cardioprotection."”* However, studies specifically investigating whether exer-
cise provided intrinsic protective adaptations to the heart were split approx-
imately 50:50 between yes and no (see Reference 73 for review). Much of the
confusion was due to differences in exercise mode and ischemic models
employed. Therefore, in 1992, we carried out the first study to determine
whether treadmill running in rats can improve recovery of hemodynamic
function in isolated hearts following global ischemia.” In this study, male
Fischer 344 rats were treadmill-trained for an hour per day for 3 to 4 months
at three intensities ranging from low (20 meters/min, 0% grade) to intense
(30 meters/min with ten 2-minute sprints at 60 meters/min, 5% grade).
Cardiac function at low and high workloads was evaluated before and after
25 minutes of global, zero-flow ischemia in the isolated, working heart
model. Evaluation of cardiac performance prior to ischemia revealed that
none of the treadmill training protocols affected basic intrinsic cardiac pump
performance. However, after ischemia plus 45 minutes of subsequent reper-
fusion, cardiac function in all trained groups was significantly better than
that of the sedentary rats (Figure 5.2). Furthermore, the magnitude of
improvement tended to increase with exercise intensity. A non-ischemic
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Figure 5.2 Effect of exercise training at various intensities on relative recovery of
cardiac output after 25 minutes of global ischemia in isolated working hearts. Rats
ran on a treadmill for 3 to 4 months for 1 hour per day at low (LOW), moderate
(MOD), or high (INT) intensities. Values are means * SE. SED, sedentary; LOW, 20
m/min, 0% grade; MOD, 30 m/min, 5% grade; INT, 30 m/min with ten 2-minute
sprints at 60 m/min, 5% grade; NIC, non-ischemic control. *P <0.05 vs. all other
groups; P <0.05 vs. all groups except INT. (Modified from Bowles, D. K., Farrar, R. P,
and Starnes, J. W., Am. ]. Physiol., 263, H804, 1992.)

control group of sedentary rats maintained 97.3% of cardiac output over this
same time period, indicating that the preparation was quite stable and that
almost all of the decreases in function were due to actual ischemia-induced
cardiac dysfunction. The lack of an improvement in pre-ischemic cardiac
performance in the exercise-trained rats indicates that improved postis-
chemic recovery of cardiac function with training is not dependent on a
training-enhanced pre-ischemic pump performance.

Other studies have since observed that many biochemical processes are
also better preserved after an ischemic bout in chronically trained rats.
Bowles and Starnes® found that the increased postischemic contractile func-
tion in trained hearts was associated with decreased calcium overload, a
greater inotropic response to extracellular calcium, increased efficiency of
cardiac work, and a lower diastolic stiffness. Although energy status was
less in the sedentary group, isolated mitochondrial function was unaltered,
which is consistent with a stunned myocardium. Demirel et al.” and Powers
etal.” observed that better functional recovery was associated with less lipid
peroxidation and oxidative stress following in vivo ischemia-reperfusion in
endurance-trained rats compared to sedentary animals. These authors used
a treadmill training program that was progressively increased to maintain
a constant relative exercise intensity throughout the 10 weeks of exercise.
During the last week of the program, the rats were running 90 minutes/day
at 30 meters/minute up an 18% grade, which represents a very strenuous
exercise bout. Although the better maintenance of calcium handling abilities
and/or energy status and less oxidative stress in the postischemic exercise-
trained hearts could be responsible for their better performance, the specific
underlying adaptations that protect these systems was not explored.
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It is apparent from Figure 5.2 that considerable cardioprotection can be
achieved by relatively light exerc1se however, the minimum required has
not been established. Libonati et al.”* reported no attenuation of reperfusion
injury in Sprague-Dawley rats exercised on a treadmill for 1 hour/day,
5 days/week, for 6 weeks at a low intensity (20 m/min 0% grade). However,
rats subjected to a sprint protocol were found to have less reperfusion injury
than controls or low-intensity runners. The authors’ interpretation is based
solely on the finding that during recovery from a 20-minute global ischemia
bout in Langendorff perfused hearts, the sprint-trained group had higher
absolute values of developed pressure (LVDP) and rate of pressure devel-
opment (dP/dt). However, if the authors had compared recovery to pre-
ischemic function in each heart, their conclusion might have been different.
It appears from the data presented that both exercise groups recovered 100%
of LVDP and 125% of dP/dt compared to only 86% and 104%, respectively,
in the control group. This high recovery by all groups, along with low
enzyme leakage during reperfusion, indicates that the injury was a form of
stunning; therefore, the Langendorff preparation may not have been sensi-
tive enough to make a determination of possible differences in mechanical
function. Interestingly, action potential duration measurements in myocytes
isolated from these hearts indicated that calcium handling was better pre-
served after ischemia in both low-intensity endurance and sprint-trained
groups compared to controls. Another factor that confounds the interpreta-
tion of this study is that all groups performed an endurance run to exhaus-
tion and a graded intensity treadmill performance test at the end of the
training period. These acute procedures alone may have influenced the
ischemia-reperfusion response in all groups, thus masking potential differ-
ences (see Section V.B on acute exercise studies).

Voluntary running wheels, which are often used for exercise studies, do
not appear to provide exercise of sufficient intensity to influence intrinsic
cardioprotection. In a recent study, ad libitum-fed and calorie-restricted male
Wistar rats were allowed free access to a running wheel for specific periods
each day for 8 months.” The authors report that the number of revolutions
per session was low in the ad libitum group and much higher in the calorie-
restricted group. No biochemical or performance measure of training status
was determined in either group. Isolated perfused working hearts were
subjected to 25 minutes of global ischemia and subsequently reperfused for
15 minutes. A two-way factorial analysis was used to determine whether
exercise or the interaction of calorie restriction and exercise had an effect on
recovery of heart function. The statistical analysis revealed that recovery of
aortic systolic pressure or aortic flow was not improved in either running
group. However, the authors state that the calorie restricted runners may have
had better recovery than the calorie restricted sedentary controls because
aortic flow recovery tended to be higher (66 £ 7% vs. 56 + 7%, mean + standard
error). Other measures that are typically evaluated in working heart prepa-
rations, such as intraventricular systolic/diastolic pressure, cardlac output
and coronary flow, were not determined. Interestingly, Noble et al.” did not
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find HSP70 to increase in ad libitum-fed rats given access to voluntary
running wheels.

At least one study employing the isolated perfused working heart
preparation appears to be in disagreement regarding the effects of chronic
exercise on post-ischemic funct1onal recovery. Using a long-term, chronic
exercise program, Paulson et al” trained rats at 21 meters/min, 5% grade
for 90 min/day. Isolated working hearts were evaluated before and after 75
minutes of low-flow ischemia. In this method of ischemia, perfusion of the
coronary circulation is continued but at a severely restricted rate so that
cardiac oxygen demand greatly exceeds oxygen supply. Training was found
to have no effect on recovery of cardiac output or work; both groups declined
approximately 25% compared to pre-ischemic values. However, during the
low-flow ischemic period, the perfusate was supplemented with 22 mM
glucose, which amounted to 297 grams of glucose being provided during
ischemia. High levels of extracellular glucose are known to protect the myo-
cardium from hypoxrc damage”” and extend the time to onset of contracture
during ischemia.”® In addition, their study lacked a non-ischemic control
group to determine whether a decline in function occurred in the absence
of ischemia due to the prolonged perfusion. Thus, a training-induced effect
in the study of Paulson et al” may have been obscured by the benefit of
exogenous glucose to the control hearts and/or the lack of a time-matched
normoxic control group. Recently, Margonato et al.” reported that isolated
perfused Langendorff hearts from swim-trained rats had improved recovery
of rate-pressure product and fewer arrhythmias than sedentary animals
following 60 minutes of low-flow ischemia with perfusate supplemented
with 11 mM glucose. Although the training protocols differed, the fact that
Margonato et al. was able to differentiate between sedentary and exercised
animals, using the relatively crude Langendorff preparation following an
ischemic bout similar to that employed by Paulson’s group, casts further
doubt on their conclusions.

We recently completed a study to determine which of many potential
cardioprotective proteins were relevant to cardioprotection associated with
a chronic exercise program.” The concentration of several proteins were
evaluated at 3, 6, and 9 weeks of a 9-week exercise program. During the last
6 weeks of the program, the treadmill running intensity (20 meters/min up
a 6% grade) and duration (60 minutes) were kept constant so that we could
follow the adaptive process. To investigate the effect of exercise independent
of the associated increase in body temperature, some rats were run with
wetted fur in an 8°C room to maintain body temperature at resting temper-
ature. The proteins measured included those that are the primary focus of
this chapter, that is, the inducible form of HSP70, catalase, cytosolic super-
oxide dismutase (CuZn-SOD), mitochondrial SOD (Mn-SOD), and glutathione
peroxidase. We also measured other stress proteins, including glucose regulated
protein 75 (GRP75 also known as mitochondrial HSP70), heme oygenase-1
(HO-1 also known as HSP32), HSP90, and aB-crystallin. Left ventricular
contents of only three of these proteins changed over time in a manner
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Figure 5.3  Left ventricular HSP70 (panel A), catalase (panel B), and CuZn-SOD
(panel C) at 3, 6, and 9 weeks of exercise in a 23°C room (WK) and an 8°C room
(WKC). Body temperature did not change from resting temperature when exercising
in the colder room. Values are means + SE. (From Harris, M. B. and Starnes, J. W.,
Am. ]. Physiol., 280, H2271, 2001. With permission.)

consistent with enhanced cardioprotection. HSP70 increased over time in
rats whose body temperature increased during exercise but did not increase
at any time during 9 weeks of daily exercise in rats whose body temperature
was kept at resting temperature during exercise (Figure 5.3A). Catalase was
increased in the early phase of the exercise program regardless of body
temperature (Figure 5.3B). CuZn-SOD was significantly elevated at 3 and 6
weeks in the animals whose body temperature increased, but was not dif-
ferent from sedentary animals at any time during the training program in
the animals whose body temperature was clamped at resting temperature
(Figure 5.3C). Thus, changes in HSP70, catalase, and CuZn-SOD were pre-
vented or attenuated when body temperature was held constant. After 9 weeks,
all antioxidant enzymes were similar to control values regardless of exercise
temperature. Consistent with other studies, mechanical recovery of isolated
perfused working hearts following 22.5 minutes of global ischemia was
enhanced after chronic training in the room-temperature environment, but
the effect was abolished by 9 weeks of exercise in the cold environment.
Overall, this study provides strong evidence that the primary cardioprotec-
tive protein induced by chronic exercise is HSP70. However, it should be
pointed out that the cold running model resulted in cardiac hypertrophy
(approximately 25% increase in mass), which may have decreased tolerance
to ischemia-reperfusion, thus masking benefits accrued through exercise. Also,
the intensity of exercise employed was low; perhaps a more intense training
program would have induced a cardioprotective effect in the group exercised
in the cold.
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The finding by Harris and Starnes® that adaptation to a chronic exercise
program resulted in protection against ischemia-reperfusion injury in the
absence of increases in antioxidant enzymes is consistent with other chronic
exercise studies.”*** Specifically, it was observed that some antioxidant
enzymes in the ventricles were elevated in the initial stages of an exercise
program, but eventually returned toward sedentary levels as the individual
adapted to the imposed exercise load. However, it is important to point out
that measurement of an enzyme activity in whole ventricle may be mislead-
ing. Failing cardiac myocytes have been reported to have greater suscept-
ability to oxygen free radical-mediated injury although antioxidant enzyme
levels are normal.” Specific changes in small compartments, (e.g., coronary
vasculature) may have gone unnoticed in bulk measures of left ventricular
contents. Rush et al.” have recently reported that cytosolic SOD is increased
in pig coronary arterioles following 3 to 4 months of exercise on a motorized
treadmill. As discussed later, changes in the vasculature could have impor-
tant cardioprotective implications.

B.  Acute exercise studies

Locke et al.”’ were the first to discover that acute exercise results in enhanced
postischemic myocardial recovery. In this study, rats were exercised on a
motor-driven treadmill for 1 hour at a speed of 30 meters/minute up a 15%
grade and sacrificed 24 hours after exercising once or for 3 consecutive days.
Another group was heat shocked (15 minutes at 42°C) without exercising.
Isolated hearts were perfused using the Langendorff preparation and sub-
jected to 30 minutes of global ischemia and 30 minutes of reperfusion. Rats
run for 3 days and those that were heat shocked had significantly improved
postischemic recovery of left ventricular function compared to controls, but
animals run for only 1 day were similar to controls. HSP70 levels were
significantly elevated in the 3-day runners, but not in the 1-day runners, and
catalase activity was increased by heat shock alone, but not by exercise. The
authors concluded that the increased recovery in the exercising rats was
related to HSP70 content and proposed that the mechanism for enhanced
post-ischemic functional recovery is related, at least in part, to increased
expression of HSP70.

In a subsequent study, Taylor et al.”' confirmed and extended these
findings. They evaluated postischemic functional recovery using the isolated
perfused working rat heart from groups of animals treated similarly to those
in the Lock et al. study. In addition, a group was run in a cold environment
so that core temperature did not increase during exercise. Taylor et al. found
that all groups had enhanced postischemic functional recovery 24 hours after
acute exercise or heat treatment. Left ventricular HSP70 was elevated several-
fold in the groups that were heat shocked or exercised at normal room
temperature, but was not elevated above control level in the group exercised
in the cold. When all exercise groups were combined, there was no significant
correlation between HSP70 expression and myocardial reperfusion injury
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Figure 54  Relationship between myocardial HSP70 content and postischemic
function of isolated working rat hearts after 1 to 3 days of acute exercise. CO x SP,
cardiac output times systolic pressure. The lack of a significant correlation suggests
that attenuated reperfusion injury after acute exercise may be partially due to elevated
HSP70 and partially due to some other factor. (Modified from Taylor, R. P., Harris,
M. B, and Starnes, J. W., Am. J. Physiol., 276, H1098, 1999. With permission.)

following acute exercise in previously sedentary animals (Figure 5.4). The
authors concluded that increased HSP70 expression following acute exercise
is primarily due to increased core temperature and is not the only factor that
can provide improved postischemic function.

Yamashita et al.”” looked specifically at whether cardioprotection follow-
ing acute exercise might be related to the activation of Mn-SOD. After 2
weeks of acclimating to treadmill running, male Wistar rats weighing 240 to
300 grams were exercised for 25 to 30 minutes at 27 to 30 meters/minute on a
0% grade. At various times post-exercise (from 30 minutes to 72 hours), in vivo
ischemia was imposed by ligating the left coronary artery for 20 minutes.
Myocardial infarct size was determined 48 hours after reperfusion. Exercise
was found to decrease infarct size in a biphasic manner that coincided with
the activity of Mn-SOD at the time of ischemia (Figure 5.5A). At 30 minutes
(early phase) and 48 hours (late phase) post-exercise, Mn-SOD was approx-
imately 65% above control and ischemia-induced infarct size was signifi-
cantly decreased. At all other times (between 30 minutes and 48 hours, or
after 48 hours), Mn-SOD activity and infarct size did not differ from sedentary.
The transient increase in Mn-SOD activity at 30 minutes post-exercise was
due to a post-translational modification of the enzyme, while the increase at
48 hours was due to an increase in its content. When the increase in Mn-SOD
content was prevented by an antisense oligodeoxyribonucleotide, the
decrease in infarct size during the late phase was abolished.

Yamashita et al.”* also observed that the cytokines, tumor necrosis factor
o(TNF-a) and interleukin 18 (IL-1B), were increased at the end of the exercise
bout for a brief period. Preventing the exercise-induced elevation of both by
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Figure 5.5  Relationship between Mn-SOD activity and postischemic infarct size at
various times after a single exercise bout (panel A) or administration of TNF-o (panel
B). Rats were subjected to in vivo coronary artery occlusion for 20 minutes at the
times indicated, and the size of the infarct was evaluated 48 hours after reperfusion.
Values are means + SE. *P <0.05 vs. control group. (From Yamashita, N. et al., J. Exp.
Med., 189, 1699, 1999. With permission.)

administering neutralizing antibodies or the antioxidant MPG (which did
not affect infarct size in sham-treated controls) abolished the biphasic pattern
of infarct size and Mn-SOD activity. Administration of TNF-o to sedentary
rats resulted in the same biphasic pattern of infarct size and Mn-SOD activity
observed with exercise (Figure 5.5B). Thus, they proposed the following
mechanism for cardioprotection associated with acute exercise. Reactive oxy-
gen species generated during exercise cause increases in TNF-o and IL-1f,
which activates Mn-SOD during the early phase and induces Mn-SOD
expression during the late phase.

The data of Yamashita et al.”” provide compelling evidence that exercise-
induced Mn-SOD is important in protecting against irreversible myocardial
injury; however, it may not protect against stunning. Functional measures,
consisting of rate-pressure product, were not different among groups during
20 minutes of regional ischemia or 30 minutes of subsequent reperfusion.
Although rate-pressure product provides only a crude indication of function,
the results imply that elevation of mitochondrial SOD did not protect against
stunning. This is consistent with the view of Marban and Bolli,” who say
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that stunning is the result of cytosohc/ sarcolemmal injury and does not
involve mitochondria. Yamashita et al.”” report that the cytosolic form of
SOD was not elevated by acute running and catalase act1v1ty was not mea-
sured. However, other investigators have found CuZn-SOD* and catalase™ to
be elevated immediately after exercise.

V1. Coronary vasculature dysfunction

It is now well-established from a variety of experimental models that the
coronary Vasculature can be a target of damage or dysfunction during
ischemia-reperfusion.” When this occurs, it can contribute to myocardial
ischemia-reperfusion injury.** Thus, agents or procedures that can preserve
vasomotor function and integrity following an ischemia-reperfusion stress
can enhance myocardial protection. Ischemic preconditioning has been
found to protect against the loss of endothelium- dependent vasodilation
associated with an ischemia-reperfusion bout 24 hours later.” The proposed
stimulus for this cardioprotective adaptation was free radical generation
during the precondltlonlng event.

Recently, Chen et al.” carried out an ischemia-reperfusion study using
transgenic mice overexpressing cytosolic SOD (CuZn-SOD) only in coronary
endothelial and smooth muscle cells. They found the transgenic animals to
have better recovery of myocardial function and less enzyme leakage than
wild-type controls after 35 minutes of ischemia and 45 minutes of reperfusion
in a Langendorff perfusion model. There were no differences between trans-
genics and wild-types for levels of myocardial cell CuZn-SOD, other anti-
oxidant enymes, HSP70, or HSP25. Chronic exercise tralnlng by Yucatan pigs
appears to result in a similar phenotype. Rush et al.” found an increased
content and activity of the cytosolic form of SOD in coronary arterioles
without a change in Mn-SOD, catalase, or p67°"”, which is a component of
the superoxide-generating NAD(P)H oxidase. The above findings have
important ramifications under both normal and ischemia-reperfusion situa-
tions. As explained in Figure 5.6, increased superoxide scavenging capacity
via CuZn-SOD in endothelial cells simultaneously enhances vasodilation by
raising nitric oxide (NO) and H,0, levels while attenuating the productlon
of the damaging substances (peroxynitrite and hydroxyl radical).*® The role
of NO as a vasodilator is well known, while the finding that H,O, directly
hyperpolarizes smooth muscle cells, causing further dilation, is a more recent
discovery. In addition to protecting against increased free radical production
that occurs during reperfusion, enhancing the dilatory stimulus might help
prevent vasoconstriction that can occur paradox1cally with increased cardiac
work in some coronary disease patients.”

There is very little information available regarding whether exercise atten-
uates coronary vasculature dysfunction associated with ischemia-reperfusion.
Bowles et al.” observed that chronic exercise training resulted in higher coro-
nary flow upon reperfusion of isolated rat hearts. However, vascular func-
tion was not specifically investigated. Recently, the first study (and to our
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Figure 5.6  Proposed interactions between nitric oxide (NO) and superoxide anions
(O5) in the regulation of endothelium-dependent responses. NO synthase (NOS)
produces both NO and superoxide anions. Under normal circumstances, and in most
arteries, the production of NO predominates, and NO scavenges the small amounts
of superoxide anion formed. Superoxide anions that escape the scavenging by NO
are transformed by SOD to H,0,, which diffuses to the vascular smooth muscle and
causes its hyperpolarization (Hyperpol.) by opening of a K" conductance (KCa) NO
activates soluble guanylate cyclase (sGC) to produce more cGMP. Other sources of
production of superoxide anions (e.g., NAD(P)H oxidase [NAD(P)H Ox]) or xanthine
oxidase (Xant Ox) are activated when the intracellular Ca> concentration increases.
The large quantities of superoxide anions formed scavenge most or all of the NO,
leading to the production of peroxynitrite (ONOO"). In addition, superoxide anions
can be transformed to hydroxyl radicals, which diffuse to the vascular smooth muscle
and induce the production of vasoconstrictor endoperoxides (PGH,) and prostanoids
(and possibly isoprostanes). The latter activate TP receptors (TP-R) that are coupled
positively to the contractile process. (From Vanhoutte, P. M., J. Clin. Invest., 107, 23,
2001. With permission.)

knowledge, the only study) evaluating the effect of chronic exercise on
coronary Vascular function following ischemia-reperfusion was carried out by
Symons et al.” Female Sprague-Dawley rats ran in a 23°C room for 60 minutes /
day at 26.8 meters/minute up a 15% grade for the last 5 to 7 weeks of a 10
to 12 week exercise program. Stress protein levels were not evaluated, but
the exercise program as described should easily result in a several-fold
increase in HSP70. Ischemia was produced by occluding the left coronary
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artery in situ for three 15-minute periods separated by two reperfusion
periods of 5 minutes. Coronary resistance vessels, which are responsible for
regulating myocardial blood flow, were isolated beginning 10 minutes after
the last ischemia bout and their function subsequently evaluated in vitro
using wire myographs. Following ischemia-reperfusion, vessels from trained
animals developed less constriction in response to endothelin-1 and U-46619,
which act on distinctly different receptor types to induce contraction, and
to KCI which acts via voltage-gated Ca’* channels (nonreceptor-mediated).
However, relaxation was not different from sedentary animals in response
to both endothelium-dependent and endothelium-independent vasodilators.
The authors conclude that chronic training lessens receptor-mediated vaso-
constriction but does not affect endothelial function of coronary resistance
vessels after ischemia-reperfusion. Furthermore, the blunted contractile res-
ponse was concluded to be due to postreceptor mechanisms affecting cal-
cium regulation. In nonischemic time controls, the response to endothelin-1
was not different between trained and sedentary groups, indicating that the
difference following ischemia was the result of better preservation of calcium
regulation in the trained group. However, other studies have found a reduc-
tion in the contractile response of nonischemic vessels from exercise trained
animals in response to agonists that mobilize sarcoplasmic reticulum Ca™.*
In animals displaying this exercise adaptation, perhaps a greater degree of
cardioprotection compared to sedentary animals would be observed.

In the paper by Symons et al myocarchal contractile function (e.g.,
developed pressure, dP/dt, and systolic wall thickening) did not differ
between trained and sedentary animals during the in situ ischemia-reperfusion
protocol employed. The reasons for this are unclear but could be partially
due to the very short recovery time allowed (10 minutes) after reperfusion
before determining mechanical function. Evidence supporting this possibil-
ity is that mechanical function following “long-term” ischemia (total of 45
minutes) was the same as that following a single, 5-minute, “short-term”
ischemic bout, from which the heart would be expected to fully recover.
Also, the experimental model employed (regional ischemia in vivo) is not
the most sensitive model for comparmg mechanical function. It should be
pointed out, however, that Symons et al.”* designed their study primarily to
evaluate postischemic coronary vascular function, which was carried out at
least an hour after reperfusion.

VII. Summary

There is now considerable evidence from both in vivo and in vitro experi-
mental models that exercise training results in intrinsic adaptations that
render the heart better able to recover from an ischemic bout. These adap-
tations include the increased expression of certain stress proteins. This exer-
cise benefit can be realized within 1 or 2 days following an initial exercise
bout of sufficient intensity and duration. Some of these proteins may be
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transient in nature and eventually return to sedentary levels as adaptation
to the exercise program occurs, while at least one, the stress-induced member
of the 70-kDalton heat shock protein family (HSP70), persists throughout an
exercise program. The fact that HSP70 provides very effective protection has
been established but the mechanism by which it protects has not. A recent
report indicates that cytosolic superoxide dlsmutase is elevated in the coro-
nary vasculature of chronically exercised pigs*’ and another indicates that
coronary vasculature dysfunction after ischemia is attenuated in chronically
exercised rats.”” Whether the two observations are related remains to be deter-
mined but changes in the vasculature could have important cardioprotective
implications. Finally, it appears that the exercise-related cardioprotection can
be achieved with only moderate exercise but the minimum exercise load
required has not been determined.
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I. Introduction

Induction of heat shock proteins (HSPs) is one of the best-described cellular
responses to stress."* Indeed, many different stresses such as heat stress,
hypoxia, acidosis, exposure to oxidants, and ischemia/reperfusion have been
shown to increase the expression of these highly conserved proteins.””” "
As reviewed in Chapter 3, the physiological stress associated with endurance
exercise training also results in a rapid induction of several isoforms of HSPs;
this induction of cellular HSPs is associated with cellular protection from a
variety of stresses (e.g., heat and oxidant damage).'”* To date, the exact cellular
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Figure 6.1  Proposed relationship between HSPs and ROS. Cell stress, including
stress mediated by ROS, leads to up-regulation of HSPs and antioxidant enzyme
activity and ultimately to protection against subsequent cell stress. Exogenous anti-
oxidants may interfere with activation of HSP genes, thus inhibiting HSP synthesis
and related cell protection. HSPs may or may not exert their cellular protective effects
in concert with antioxidant enzymes.

signal responsible for the exercise-associated induction of HSPs remains
unclear. Similarly, the mechanism(s) by which HSPs provide protection
against subsequent cellular stresses is incompletely understood.

This chapter reviews our current knowledge about the relationship between
reactive oxygen species (ROS) and HSPs. We will begin with a brief review
of ROS, cellular oxidative injury, and antioxidant defense mechanisms avail-
able to the cell. A discussion of the evidence for increased production of ROS
serving as a signal for up-regulation of HSPs will follow. Finally, we conclude
with a discussion of HSPs and protection against ROS-mediated cellular
damage (see Figure 6.1).

II. Reactive oxygen species and oxidative stress:
an overview

ROS such as the peroxyl radical (ROO’), the superoxide anion (O, ), and
the hydroxyl radical (HO') are derived from the univalent reduction of
molecular oxygen.”® Certain ROS are known as free radicals because they
contain one or more unpaired electrons in their outer orbital (e.g., ROO’,
O, , HO'). When a ground-state O, molecule accepts a single electron, the
product is O, and addition of a second electron yields hydrogen peroxide
(H,O,). Homolytic fission of the O-O bond in H,0, produces two HO’
molecules and can be achieved by a simple mixture of H,O, and an iron
(ferrous) salt. Called the Fenton reaction, the HO  produced by this fission
is capable of reacting at very high rate constants with almost every cellular
Component.29
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A. Sources of ROS in skeletal and cardiac muscle

Potential sources of ROS in skeletal muscle fibers during exercise include the
mitochondrial respiratory chain, xanthine oxidase production of superoxide,
enzymatic arachadonic acid oxygenation, nitric oxide synthe51s, catechola-
mine oxidation, and neutrophil-induced oxidative bursts.” The relative con-
tributions of each of these pathways during exercise remain an active area
of research.

It is well-established that ROS are produced during ischemia and rep-
erfusion (I-R) in both skeletal and cardiac muscles.”” A potential source of
oxidants during both ischemia and reperfusion is the univalent reduction of
oxygen in complexes I and III of the mitochondrial electron transport chain.”
The enzymatic oxidation by xanthine oxidase of purines such as xanthine
and hypoxanthine is another potential source of ROS during I-R in rodents.™**
Primarily located in the vessel walls of most tissues, including cardiac muscle,
the enzyme xanthine dehydrogenase (XDH) catalyzes the oxidation of hypox-
anthine to xanthine, and xanthine to uric acid. During I-R, XDH may be either
reversibly or irreversibly transformed to xanthine oxidase. In contrast to its
dehydrogenase form, xanthine oxidase utilizes O, as the electron acceptor
and produces O, while catalyzing the oxidation of hypoxanthine to uric acid.”
In postischemic tissues, activated neutrophils are known to release large
amounts of ROS that have also been associated with injury.® The relative
contribution of any of these sources of ROS in the induction of HSPs asso-
ciated with exercise remains undefined.

B. ROS-mediated cellular damage

The cellular toxicity associated with ROS is largely reﬂectlve of their rapid
participation in damaging reaction with cellular components.” The damage
resulting from these reactions includes lipid peroxidation, protein oxidation,
and DNA damage.” During hypoxia-reoxygenation injury, for example, cellular
proteins, membrane lipids, and DNA are particularly vulnerable to oxidative
damage. . Damaged proteins and by-products of phospholipid-bilayer
degradation may serve as important triggers for HSP gene induction.*'*"***
A brief overview of oxidative damage to cellular lipids and proteins follows.

1. Lipid peroxidation and protein oxidation
Polyunsaturated fatty acids (PUFAs) are highly susceptible to ROS attack
and oxidative damage at their sites of unsaturation. Briefly, the attack begins
when ROS have sufficient energy to abstract hydrogen atoms from the meth-
ylene groups of PUFAs; this forms lipid peroxyl radicals that can then react
with other PUFAs, starting an amplifying chain reaction.” Peroxyl radicals
are also capable of propagating further oxidative damage to other membrane-
associated molecules such as proteins. The overall result of this attack is
destruction of membrane PUFAs leading to alteration of membrane fluidity
and permeability. By-products of lipid peroxidation, such as malondialdehyde,
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lipid hydroperoxides, conjugated dienes, and isoprostanes, are often mea-
sured to estimate the extent of ROS-mediated tissue damage.”® Furthermore,
release of arachadonic acid, a sensitive marker of membrane phospholipid
degradation, has been assayed as a measurement of membrane damage
resulting from ROS-mediated injury such as that seen during postischemic
reperfusion.***°

Included in the ROS-mediated damage to cellular proteins is oxidation
of contractile, cytoskeletal, and membrane-bound proteins and enzymes.”**
Quantitative studies of protein oxidation reveal that proteins containing sulf-
hydryl groups are highly susceptible to damage.* Much of the damage caused
by protein oxidation is irreparable, and proteins that have been damaged by
ROS are susceptible to further proteolytic cleavage. Oxidation of proteins
results in formation of carbonyl groups and assays to determine protein
carbonyl content have been used as an estimation of oxidative damage to
protelns

The combined effects of lipid peroxidation and protein ox1dat1on have
a profound and detrimental effect on cell structure and function.”’ However,
cells are armed with intrinsic mechanisms designed to defend against oxi-
dative damage. The following section highlights key components of cellular
antioxidant defenses.

II1. Antioxidant defense mechanisms

Cells have extensive endogenous and exogenous mechanisms for providing
protection against damage by ROS. Among the cells’ primary defenses are
both enzymatic antioxidants and nonenzymatic antioxidants. The enzymatic
antioxidants include (1) superoxide dismutase, which dismutates the super-
oxide radical; (2) catalase, which decomposes hydrogen peroxide; and (3)
glutathione peroxidase, which decomposes hydrogen Eerox1de with the
assistance of the nonenzymatic antioxidant glutathione.”' Among the non-
enzymatic antioxidants are vitamin E, vitamin C, carotenoids, glutathione,
ubiquinones, and flavonoids. Antioxidants work both 1ndependently and
synergistically to maintain a reduced cellular environment.’

Given the potential role of ROS in cellular injury, interventions designed
to increase the cells” antioxidant defenses are a promising strategy for min-
imizing cell damage such as that associated with hypoxia-reoxygenation.
While increases in cellular enzymatlc antioxidants can be achieved following
stresses including exercise tralnmg, >3 another effective method for increas-
ing antioxidant defenses is via dietary supplementation with nonenzymatic
antioxidants. Indeed, enhanced antioxidant defenses have been reported to
prevent ROS-associated damage to cellular components.”**® However, the
effect of enhancing antioxidant capacity on the cells” ability to express HSPs
remains unclear. Literature addressing this issue is discussed in the following
sections.
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IV. Transcription of HSP genes

As reviewed in Chapters 1 and 2 of this book, a wide variety of physical and
chemical changes evoking cellular stress are associated with synthesis of
HSPs in tissues.”"*"** Despite the fact that transduction pathways involved
in the activation of HSP genes have been actively investigated, the mecha-
nisms underlying these pathways remain controversial, especially with
respect to the “primary sensor” at the level of the cell membrane. In contrast,
the mechanisms involved in the intracellular signaling cascade leading to
activation of HSP gene transcription and protein synthesis are better under-
stood. In eukaryotic cells, transcription is orchestrated by transcription fac-
tors, referred to as heat shock factors (HSFs), that are inactive in unstressed
cells. Cell stress leads to HSF activation, DNA binding, and ultimately gene
transcription.” Four HSFs have been identified thus far; HSF1 is the primary
stress response heat shock factor in mammalian cells. The reader is referred
to several excellent reviews for a detailed description of the regulation and
activation of HSF1."'*"#%

A. ROS and activation of HSP genes

Few biological molecules have a negative reputation equal to ROS. Indeed,
ROS have gained the reputation as injurious molecules because of their capa-
bility of promoting cellular damage and their contribution in the pathogen-
esis of a variety of diseases. Despite this reputation as injurious molecules,
recent evidence indicates that ROS are important messengers in cellular signal
transduction and transcription factor activation.” " In addition to regulating
pivotal transcription factors such as nuclear factor-kB (NF-«xB) and activator
protein-1 (AP-1), ROS have also been reported by many groups to result in
HSF1 activation and HSP gene induction (see Table 6.1).”””® For example,
Nishizawa et al.”® reported significant activation of HSF1 and appearance of
HSP70 and 90 mRNA with both ischemia-reperfusion and with H,O, perfu-
sion in isolated hearts. Similarly, perfusion of hearts with xanthine plus
xanthine oxidase (for generation of the superoxide radical), H,O,, and illu-
minated rose bengal (for generation of singlet oxygen) all resulted in signif-
icant increases in HSP70 mRNA.” Interestingly, it has been suggested that
one pathway through which ROS activates HSF1 is via oxidation of protein
thiols. Nonnative disulfide bond formation, induced by chemicals such as
N-ethyl-maleimide or menadione redox cycling, have been shown to result
in protein denaturation, HSF1 activation, and accumulation of HSP70 mRNA
and protein.””

B. Antioxidants and activation of HSP genes

Given the evidence that ROS can serve as a stimulus for expression of HSPs,
it follows that enhancing cellular antioxidant defenses could inhibit HSP
transcription, resulting in an attenuation of HSP accumulation (see Table 6.2).
One of the first experiments to test this notion employed both heat shock
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Table 6.1 Impact of Reactive Oxygen Species and Other Types of Stress on
Cellular Expression of Heat Shock Proteins

Cell Stress Effect on HSP Species Ref.
Ischemia-reperfusion (review) Many species reviewed 72
Nonnative disulfide bond HSF1 activation, and 45,73
formation/protein accumulation of HSP70
denaturation induced by mRNA and protein

chemicals such as N-ethyl-
maleimide or menadione
redox cycling

IL-1o Increased HSP70 74
IL-100 and TNF Increased small HSP mRNA 75
Xanthine plus xanthine Increased HSP70 mRNA 76

oxidase (for generation of the
superoxide radical), H,O,,
and illuminated rose bengal
(for generation of singlet

oxygen)
IL-1o Increased HSP27 77
Ischemia-reperfusion and HSF1 activation and appearance 78
H,O, perfusion of HSP70 and 90 mRNA

Table 6.2 Impact of Antioxidants and Cellular Stress on Expression of
Heat Shock Proteins

Cell Stress Effect of Antioxidants on HSPs  Ref.
Heat shock and No change in any HSP 79
hypoxia-reoxygenation
Reperfusion No change in HSP70 80
Heat shock Inhibited or attenuated HSP72; 81
inhibited or attenuated HSP27
Erythrophagocytosis Inhibited HSP32 and HSP70 82
(in phagocytic cells)
Heat shock Attenuated HSP70 84
Exercise Attenuated HSP72 85
Hypoxia Attenuated HSP32 86
Tobacco smoke Inhibited HSP32 but not HSP70, 87
90, or 110
Ischemia-reperfusion Inhibited HSF1 activation and 78

attenuated accumulation of
HSP70 and 90 mRNA
Ultraviolet A radiation No change in HSP72 88

and hypoxia-reoxygenation to induce oxidant stress in Drosophila.” These
experiments revealed that while both stresses resulted in accumulation of
HSPs, only hypoxia-reoxygenation resulted in oxidant stress as measured
by oxidized /reduced glutathione. Further, these experiments revealed that
HSP accumulation was not affected by antioxidant treatment.” The role of
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ROS generated during reperfusion in the induction of the HSP70 gene was
further investigated using the antioxidants allopurinol and dimethyl sulfoxide.”
Neither antioxidant, individually or in combination, changed the reperfu-
sion-associated gene induction. These two experiments suggest that some
antioxidants do not impair the expression of HSP70 in cells.

In a study investigating the effects of a variety of antioxidant compounds
on heat shock response of cultured myelocytic cells, pyrrolidine dithiocarbamate
and 1 10—phenanthrohne inhibited hsp72 accumulation and N-acetylcysteine
attenuated it.* Pyrrolidine dithiocarbamate and 1,10-phenanthroline also
inhibited hsp27 while N- acetylcysteme and allopurinol decreased its accu-
mulation. Kantengwa and Polla® studied the roles of oxygen radicals in HSP
induction by erythrophagocytosis in phagocytic cells and reported an
inhibition of HSP32 and HSP70 induction by a flavonoid antioxidant. To
further evaluate this mechanism, the authors also employed an inhibitor of
protein kinase C (PKC) which abolished the effect of antioxidants on induc-
tion of all HSPs studied except heme oxygenase (HSP32). PKC has subse-
quently been shown to play a pivotal role in regulation of HSP72 gene
activation.” Collectively, these studies support the notion that different HSP
species may be more sensitive to modulation of cellular redox status and
that, specifically, the induction of “classic” HSPs and heme oxygenase is
differentially regulated

Ushakova et al.* pursued the role of ROS in the heat shock response
utilizing a whole-body hyperthermia model to stress mice fed an antioxidant-
supplemented diet. The authors reported that in normothermic mice, dietary
supplementation either had no influence on HSP70 gene expression (spleen)
or enhanced it (brain, liver). Antioxidant supplementatlon attenuated HSP70
gene expression following heat shock in all tissues.” In agreement with this, we
have recently observed that ant10x1dant supplementation attenuates exercise-
associated HSP72 accumulation.®” Interestingly, this antioxidant-associated
attenuation of HSP72 did not result in a parallel decrease in protection against
ischemia-reperfusion injury.

Accumulation of HSPs following environmental stresses other than
hyperthermia and exercise has also been shown to be attenuated by antiox-
idant exposure. N-acetylcysteine, a thiol donor shown to enhance reduced
glutathlone concentrations, attenuated HSP32 gene 1nduct10n following
hypoxia.” Using tobacco smoke as a stress, Pinot et al.” demonstrated that
both quercetin (a flavonoid) and N-acetylcysteine prevented the induction
of heme oxygenase (HSP32) but not that of HSP70, 90, or 110. In contrast,
ischemia-reperfusion associated HSF1 activation and accumulation of HSP70
and 90 mRNA were decreased by exposure of 1solated perfused hearts to
allopurinol (a xanthine oxidase inhibitor) or catalase.”® Expression of HSP72
induced by ultraviolet-A radiation was not, however, impacted by exposure
to vitamin E and butylated hydroxytoluene in a fibrosarcoma cell line.* Hence,
it appears that the effects of antioxidants on HSP gene expression vary with
the type of cell stress, the stress protein isoform, the amount and type of
antioxidants, and the cell type under investigation.
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V. HSPs and protection against ROS-mediated injury

While the functions of stress proteins are reviewed extensively in other
chapters, it is appropriate to briefly review the existing evidence for a role
of HSPs in protecting cells from damages mediated by ROS. Clearly, evidence
suggests that many of the same cellular stresses that result in activation of
HSP genes, also up-regulate antioxidant enzyme activity. For example, sev-
eral groups have demonstrated that induction of HSPs correlates with
increases in the activity of catalase, an enzyme that decomposes H,0,."”
Reports of modification of other antioxidant enzyme activities, such as glu-
tathione peroxidase and superoxide dismutase, in correlation with HSP
induction are varied, with some investigations indicating that high levels of
HSPs augment antioxidant enzyme activity whereas others report that HSPs
do not influence antioxidant enzyme activity.””*”* Therefore, at present, the
role, if any, that stress proteins play in enhancing the functions of cellular
antioxidants remains unclear. Nonetheless, by stimulating synthesis or by
preventing aggregation or degradation of oxidized cellular proteins, HSPs
would complement existing antioxidants during and following cellular oxi-
dative stress. This remains an important and exciting area for future research.

VI. Summary

This chapter has provided an overview of the relationship between ROS and
HSPs. In summary, numerous ROS are produced in both skeletal and cardiac
muscle cells. Although the exact site of production for these ROS continues
to be investigated, evidence exists that ROS are produced in the mitochondrial
respiratory chain, xanthine oxidase pathway, arachadonic acid metabolism,
nitric oxide production, and oxidation of catecholamines. The cellular toxicity
associated with ROS comes from the participation of ROS in damaging
reactions in cells. In particular, ROS result in damage to proteins (protein
oxidation), lipid oxidation (lipid peroxidation), and DNA damage. Numer-
ous enzymatic and nonenzymatic antioxidant defense mechanisms exist in the
cell; collectively, these defense mechanisms work to reduce oxidative stress.

Growing evidence suggests a strong link between ROS and HSPs; this
relationship is simplistically illustrated in Figure 6.1. First, it is well-established
that ROS can trigger the activation of HSP genes. Further, it seems likely
that antioxidants can inhibit the ROS-mediated activation of HSP gene tran-
scription. Finally, evidence indicates that HSPs may provide protection
and /or recovery from ROS-mediated injury. Improving our knowledge of
the relationship between redox regulation and HSP expression and action is
an important area for future research.
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I. Introduction

Skeletal muscle damage occurs following excessive or unaccustomed exercise.
The mechanisms by which this damage occurs are relatively well-established.
However, skeletal muscle can adapt rapidly such that the muscle is signifi-
cantly protected against subsequent periods of exercise. This adaptation has
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been well-characterized at the structural level, but the cellular and biochemical
changes that occur are less well-understood. The most comprehensively stud-
ied of these endogenous protective mechanisms in skeletal muscle are heat
shock proteins (HSPs) and antioxidant enzymes. The aim of this review is to
summarize evidence that skeletal muscle can produce HSPs, the mechanisms
involved in this production, the effect of an increased content of HSPs in
skeletal muscle on the susceptibility to damage. The role of an aberrant pro-
duction of HSPs in muscle during the aging process will also be discussed.

1I. Location and function of HSPs
in resting skeletal muscle

Skeletal muscle consists of a heterogenous mix of cell or fiber types. These
fibers differ in their functional properties and this is reflected in their HSP
content. The fiber type of muscles has important implications on both the
level of HSP content in unstressed fibers and the extent of increase in HSP
content following stress. Data suggests that the nonstressed muscle compris-
ing of primarily type 1 fibers contains a significantly higher amount of HSPs
in comparison with barely detectable levels in a muscle that is predominantly
composed of type 2 fibers."” Primarily, oxidative muscles have increased
oxygen-derived radical formation during exercise and the increased baseline
levels of HSPs may suggest a role for HSPs in providing protection against
oxidative stress.

HSPs are present at low levels in unstressed skeletal muscle, where they
act as molecular chaperones, associating with newly synthesized proteins
and ensuring that the newly synthesized protein is folded and functions
correctly. All HSPs act to preserve cellular integrity; HSP70 has the capacity
to refold a wide array of proteins and other HSPs have more specific roles
within the cell. The HSP70 family of proteins is by far the most studied in
skeletal muscle. This family contains a constitutively expressed HSP of
molecular mass 73 kDa, (known as HSC7O or HSP73) and a highly inducible
HSP (known as HSP70 or HSP72)," as well as the glucose-related proteins
(GRP75 and GRP78). H5C70 is constitutively expressed in the muscle cyto-
plasm and migrates to the nucleus during stress.” In contrast, HSP70 1s
present at low levels, with the exception of type 1 fibers of skeletal muscle,'
in the cytoplasm of unstressed muscle. GRP75 and GRP78 are located in the
mitochondria and the sarcoplasmic reticulum, respectively. GRP75 is thought
to be involved in the translocation of newly synthesized proteins into the
mitochondria and, in association with other HSPs, subsequent folding of the
newly imported protein into a functioning state. GRP78 is thought to play
a role in the assembly of secretory protein complexes.® HSP60 is primarily
located within the muscle mitochondrial matrix, a potential key site of dam-
age to muscle during exercise and aging. HSP60 and its co-chaperone
(HSP10) constitute the chaperonin subclass of molecular chaperones, which
facilitate folding of newly synthesized and imported proteins in mitochondria
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Chapter seven: Stress proteins and exercise-induced muscle damage 139

and are thought to be able to rescue proteins that denature spontaneously
within the mitochondrion.”® This is particularly relevant to skeletal muscle
that contains a relatively high proportion of mitochondria and the activities
of which respond rapidly to the increased energy demands of exercise. In
contrast, oB-crystallin is a small HSP that is thought to play a key role in
maintenance of cytoskeletal integrity in cells by association with VaI‘IOLIS
cytoskeletal protems and in muscle fibers is associated w1th the Z bands."
oB-Crystallin shares sequence homology with HSP25/27," which is also
present in the cytosol of skeletal muscle. HSP25/27 is thought to be involved
in the stabilization of microfilaments. In addition, HSP25/27 can be phos—
phorylated and thus may play a role in cellular signal transduction."

III. Exercise-induced muscle adaptation:
the production of HSPs

Skeletal muscle is extremely responsive to changes in external stimuli such
as neural stimuli, workload, or stretch. This training effect of skeletal muscle
results in subsequent protection against damaging stresses and includes numer-
ous structural adaptations and changes in gene expression, which result in
biochemical modifications.”” The most studied of these responses are the
changes that occur in antioxidant enzymes and HSPs in muscle following a
period of exercise. The production of HSPs in skeletal muscle of rodents
following exercise has been relatively well-characterized, although the signal
responsible for this adaptation is not clearly understood.

A.  Production of HSPs in skeletal muscle following
an acute period of exercise

Several workers have described increases in HSP mRNA and protein content
following a period of mild or exhaustive exercise in rodents. Early studies
examining the effect of treadmill running in rats for 20 minutes up to exhaus-
tion demonstrated new or enhanced synthesis of proteins that corresponded
to the Mr and plI of HSPs." Subsequent studies showed increases 1n HSP
expression following acute exhaustive exercise in rats.”” Neufer et al.” dem-
onstrated that induction of the HSP70 gene is evident within 24 hours of
continuous low-frequency motor nerve stimulation of rabbit anterior tibialis
muscle. Studies by this group have also demonstrated transient but large
(>tenfold) increases in aB-crystallin and hsp70 mRNA following a single
8-hour bout of low-frequency (10 Hz) nerve stimulation of rabbit anterior
tibialis muscles, and elevated levels of HSP60 and HSP70 protein in muscles
after 14 and 21 days of continuous activation.”'® Studies from our laboratory
have demonstrated that a 15-minute period of mild, nondamaging isometric
contractions results in rap1d increases in the production of HSPs in soleus
and EDL muscles of mice.” In a similar manner to other studies, these data
demonstrated that, in general, the level of HSPs in resting muscles composed
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predominantly of type 1 fibers is higher than that of muscles that are pre-
dominantly type 2. In addition, the production of some HSPs appears to be
greater following exercise in the soleus muscle in comparison with the EDL
muscle. The most striking difference was observed in HSP60 measurements.
In soleus muscles of young Balb/c mice, the HSP60 content peaked at approx-
imately 1500% of pre-exercised values at 18 hours following exercise,
whereas the HSP60 content of EDL muscles reached values of approximately
300% of resting values.”

B.  Production of HSPs in skeletal muscle following
chronic exercise

Various workers have examined the effect of endurance training on HSP
content of muscles. Ornatsky et al.”” demonstrated an increase in HSP60 and
GRP75 and HSP70 content of anterior tibialis muscles following Chromc
contraction at a frequency of 10 Hz for 10 days, and Ecochard et al."® dem-
onstrated that muscles of rats that were sacrificed following up to 8 weeks
of endurance training displayed s1gn1f1cantly increased HSP72 levels in skel-
etal muscles. Similarly, Gonzalez et al."” demonstrated an increased content
of HSP70, GRP75, and GRP78 in soleus muscles of rats subjected to an incre-
mental program of treadmill running of 3 months duration. In this study,
muscles of trained but rested animals experienced a stress response follow-
ing acute exercise of lower intensity than that of the training sessions and
an inverse correlation was seen between HSP level and the rate of synthesis
of HSP72 during rest periods. These authors suggest that this is due to the
operation of a feedback regulatory loop aimed at reestablishing the threshold
levels characteristic of unstressed fibers. Studies by Samelman et al.”’ have
demonstrated that longer-term exercise in rats subjected to 16 to 20 weeks
of treadmill running, which resulted in an increase in mitochondrial bio-
genesis, is associated with an increased HSP60 content.

C. Production of HSPs in the skeletal muscle of humans

Exercise studies in humans have demonstrated that this effect also occurs in
human skeletal muscle. Puntschart et al.”' showed that a period of exercise
in untrained subjects at their individual anaerobic threshold for 30 minutes
on a treadmill resulted in a significantly increased post-exercise content of
HSP70 mRNA. Similarly high levels were also observed 30 mmutes and
3 hours after the end of exercise. Studies by Febbraio and Koukoulas™ dem-
onstrated that HSP mRNA increased significantly in human skeletal muscle
during prolonged exhaustive cycling exercise. However, Puntschart et al.”’

did not detect a rise in HSP70 protein concentration within 3 hours after
cessation of exercise. This inability to detect changes in protein levels for up
to 3 hours following the exercise protocol can be explained by work from
our laboratory that demonstrated that HSP60 and HSP70 content of vastus
lateralis muscle was not significantly elevated until 3 to 6 days following a
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period of exhaustive, nondamagmg aerobic exercise in untrained subjects
using one-legged cycle ergometry.” Interestingly, the variability in HSP70
content was remarkably high and evaluation of individual data illustrated
that some subjects showed a clear rise in muscle HSP70 content within 24
to 48 hours following the exercise protocol, and others showed a slower and
reduced proportionate rise in HSP70. This difference between subjects
seemed to reflect the level of HSP70 in the muscle prior to exercise, where
a muscle with a relatively low content of HSP70 responded to exercise by a
rapid and large increase in HSP70 content, whereas a muscle with a rela-
t1vely h1gh content of HSP70 did not respond as rapidly to the exercise pro-
tocol.” In addition, Liu et al.* demonstrated that the HSP70 content of muscles
of highly trained athletes increased during the training regime, with the
maximum production at the end of the second week of training.

IV. Mechanisms responsible for activation of the stress
response in skeletal muscle during exercise

Various physiological and chemical activators of the stress response have
been identified in other cells. These include hyperthermia, 0x1dat1ve stress,
or incorporation of amino acid analogues into native proteins.” Skeletal
rnuscle temperature can 1r1crease significantly during certain forms of exer-
cise,” and Skidmore et al.”* have examined the possibility that this change
in temperature is responsible for activation of the stress response. In this
study, muscles of rats were subjected to a prolonged bout of submaximal
exercise in which colonic temperature remained at control levels. The exer-
cise consisted of treadmill running at cooled, normal, and heated ambient
temperatures for approximately 60 minutes. There were significant effects
of both heating and exercise for HSP70 levels in the gastrocnemius and soleus
muscles, although the increased HSP70 level during exercise was indepen-
dent of core body temperature, suggesting that factors other than heat con-
tribute to the increased expression of HSP70 during exercise.

Oxidative phosphorylation and formation of ATP are essential functions
of mitochondria. Approximately 90% of cellular oxygen is metabolized within
mitochondria. The univalent reduction of oxygen that takes place in mam-
malian tissues, including skeletal muscle, occurs at a rate of about 2% of the
total oxygen uptake as a normal by-product of the electron transport chain®
and this results in the production of superoxide radicals.”® The oxygen con-
sumption during isometric contractions (contractions in which the muscle
is maintained at the same length during activation) or shortening (also
known as miometric) contractions is also high and so the tendency to form
free radicals during muscle contraction is high.**” Thus, mitochondria, as a
major site of ROS generation as well as a primary target of ROS in the cell,
are thought to be particularly important in the age-related deterioration in
muscle function.” There is considerable evidence to suggest that skeletal mus-
cle produces an increased amount of free radicals during exercise. Data are
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conflicting, but several research groups have demonstrated that skeletal
muscle generates a number of free radlcal species durmg contractlon includ-
ing superox1de ' hydroxyl radical,” and nitric oxide.” In addition, Ohno
etal.* concluded that levels of superoxide dismutase were generally elevated
in muscles of young subjects after acute or chromc exerc1se and similar data
have been reported for changes in catalase activity.”” There is a considerable
amount of literature that has examined the possibility that this increased
production of free radicals during exercise results is detrimental and leads
to pathological changes within the muscle. However, recent studies have
examined the possibility that the increased productlon of free radicals may
act as a signal for activation of the stress response.” Studies in our laboratory
and others have demonstrated that a period of muscle contractions results
in the increased production of superoxide radicals’ and hydroxyl radicals
(see Reference 31 and unpublished observations). Previous data have shown
that this pattern of stimulation induces a rise in the free radlcal signal seen
on electron spin resonance examination of skeletal muscle.” This increased
production of free radicals is accompanied by a transient oxidation of muscle
protein thiols which reverses within 1 to 2 hours following the end of the
contraction protocol.” Despite the oxidation of muscle proteins, no evidence
of overt cellular damage was evident. Oxidation of muscle protein thiols has
been shown to be part of a 51gnahng mechanism leading to the induction of
HSP expression in other cell types” and our findings in skeletal muscle
appear to be compatible with this. Further evidence for a role of oxidative
stress in the mechanism of induction of the stress response comes from
supplementation studies carried out in our laboratory. Data demonstrated
that prior supplementation with vitamin C, vitamin E, or B-carotene resulted
in the attenuation or abolishment of the production of HSPs following a
period of exercise that had previously been shown to activate the stress
response. Y4 The following scheme of activation events has been described. 3943
In the unstressed cell, HSF1 is weakly associated with HSP70. Stress leads
to the production of increased levels of misfolded or oxidized proteins and
HSP70 has a higher affinity for binding these destabilized proteins. This
sequestration of HSP70 releases HSF1 from its inactive monomeric state,
allowing translocation to the nucleus, trimerization, hyperphosphorylation,
and binding to the heat shock element (HSE) of HSP genes.

V. Skeletal muscle adapts to reduce the possibility
of damage due to oxidative stress following

contractile activity
Damage to skeletal muscle occurs following unaccustomed or excessive exer-
cise, upon reperfusion following a period of ischemia, or as a consequence

of muscle disorders such as Duchenne muscular dystrophy.** Although the
initial insult can be widespread, muscle damage occurs by one of relatively
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few mechanisms.* Skeletal muscle has the unique ability to adapt rapidly
following a period of damaging or nondamaging exercise, such that the
muscle is considerably protected against subsequent (normally damaging)
insults. This preconditioning effect has been well-documented in skeletal
muscle although the role that an increased production of HSPs plays in this
adaptation is less well-understood.

Studies in the heart have demonstrated that a short period of hyper-
thermia or anoxia provides protection of cardiac tissue against damage
induced by a subsequent period of normally damaging ischemia and rep-
erfusion.” ™ This cytoprotection was associated with a sixfold increase in
HSP70 content of the preconditioned cardiac tissue. Endurance exercise
results in the elevation of HSP70 in the heart by up to 500%,” and it has
been shown that this cardiac increase in HSP content provides protection
against apoptosis, necrosis, and oxidative injury in the cardlac myocyte (see
Reterence 46 for review). More recently, Marber et al.” demonstrated that
isolated hearts from transgenic mice, overexpressing HSP70, demonstrated
an increased resistance to ischemic injury. This study provided the first
direct evidence for a specific role of HSP70 in cytoprotection against muscle
damage.

The ability of prior induction of the stress response to protect skeletal
muscle against damage has been examined by several workers. The mech-
anisms of activation of HSP production and subsequent protection against
damage in skeletal muscle is sumrnarlzed in Figure 7.1.

Garramone et al.”' and Lepore et al.”? demonstrated that a prior heat
stress in rats, which resulted in increased muscle content of HSP70, provided
protection to mature skeletal muscle against necrosis induced by ischemia
and reperfusion. Muscles from rats that were subjected to a prior heat stress
demonstrated a preservation of mitochondrial structure, whereas muscles
from nonheated rats demonstrated charactenstlc changes in mitochondrial
structure on analysis by electron microscopy.” Studies in cell culture have
demonstrated that a prior heat shock provides considerable protectlon
against cell death following hypoxia and re-oxygenation in vitro.”” These
workers also demonstrated an enhanced survival of skeletal muscle myo-
blasts that had been subjected to a prior heat shock, when grafted into the
heart.” Studies from our laboratory have demonstrated that a prior non-
damaging period of exercise results in the rapid production of HSPs in
skeletal muscle and that this increased muscle content of HSPs is associated
with protection against a subsequent usually damaging contractile activity
in both EDL and soleus muscles.” More recent studies have demonstrated
a direct role for HSP70 in providing this protection. Preliminary studies
indicate that HSP70 provides this protection. Data demonstrated that over-
expression of HSP70 in muscles of transgenic mice protects against the
secondary loss of force following a period of damaging lengthening contrac-
tions and that muscles recovered to pre-exercise maxunurn force values
significantly faster than muscles of wild-type mice.”
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Non-damaging exercis€
hyperthermia

DAMAGING DAMAGING

TRESS STRESS

Non-damaging exercise
V

Transient, reversible oxidation of cell proteins

Increased binding affinity of cellular HSPs for oxidised or
unfolded cellular proteins

Release of HSF1 monomer

¥

Translocation to the nucleus, trimerisation, phosphorylation of
HSF1 and binding of HSF1 to HSE of HSP genes

V

Transcription of HSPs

Negative feedback of increased HSP content of cell on HSF1
activation

Figure 71  Mechanisms of activation of HSF1 and protection against subsequent
damage. (From Jackson, M. J., McArdle, A., and McArdle, E, Proc. Nutr. Soc., 57, 301,
1998; Morimoto, R. I., Kroeger, P. E., and Cotto, J. J., in Stress-Inducible Cellular
Responses, Fiege, U. et al., Eds., Birkhauser Verlag, Basel, 1996, 139-164.)

In contrast, work by Thomas and Noble™ has demonstrated that an
increased muscle content of HSPs has no effect on contractile performance
under fatiguing conditions. This is supported by Nosek et al.”” who have used
transgenic mice to demonstrate that an increased muscle content of HSP70
has no effect on the development of muscle fatigue.
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V1. The effect of age on skeletal muscle function

Declining muscle strength, muscle wasting, and physical frailty are an accepted
part of aging such that by the age of 70, skeletal muscle cross-sectional area
is reduced by 25 to 30% and muscle strength is reduced by 30 to 40%.” This
loss of muscle strength continues to fall by 1 to 2% per year” and the declme
in power (force multiplied by speed) in the lower leg is 3.5% per year.” Such
a deficit has a profound impact on the quality of life of older people. Loss of
muscle strength leads to instability, a subsequent increased risk of falls, and
consequently an increased need for residential care. A large number of healthy
older people are at, or near to, functionally important strength-related thresh-
olds and so have lost or are close to losing the ability to carry out everyday
tasks.” In addition, the age-related decline in muscle bulk and strength con-
tributes to other problems experienced by older people, including an
increased susceptibility to hypothermia and increased incidence of inconti-
nence. This loss of muscle function is due to both a loss of muscle fibers and
atrophy of the remaining fibers. This atrophy appears to primarily occur in
type II (fast, glycolytic) fibers, with the cross- sect10nal area of type I (slow,
oxidative) fibers being relatively well-maintained.”" Interestingly, type 1 fibers
at rest have been shown to contaln significantly more HSPs than muscles
composed of primarily type 2 fibers.' The reduction in the proportion of type
II fast muscle fibers results in the muscle moving toward the characteristics
of type I or slow muscle fibers. Thus, a slowing of contraction, rate of force
development, and thus a reduced ability to accelerate the movement of a limb
is observed, amplifying the impact of muscle weakness on stability.”*

In addition, the remaining fibers in aged muscle are weaker than fibers
from young individuals. The remaining fibers in muscles of aged mice gener-
ate less force per unit cross-sectional area than those of a similar sized muscle
in adult mice.”*” Thus, loss of muscle fibers accounted for a proportion of
the overall force deficit in muscles of aged mice but did not account for all
of it, and the force generated per unit cross-sectional area was approximately
25% less than that from muscles of young mice.”” Aged muscle is more
susceptible to contraction-induced damage and takes longer to recover from
damage. Several studies have demonstrated that skeletal muscle of aged
rodents is more susceptible to contraction-induced damage than that of young
animals and also takes longer to recover from damage.”*” Contraction-
induced skeletal muscle damage may occur whenever muscle is exposed to
unaccustomed or excessive periods of exercise, but by far the most damaging
type of contraction occurs when the muscle is lengthened while activated (also
known as eccentric or pliometric contractions). Skeletal muscles of aged
rodents are 51gn1f1cantly more susceptible to this form of contraction-induced
damage.”” In studies from Faulkner’s laboratory, the force deficit in muscles
of young mice was reduced following a sub-maximal damaging exercise
protocol compared with a more severely damaging contraction protocol. Thus,
the force deficit in muscles of young mice following the sub-maximal pro-
tocol was elevated to a mean of 36%. This sub-maximal protocol highlighted
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a significantly larger deficit of 57% in muscles of aged mice. This damage
also takes considerably longer to repair in old mice such that the muscles
from young mice had recovered their ability to generate force by 28 days
following the damaging exercise, whereas a significant deficit remained in
the muscles of the old mice at 60 days following the exercise.”**"**

Numerous mechanisms have been proposed as theories of aging, but
the techniques of molecular genetics and intervention studies in experimen-
tal organisms now strongly support a role for free radicals and stress
responses in modulation of the processes of aging. The free radical theory
of aging was first described by Harman®” in 1956 and recent successful
transgenic’’ and pharmacological interventions” to reduce oxidant damage
to cells appear to confirm the importance of this mechanism. Stress (or heat
shock) proteins are an important part of the cellular responses to free radicals
and overexpression of specific heat shock proteins (HSPs) protects cells
against free radical-mediated pathologies.”” Lithgow and colleagues™”* have
demonstrated that these proteins play an important role in regulation of the
aging process in the model organism Caenorhabditis elegans. They reported
that all naturally occurring mutants that demonstrate increased longevity
also showed increased resistance to stress, and analysis of these Caenorhabditis
elegans mutants indicate that a proportion have an accumulation of HSPs.”>”*

These data therefore suggest that factors influencing oxidative stress or
responses to oxidative stress may play a fundamental role in modulating the
aging process and hence be important in the maintenance of muscle function
in aging mammalian skeletal muscle.

The ability of cells to induce HSPs following stress is reduced in aged
individuals. Tissues for aged animals and blood cells from elderly humans
both show a reduced production of stress proteins following thermal
stress.”””* We have recently demonstrated that this attenuated response
occurs in skeletal muscle of aged rats.”” The production of HSP70 in response
to a period of mild, nondamaging contractile activity was severely blunted
in comparison with muscles of young animals, although this does not appear
to be true in skeletal muscles of rats following a period of whole-body
hyperthermia.”® The ability of muscles of aged rats to adapt following a
10-week tralmng regime on a treadmill seems to be fiber type specific. Work
by Naito et al.”” demonstrated that exercise training of aged rats on a treadmill
for 10 weeks results in a similar accumulation of HSP70 in muscles that
contain highly oxidative fibers, whereas aging is associated with a blunted
expression of HSP70 in predominantly fast skeletal muscles. The lack of
adaptation in HSP content in the aged animals may be related to a more
general failure of adaptation to stress, particularly in muscles that contain
predominantly type 2 fibers. Other data indicate that aged animals have a
reduction in their ability to adapt following damaging exercise. Muscles of
young rodents show no impairment in muscle force generation following a
second period of damaging exercise, whereas muscles from old rodents
demonstrate a loss of force similar to that seen following the first period of
exercise.”
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VII. Summary

In summary, data indicate that exercise results in an increased production
of HSPs and that an oxidative stress may play a major role in the activation
of this response. The increased muscle content of HSPs provides considerable
protection to skeletal muscle against damaging stresses. The HSP production
in skeletal muscles of aged mammals appears to be attenuated following
exercise. This attenuation may play a major role in the development of a
functional deficit in muscles of aged mammals.
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I. Introduction

Stress proteins are intimately involved in a wide variety of cellular events,
including organelle biogenesis. Recent work has indicated that the expres-
sion of a number of these can be induced by the stress of exercise, and that
this is fundamental for the formation of new mitochondria. The synthesis of
mitochondria (i.e., mitochondrial biogenesis) is a hallmark adaptation that
is a well-established response to regular physical activity in skeletal muscle.
In addition, mitochondrial biogenesis also occurs in cardiac muscle in the
presence of high levels of thyroid hormone. Failure of the normal sequence of
events that occur during mitochondrial biogenesis can lead to mitochondrial
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disease, often most visible in tissues requiring a high ATP supply (e.g., brain,
heart, muscle). This chapter provides an overview of mitochondrial biogen-
esis and focuses on the essential roles of stress proteins in this process,
particularly in muscle and heart, when subjected to stimuli that alter mito-
chondrial content.

1I. Overview of mitochondrial biogenesis

Mitochondria are highly specialized organelles that play a vital role in gen-
erating the ATP required for life-sustaining cellular activities. Their structure
consists of two lipid bilayers, as well as an internal membrane system and
a matrix. More than 100 proteins embedded within the membranes, or local-
ized in the matrix, are responsible for ATP synthesis. A variety of physio-
logical conditions exist' in which biogenesis is stimulated, resulting in an
elevated mitochondrial content, in addition to changes in organelle compo-
sition. This process is complex because it requires the cooperation of the
nuclear and the mitochondrial genomes. The mitochondrion is unique
because it possesses its own DNA and protein synthetic apparatus, which
are distinct from those found in the nucleus and cytoplasm, respectively. As
reviewed recently,” mitochondrial biogenesis involves at least five events: (1)
the synthesis of phospholipids to expand the membrane size; (2) the repli-
cation and transcription of mitochondrial DNA, and mRNA translation into
protein; (3) the transcription and translation of nuclear genes; (4) the chap-
eroning and subsequent import of nuclear gene products into the newly
forming organelle; and (5) the refolding and correct assembly of proteins
and lipids into a functional stoichiometry. Stress proteins are heavily impli-
cated in steps 4 and 5 (above) and are located in both the cytosol and within
the mitochondrial matrix.

III. Cytosolic chaperones and protein targeting
to mitochondria

The synthesis of nuclear-encoded mitochondrial proteins largely takes place
on free ribosomes in the cytosol. These are known as “precursor” proteins
because they are often fabricated with an N-terminal extension that is removed
upon entry into the organelle. Once translated, the precursor protein is
released and directed to the mitochondria by molecular chaperones. The
most important of these are believed to be the cytosolic heat shock protein
70 kDa (HSP70) and mitochondprial import stimulation factor (MSF; Figure 8.1).
The ability of these molecules to interact with the precursor stems from the
presence of a specific amino acid sequence within the precursor polypeptide.
This sequence is composed of positively charged amino acids and contains
the necessary information to target the protein to the mitochondria. It may
be located within the N-terminal signal region or within the sequence of the
mature protein itself. As is the case with other cellular proteins, mitochondrial
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Figure 8.1  Protein import into mitochondria. Precursor proteins made in the cy-
tosol are chaperoned to the import machinery by a cytosolic chaperone, either cyto-
solic HSP70 (cHSP70) or mitochondrial import stimulating factor (MSF). The
precursor interacts with either the Tom20-22 or Tom70-37 heterodimers, and is then
directed to the general import pore consisting of the main outer membrane protein
channel Tom40. Precursors destined for the matrix interact with Tim 17-23, which
form a channel in the inner membrane. The matrix chaperone mtHSP70, which is
anchored to the Tim complex by Tim44, pulls in the precursor in an ATP-dependent
fashion. The signal sequence is cleaved by the mitochondrial processing peptidase
(MPP). Subsequently, the mature protein is refolded by matrix chaperonins HSP60
and cpnl0. Muscle contractile activity (i.e., exercise) leads to an increased expression
of Tom20, cHSP70, MSE, HSP60, cpn10, and mtHSP70, likely facilitating the import
of proteins into the organelle during mitochondrial biogenesis. Proteins destined for
the inner membrane require the use of another set of proteins, initially involving
Tim9, Tim10, Tim13, and Tim8. Nothing is currently known about this latter pathway
in mammalian cells. The number within each import machinery component refers
to its size in kilodaltons (kDa). See the text for details. (Adapted from Pfanner, N.
and Meijer, M., Curr. Biol., 7, R100, 1997; Koehler, C. M., FEBS Lett., 476, 27, 2000.)
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precursors cannot undergo translocation into the mitochondria unless they
are maintained in an unfolded state. The task of destabilizing the structure of
precursors before they are imported is also carried out by molecular chaper-
ones. Both HSP70 and MSF exploit the inherent instability of the precursor
so that it can properly interact with the mitochondrial protein import
machinery (see below) and be less susceptible to aggregating prior to trans-
location.

Despite their overall functional similarities, these molecular chaperones
possess certain unique characteristics. MSF, a heterodimer consisting of 30-kDa
and 32-kDa subunits, specifically recognizes mltochondrlal targeted proteins
and functions to unfold and bind these polypeptides.’ The presence of basic
amino acids in the precursor protein is critical for MSF binding.” In addition
to recognizing matrix targeting N-terminal presequences, MSF also plays a
role in the import of mitochondrial outer membrane proteins containing
hydrophobic internal targeting sequences.” MSF directs precursor proteins
predominantly to Tom70-Tom37, forming a stable complex. ATP hydrolysis
by MSF releases 1t leaving the precursor bound to the outer membrane
import machinery.’ In contrast, HSP70 directs precursors to the import
machinery in the absence of a cellular energy requirement.” HSP70 generally
binds unfolded proteins in the cytosol and thus stabilizes a variety of pro-
teins, not only those destined for the mitochondrion. Unlike MSF, HSP70
does not directly interact with the import machinery, and import occurs
independent of the Tom70-Tom37 receptor subcomplex. Instead, precursors
bound to HSP70 are transferred to the Tom20-Tom22 subcomplex in an ATP-
independent fashion.” The binding of precursor to Tom20-Tom22 may
involve an interaction of the positively charged presequence of the precursor
to negatively charged portions of the Tom20-Tom22 complex. Thus, HSP70
and MSF present precursors to separate subcomplexes of the mitochondrial
outer membrane import machinery.

IV. The import machinery of the outer membrane

The proteins comprising the multimeric receptor complex in the outer mito-
chondrial membrane have been termed translocases of the outer membrane
(Tom; Figure 8.1). Following delivery of the precursor to the Tom machinery
by molecular chaperones, the receptor complexes assist in the movement of
the precursor into the organelle. As noted above, the receptors Tom20 and
Tom22 appear to be the primary targets for HSP70-taxied precursors,’

whereas protems interacting with MSF are largely directed to the Tom70-Tom37
heterodimer."’ The precursor is then directed to the multi-subunit general
insertion pore (GIP) consisting of a 400-kDa complex comprising the protein
channel Tom40,"'” and including the smaller proteins Tom5, Tom6, and
Tom?7. Tom5 mediates the transfer of the precursor from Tom20/Tom22 to
Tom40, while Tom6 and Tom?7 stablhze and destabilize, respectively, the
interactions between Tom22 and Tom40."” Movement of the precursor from
the outer to the inner membrane appears to rely on a series of interactions
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of increasing affinity between the positively charged presequence and acidic
patches on the surface of Tom and Tim (translocases of the inner membrane)
proteins, termed the “acid chain hypothesis.”’

As with other components of the import machinery, including the stress
proteins involved in chaperoning functions, the majority of work examining
the Tom protems has been performed in Saccharomyces cerevisiae and Neuro-
spora crassa.” However, the kinetics of protein import into mammalian mito-
chondria are now becoming more clearly defined. For example, it was
recently shown that Tom20 plays an important role in the 1mport of matrix-
destined precursors in C2C12 skeletal muscle cell mitochondria.” Increases
in the expression of Tom20 in these cells brought about by either thyroid
hormone treatment or transfection with a mammalian expression construct
resulted in comparable increases in import of the citric acid cycle enzyme
malate dehyrogenase (MDH). Conversely, inhibition of Tom20 expression
using antisense oligonucleotides, or inhibition of function using a Tom20
antibody, led to equivalent decreases in MDH import.

V. The import machinery of the inner membrane

As the preprotein traverses the outer membrane and intermembrane space,
it is contmually maintained in an unfolded, import-competent conforma-
tion.'® Entry of the positively charged presequence into the inner membrane
channel is dependent on the electrophoretic effect of the membrane potential
(Ay = =120 mV inside), as well as interaction with anionic phospholipids
(i.e., card10hp1n) in the inner membrane which stabilizes the presequence
and directs it to the inner membrane protein complexes. These are termed
translocases of the inner membrane (Tim) proteins. Unlike the Tom proteins,
Tim proteins are present in lesser quantities. It is estimated that Tom protems
are in twofold molar excess over their inner membrane counterparts.”® The
transferring of precursors from the Tom to the Tim proteins is facilitated
by the fact that both complexes are located in areas of close contact between
the inner and outer membranes."” Two of the Tim proteins (Tim23 and Tim17)
act as integral membrane proteins. In a similar fashion to the Tom proteins,
Tim17 and Tim23 are capable of binding precursor molecules and directing
them along the import pathway. It is believed that Tim23 and Tim17 form
an aqueous channel through which precursors can pass on their way to the
matrix.

Although Tim17 and Tim23 play an instrumental role in the import of
matrix-destined preproteins, neither appears to contribute to the targeting
of carrier proteins residing in the inner membrane. Proteins found within
the inner membrane have either N-terminal or internal mitochondrial tar-
geting sequences, as well as adjacent topogenic signals that are hydrophobic
cores flanked by hydrophilic amino acids. These signals ensure sortmg of
the precursor to the inner membrane and determine its orientation.”’ Proteins
are transferred from the Tom complex, through the intermembrane space,
directly to the inner membrane lipid bilayer. A new set of protein import
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machinery components identified in yeast (Tim8, Tim9, Tim10, Tim12, Tim13)
directs precursor proteins across the aqueous intermembrane space to inter-
act with a separate inner membrane import machinery complex consisting
of Tim18, Tim22, and Tim54 (Figure 8.1).21 Virtually nothing is known about
the functions of these proteins in mammalian cells, except that the loss of
the human Tim8 homologue results in the Mohr-Tranebjaerg syndrome. This
condition is characterized by dystonia, muscle weakness, deafness, and
blindness,” probably as a result of a reduced abundance of some inner
membrane proteins that are critical for the functions sensory and muscular
sys‘cems.5

V1. Translocation from the inner membrane
to the matrix

Precursors destined for the matrix side are bound to the stress protein termed
mitochondrial HSP70 (mtHSP70). mtHSP70 uses Tim44 as an anchor to
“pull” the precursor across the inner membrane in an ATP-dependent fashion,”
and it has been suggested that mtHSP70 plays a regulatory role in protein
import.” Disruption of the interaction between Tim44 and mtHSP70 impairs
protein import*** and delays the folding of those proteins that are
imported.” In addition to ATP, one other factor has been identified as being
necessary for efficient import. Mgel (mitochondrial GRPE) acts together with
Tim44 and mtHSP70.” Mgel mediates the association of nucleotides with
mtHSP70, which is necessary for mtHSP70 function.” There have been two
hypotheses put forth to explain the function of mtHSP70 in “pulling” the
precursor protein into the matrix.”” The first—the “translocation motor”
model—suggests that mtHSP70 undergoes a conformational change to pull
the preprotein into the matrix, and then binds further along the protein prior
to exerting a subsequent pulling action. This model is supported by data
showing that mtHSP70 Eromotes unfolding of the remaining portion of the
protein being imported.” This “unfoldase” function suggests that mtHSP70
pulls on the protein, something that could only be accomplished if mtHSP70
underwent a conformational change while anchored to the inner membrane.

In the “Brownian ratchet” model, mtHSP70 binds the presequence and
then dissociates from the inner membrane. It is postulated that the binding
of mtHSP70 functions to prevent the backward movement of the precursor
out of the mitochondria. In time, the precursor diffuses in the only direction
that it is permitted to—into the matrix. In this model, binding of other
mtHSP70 molecules along the length of the protein may be involved. Evidence
for this model is provided by experiments that show that mtHSP70 prevents
the backsliding of proteins through translocation channels.” It should be
noted that it is possible that mtHSP70 acts in a manner that satisfies both
models.” In other words, an mtHSP70 molecule may initially bind to the
presequence, fulfilling the trapping role, and then a second mtHSP70 mol-
ecule could bind further along the protein, acting as a motor to pull in the
protein.
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VII. Precursor processing in the matrix

As the precursor enters the matrix, the presequence is cleaved by the mito-
chondrial processing peptidase (MPP; Figure 8.1).** Such cleavage results
in the mature protein possessing a lower molecular weight than its nonim-
ported counterpart. MPP activity is dependent on divalent metal ions such
as Mn”, and it is enhanced by processing enhancing protein (PEP).”” The
mature protein must then be reconstituted into its three-dimensional struc-
ture to ensure its correct function. mtHSP70 has been implicated as a key
participant in stabilizing and folding many matrix proteins,” including those
encoded by the mitochondrial genome.”” As a chaperone, mtHSP70 functions
together in a complex with Mgel and Mdj1.” Assisting mtHSP70 in its
chaperone function are HSP60 and chaperonin 10 (cpnl10), which serve to
further fold some of the proteins already partially folded by mtHSP70.”
Indeed, the majority of mitochondrial proteins require the assistance of
HSP60 to attain their native conformation.”*’ The folding of mitochondrial
precursor proteins is the third and final ATP-dependent step in the import
process. It is believed that partially folded precursors enter the cylindrical
cavity of HSP60, bind to its wall, and through various cycles of clasp and
release, are allowed to take on their mature conformation. HSP60 releases
the protein into the matrix with the aid of the co-chaperone cpn10." Thus,
HSP60 promotes the folding, assembly, and stabilization of mitochondrial
proteins, including those comprising the electron transport chain. This stress
protein is so important that the pathological features of some forms of human
mitochondrial disease have been linked to reductions in steady-state levels
of HSP60."**’ The important role played by this chaperone in protein folding
is also underscored by the finding that it is inducible during conditions of
alterec%1 5mitochondrial biogenesis* and during the imposition of a mitochondrial
stress.

VIII. Stress proteins and mitochondrial biogenesis

Contractile activity-induced cell stress is a powerful stimulus for mitochon-
drial biogenesis. This is mediated by the transduction of a putative physio-
logical signal to the nucleus, resulting in enhanced expression of nuclear
genes encoding transcription factors, stress proteins, and those proteins
directly involved in mitochondrial respiration.” Interestingly, the alteration
in mitochondrial phenotype brought about by contractile activity is coinci-
dent with changes in the expression of import machinery components. For
example, mitochondrial cardiolipin content increases in skeletal muscle
between 5 and 10 days of chronic stimulation.”® Chronic contractile activity
ranging from 5 to 14 days elicits increases in the protein levels of Tom20,
HSP60, mtHSP70, and the large subunit of MSE.*** Importantly, these
changes were accompanied by accelerated rates of precursor import into the
mitochondrial matrix, including the import of mitochondrial transcription
factor A (Tfam).”® This transcription factor is responsible for the replication
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and transcription of mitochondrial DNA, a process that is vital for the syn-
thesis of respiratory chain subunits. Thus, these fundamental adaptations in
the mitochondrial protein import pathway not only permit an expansion of the
mitochondrial reticulum in striated muscle cells, but they also allow for an
overall improvement in mitochondrial energy production.

The administration of thyroid hormone (T3;), both in vivo and in vitro,
has also been shown to influence organelle biogenesis, particularly in the
heart. Modifications in the expression of mitochondrial import machinery
components (e.g., Tom20) and stress protems (e g., mtHSP70 and HSP60) are
key adaptations that occur in response to T’ These changes are also coin-
cident with an enhanced rate of matrix protein import in cardiac mitochon-
dria. The T;-induced increase in import rate and mtHSP70 content occurred
in the absence of any changes in MPP activity,” suggesting that this molecule
does not play a role in determining the overall kinetics of protein import
into mitochondria.

IX. Stress proteins and mitochondrial disease

While many studies have investigated the expression of stress proteins in
yeast with oxidative phosphorylation defects, few have examined this
expression in human mitochondrial disease. In a case study of a patient who
exhibited multiple mitochondrial enzymatlc defects, the two stress proteins
investigated were differentially expressed.” The amount of matrix-localized
HSP60 was reduced by 80%, whereas cytosolic HSP70 was no different than
the control. This difference was attributed to decreased synthesis and inef-
ficient mitochondrial import of HSP60 in the patient.”’ HSP60-deficient fibro-
blasts showed an altered mitochondrial morphology not found in patients
with mitochondrial encephalopathy with lactic acid syndrome (MELAS) or
COX deficiency. The partial deficiency of HSP60 was thought to be the
primary cause of the disease for two main reasons: (1) the deficient enzymes
were located on the inner membrane or in the matrix, the assembly of which
relies on HSP60, whereas the activity of outer membrane enzymes was normal;
and (2) family history suggested an autosomal recessive mode of inheritance,
indicating that the primary defects were nuclear in origin. Immunolabeling
of HSP60 in muscle fibers of patients with mitochondrial encephalomyopa-
thies revealed differential expression of the proteln in the subsarcolemmal
(SS) and intermyofibrillar (IMF) mitochondria.” In fact, the SS mitochondrial
subfraction contained negligible amounts of HSP60, whereas the IMF mito-
chondria appeared to overexpress the protein. The lack of HSP60 in ragged
red fibers suggests that this chaperone protein is implicated in the normal
biogenesis of mitochondria in muscle. Recently, we observed a modest
decrease in the synthesis but no change in the rate of mitochondrial import
of HSP60 in the skin f1broblasts of a patient with multiple mitochondrial
disease of nuclear origin.”” Thus, these studies indicate that stress proteins
may, in some but not all cases, have a significant role in the pathogenesis of
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mitochondrial disease. More investigation is required not only on HSP60,
but also the other mitochondrial stress proteins mtHSP70 and cpn10.

In recent years, mitochondria with depleted mtDNA have been used to
provide insight into some of the molecular events involved in the pathogen-
esis of mitochondrial disease. To achieve a state of depleted mtDNA (rho"),
cells are grown in the presence of ethidium bromide. Continued treatment
may result in cells devoid of mtDNA, in which case they are termed rho’
cells.” When the level of mtDNA in a cell is reduced, less mtRNA will be
transcribed and, consequently, there will be a decrease in the expression of
mitochondrially encoded proteins. This, in turn, leads to dysfunctron of the
respiratory complexes and a decrease in cellular oxidative capac1ty * As a
compensatory response to this state of metabolic stress, many nuclear genes
involved in oxidative phosphorylation, including cytochrome c, cytochrome c
oxidase subunit IV, and the adenine nucleotide translocase are up- regulated
In this case, the mRNA encoding the cytosolic stress protein HSP70 remained
unaffected. In addrtron protein levels of HSP70 mirrored the expression at
the mRNA levels.” This effect was also observed with mtHSP70. In contrast
the other matrix chaperones HSP60 and cpn10 were induced in the rho’ cells,
indicating that distinct regulatory mechanisms regulate the expression of the
various cytosolic and mitochondrial stress protems ® This is not surprising
given that they are products of different genes and are influenced differen-
tially by various cellular stressors.

X. Summary and conclusions

Stress proteins perform vital functions in maintaining cell viability. This is
in part related to their important roles in the biogenesis of mitochondria.
The most important of these identified so far include cytosolic HSP70, MSE,
mtHSP70, HSP60, and cpnl0. Cytosolic HSP70 is the best characterized of
these, both functionally and biochemically. These proteins are induced inde-
pendently by both exercise and thyroid hormone and serve to maintain
mitochondrial integrity by enhancing protein translocation from the cytosol
to the appropriate mitochondrial compartment. Areas for future work
include investigations on (1) the regulation of the expression of these genes
at transcriptional and post-transcriptional levels under a variety of physio-
logical conditions and in mitochondrial disease; and (2) the functions of the
intramitochondrial stress proteins in protein refolding, degradation, and
export of newly synthesized mtDNA gene products to the inner membrane.
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1. Gender bias

Males and females are different. Although a seemingly obvious statement,
this is a fact too often overlooked in the biomedical research community.
The United States Institute of Medicine, a branch of the National Academy
of Sciences, recently issued a report' compiled over the course of nearly one
and a half years by a 16-member panel that arrived at the same conclusion.
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In clinical and fundamental research, the oversights can be classified into
two categories. The first category involves perpetual male bias. That is,
research has almost exclusively investigated the biology of males, and thus
the conclusions from these studies are only valid for these models. For
example, the development of certain pathologies and the response to some
pharmacological treatments are now known to be gender dependent.’ The
second class of errors involve a priori assumptions of gender equality and
the resulting flaws that follow in terms of experimental design. Scientific
literature, particularly that based on human studies, is littered with investi-
gations that group subjects of both sexes. If, for example, the objectives of a
study are related to the blood pressure response of a particular pharmaceutical
agent, an experimental design grouping together chimpanzees and humans
would never receive approval from ethics committees or peer-reviewed pub-
lications. Yet historically, this practice has continued with regard to gender.

Recently, however, this oversight has received considerable attention, in
part for scientific reasons, as investigators have encountered sexual dimor-
phism in their respective fields of study. This, combined with political pres-
sures, have prompted various funding agencies to implement directives for
gender-specific research. Such initiatives, which have begun to bear fruit,
provide tangible incentives for researchers to reverse the discounting of this
parameter.

II. Overview of heat shock protein biology

The present review establishes a very specific example of biological sexual
dimorphism in the regulation of heat shock protein (HSP) expression with
exercise. Heat shock proteins are a class of rapidly inducible products of
highly conserved transcriptional units. The induction of HSPs is believed to
be mediated through proximal, contiguous, mverted repeats of the sequence
nGAAn, termed heat shock elements (HSEs).” Induction of the 70-kilodalton
stress proteln (HSP70) is autoregulated, primarily at the level of transcrip-
tion.” In the unstressed cell, HSPs are associated with the primary heat shock
transcription factor (HSF1).” In response to a variety of stressors, intracellular
accumulation of nonnative proteins requires HSP binding to prevent misfold-
ing and aggregatlon, to facilitate proper refolding, and/or targeting for
degradation.”” This activity of HSPs allows cellular HSF1 to acquire HSE-
DNA binding and transcrlptlonal activity through trimerization and phos-
phorylation events, respectively.”® As HSP mRNA is translated, the level of
HSPs rises, resulting in sequestration of HSF1.” Transcription of the HSP70
gene produces a primary transcript lacking in intervening  sequences and
with little 5’-untranslated region (UTR) secondary structure.’ It is these prop-
erties of the 2.5-Kb message that are believed to facilitate the preferential
synthesis of HSP70 during cellular stress. While HSP7O mRNA is efficiently
translated under control and heat shock conditions,”” the half-life of the
relatively unstable transcript increases during periods of stress.'?
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II1. Exercise as a physiological inducer of HSPs

Locke et al."” first reported synthesis of HSPs in a number of rodent tissues
following an acute bout of treadmill running. Subsequent to this, a number of
other laboratories further characterlzed this acute response,* " and exercise train-
ing models, both short term'”” and long term, have since been estab-
lished.” ** However, very little attention has been given to the human biology
of HSPs, particularly with respect to exercise models.”

The precise mechanisms that signal HSP induction with exercise are
unknown. However, a number of biological events associated with exercise
have independently been shown to induce HSP synthesis in simpler exper-
imental systems, including damage to intracellular structures, increased
body temperature, production of reactive oxygen intermediates, ischemia,
substrate depletion, decreased pH, loss of calc1um homeostasis, reduced
intracellular ATP levels, and adrenergic activity.”! Because many of these
putative cellular signals in the HSP response to exercise demonstrate sexual
dimorphism,”” it was hypothesized that HSP induction following exercise
would also exhibit gender specificity.

IV. Gender-specific response to exercise

The landmark work in the study of gender-specific response to exercise was
established by Shumate et al.,** where men demonstrated greater levels of
circulating creatine kinase (CK, an indicator of exercise-induced muscle damage)
than women following a 1-hour bout of stationary cycling at a given relative
workload. Of all the possible factors that could underlie this gender-specific
response, one of the more obvious differences between males and females
is in the content of sex hormones. After establishing this gender specific
response in a rodent model, Amelink, Bar, and co-workers” provided
evidence for the involvement of the female-specific hormone estrogen in this
response. Ovariectomized animals exhibited greater serum CK activity than
intact females f0110w1ng exerc1se and estrogen administration reversed this
effect. Komulainen et al.” later directly demonstrated gender-specific, exercise-
induced skeletal muscle damage through histochemical assessment.

Sex hormones classically exert their effects through interaction with
intracellular receptors, with these hormone -receptor complexes acting as
transcription factors on target genes ® However, tamoxifen, an estrogen
receptor antagonist, did not alter the ability of estrogen to protect skeletal
muscle in response to damaging electrical stimulation.”” Moreover, tamox-
ifen treatment alone attenuated contraction-induced damage. These findings
provided evidence against a receptor-mediated mechanism of estrogen and
suggested that estrogen and tamoxifen protected skeletal muscle through a
common property. The lipophilic characteristics of these compounds have
been shown to possess ant10x1dant potential against lipid peroxidation by
reducing membrane fluidity." Thus, the mechanism by which estrogen is
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believed to protect against exercise-induced tissue damage is through direct
stabilization of cellular membranes.””

V. Gender-specific requlation of HSP70 with exercise

The above work served as the rationale for the present experiments. HSPs
are synthesized in response to intracellular accumulation of denatured pro-
teins, which require HSP chaperone activity to maintain cell viability. Thus,
the tissue injury occurring with exercise may signal HSP induction. There-
fore, females that demonstrate reduced post-exercise injury relative to males
should show an attenuated HSP response to exercise.

Indeed, a preliminary study indicated greater skeletal muscle HSP70
content in males than females following exercise.! Moreover, estrogen-
treated males expressed lower post-exercise HSP70 levels, similar to those
observed for females, suggesting that the ovarian hormone is an important
factor in this gender-specific response. This pattern of HSP70 expression was
also observed in tissues other than skeletal muscle, including liver, lung, and
heart, thus implicating a common mechanism of hormone action.

To determine the influence of estrogen on exercise induction of HSP70
in a more discriminating manner, subsequent studies were performed with
males, gonadally intact females, and ovariectomized females treated with
either placebo or estrogen. The ovaries are the major endogenous source of
estrogen, and their removal results in an animal model essentially devoid
of significant levels of circulating sex hormones. In skeletal muscle, males
demonstrated greater post-exercise HSP70 content than females; removal of
the ovaries resulted in HSP induction similar to that observed for males and
estrogen treatment to ovariectomized animals reversed this effect.”” Thus,
the sex-specific HSP response to exercise is mediated by the ovarian hormone
estrogen. Similar to the series of studies outlined above, this effect was not
receptor mediated because tamoxifen treatment in intact females did not
alter the response relative to those treated with placebo. Furthermore, 170t-
estradiol (a synthetic, receptor inactive stereoisomer) and tamoxifen treatment
to ovariectomized (endogenous hormone) animals inhibited induction of
HSP70, similar to the effect of 17B-estradiol, further implicating a nongenomic
mechanism. That these compounds, which exert different effects at the estrogen
receptor, mitigate HSP induction in a fashion similar to that for the endog-
enous hormone indicates a mechanism of action shared among these com-
pounds. These lipophilic agents have been shown to reduce membrane fluidity
and attenuate lipid peroxidation, and have been classified as antioxidant
membrane-stabilizing molecules.”* Thus, the mechanism through which
these structurally related compounds influence exercise induction of HSP70
is likely through their common indirect antioxidant activity, via physico-
chemical maintenance of cell structural integrity. Observations of greater
post-exercise induction of the oxidative stress-inducible enzyme HO-1 in
placebo-treated ovariectomized animals relative to those treated with estrogen
supports this antioxidant membrane-stabilizing mechanism of action.”*"*
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It has become increasingly apparent that estrogen influences biological
activity far beyond its role in reproduction. Consequently, the hormone has
recently become the focus of a myriad of studies over a wide range of
scientific disciplines. The most outstanding confound in this, however, has
been the use of pharmacological hormone concentrations. The chemical
structure of 17B-estradiol contains a phenol ring with a hydroxyl group that
is potentially donatable in redox reactions.” Similar to the antioxidant vitamin
E, for example, this feature of the steroid hormone suggests a possible direct,
chain-breaking antioxidant mechanism of action.* The micro- and millimolar
hormone concentrations employed in many studies would permit biologi-
cally significant direct antioxidant activity. However, the picomolar concen-
trations of circulating estrogen in animals are likely too low to substantially
influence cellular reduction-oxidation potentials.

V1. Redox mechanism of HSP induction

In vitro and cell culture work has provided evidence that protein denatur-
ation, and resulting induction of the stress response, are mediated by intra-
cellular redox status. Because a wide variety of chemical inducers of the HSP
response have the converging effect of producing protein unfolding, a number
of investigators have postulated a more proximal merger. Russo et al.” first
observed that depletion of cellular GSH (reduced glutathione) resulted in
thermotolerance and concomitant synthesis of HSPs. Further characterization
of this phenomenon was performed in a number of experimental models
using various perturbations by which to manipulate intracellular redox status,
demonstrating that oxidation and depletion of non-protein thiols, of which
GSH is the most predominant, resulted in HSF1 activation, HSP gene tran-
scription, and HSP synthe51s and maintaining a reducing cellular environment
inhibited this response.”™ This has led to the hypothesis that protein dena-
turation, and consequential HSP induction, are signaled via oxidation
and/or depletion of intracellular non-protein sulfhydryls (NPSH).***!

This hypothesis was of particular interest to us because estrogen-mediated
mitigation of HSP induction might occur through this pathway. The first
criterion in this, however, requires the presence of such a mechanism in vivo.
Physiological inducers of HSF1 activation (exercise and heat shock) were not
associated with changes in GSH in either males or females, nor were there
any gender differences in redox state following such treatment (unpublished
observations). Thus, cellular oxidation is not a required signal for HSP induc-
tion in higher-order physiological systems. Therefore, the direct antioxidant
activity of estrogen is not the mechanism through which the gender-specific,
hormone-mediated exercise induction of HSP70 is mediated.

Furthermore, tamoxifen, which also attenuated HSP70 induction with
exercise in ovariectomized animals, does not have a phenolic structure” and
therefore does not influence biological activities through direct antioxidant
action. These observations together support the earlier assertion that the
mechanism by which estrogen attenuates HSP70 induction with exercise is
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likely mediated through indirect antioxidant activity by stabilizing cellular
membranes.

VII. Exercise signaling of HSP induction

A number of biological events associated with exercise have independently
been shown to induce HSP synthesis. Thus, there are several candidate
factors that might signal the HSP response to exercise. The gender-specific,
hormone-mediated phenomenon reported here can be used as a model by
which this may be resolved. That is, because estrogen inhibits HSP70 synthesis
with exercise, those factors that are important in signaling this response are
likely mediated by estrogen. The present series of experiments suggests that
exercise-induced tissue injury, particularly at cellular membranes, is an
important signal for exercise induction of HSP70. Indeed, anative plasma
membrane protein conformation has been shown with HSP inducing, non-
hyperthermic stress.”

For obvious reasons, temperature is the most studied inducer of the HSP
response. While bodéy temperature has been shown to mediate the HSP
response to exercise, ”'* the present findings indicate that temperature is not
the primary factor in this response. Male rodents, which demonstrated rel-
atively high post-exercise HSP70 content, had higher post-exercise rectal
temperatures than intact females and estrogen- and tamoxifen-treated ova-
riectomized animals, which exhibited relatively low post-exercise HSP70
expression.” However, body temperatures among male, tamoxifen-treated
intact females, and o-estradiol-treated ovariectomized rodents were not dif-
ferent, despite lower post-exercise HSP70 levels for the latter two groups.
Moreover, tamoxifen-treated intact females and o-estradiol-treated ovariec-
tomized rats had significantly higher temperatures than intact females,
despite displaying similar post-exercise HSP70 levels. This dissociation of
exercising body temperature and HSP70 expression indicates that while
temperature may play a role, clearly there are other factors more important
in the HSP response to exercise.

VIII. Protective potential of HSPs

Due to the demonstrated cardioprotective potential of HSP70,” ™ the regu-
lation of this phenomenon in the heart and its physiological outcomes were
of particular interest. The proposed use of HSPs in clinical settings began
with observations that induction of stress proteins via sublethal heat expo-
sure conferred protection against subsequent lethal heat shock, a phenome-
non termed “thermotolerance.” Because the mechanism of this protection
was believed to involve a general stabilization of cellular proteins, investi-
gators tested the hypothesis that heat-induced HSP expression would
enhance defense against other forms of stress. Indeed, these studies demon-
strated tl})gégabﬂity of HSPs to protect against a variety of otherwise lethal
stressors.™

63-66
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Among the first reports of this “cross-tolerance” effect of stress proteins
in the heart, Currie et al.” demonstrated that heat shock enhanced ventricular
recovery following ischemia-reperfusion, and later showed a close temporal
relationship between the kinetics of heat-induced HSP70 accumulatlon and
functional recovery from myocardial ischemia-reperfusion.”’ A number of
groups further demonstrated the cardioprotective effect of HSP70 in vivo. et
Direct evidence for HSP70-mediated protection against ischemic injury is
provided by studies employing transgenic and transfected murine and
rodent hearts, where those overexpressmg HSP70 displayed increased tol-
erance to myocardial trauma.”* While these perturbations have been useful
in demonstrating the potential benefits of HSPs, the use of HSP-mediated
cardioprotection in medical settings requires interventions with greater
physiological relevance.

IX. Functional outcomes of the gender-specific HSP
response to exercise

Similar to our observations in skeletal muscle, following exercise, males
demonstrated greater cardiac HSP70 than gonadally intact females.”
Removal of the ovaries resulted in HSP induction similar to that observed
for males, and estrogen treatment to ovariectomized animals reversed this
effect. Further, the gender-specific, hormone-mediated induction of cardiac
HSP70 is likely regulated at the level of transcription, as male and placebo-
treated ovariectomized rodents also demonstrated greater levels of myocardial
HSP70 mRNA and HSF1-HSE DNA binding than intact and estrogen-treated
ovariectomized females. Moreover, this attenuated signaling was likely the
result of non-receptor-mediated membrane stabilization because 17a-estradiol
or tamoxifen treatment to ovariectomized animals attenuated the response
in a manner similar to that for 17B-estradiol. That these findings were iden-
tical to those observed in skeletal muscle affirms a common mechanism of
hormone action postulated from preliminary data.

To determine the physiological importance of this gender-specific, hormone-
mediated HSP response, cardiac function following ischemia-reperfusion was
assessed in control and exercised male, intact female, and ovariectomized
female rodents. Exercise improved postischemic left ventricular developed pres-
sure, maximal rate of contraction, and maximal rate of relaxation, and
reduced left ventricular end-diastolic pressure in males.” Intact females
demonstrated no such effect with exercise. However, exercise improved all
parameters of function following myocardial ischemia-reperfusion in ova-
riectomized females, similar to what was observed in males. These functional
outcomes were related to myocardial structural integrity as exercised male
and ovariectomized animals demonstrated lower creatine kinase (CK) efflux
following ischemia relative to their corresponding control and female groups.
These findings are in line with the putative maintenance of cellular structure
conferred by HSPs. In summary, male and ovariectomized animals, which
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induced HSP70 substantially with exercise, demonstrated greater recovery
of myocardial function following ischemia than intact females, which exhib-
ited a marginal stress response.

X. Manipulation of HSP70 expression

To determine a causal relationship between the improved recovery of myo-
cardial function with exercise and exercise induction of HSP70, manipulation
of HSP70 expression was achieved through an antisense oligonucleotide
approach. Antisense oligonucleotides are short, synthetic strands of DNA
designed complementary to a partlcular segment of the transcript of interest
in order to inhibit its expression.”® Treatment of exercised males with anti-
sense ohgonucleotldes de51gned against the translational start site of induc-
ible HSP70 transcripts’” knocked out the HSP response to exercise and mit-
igated the improvement in recovery of postischemic cardiac function.” This
direct and specific modulation of HSP70 expression provides evidence that
the protective effects of exercise on cardiac function are at least, in part,
HSP70 dependent. Thus, the gender-specific, hormone-mediated induction
of HSP70 with exercise results in cardioprotective adaptation in males but
not in females.

XI. Significance and impact

Estrogen has generally been believed to be a protective factor in the onset
and effects of cardiovascular disease.” This is largely based on epidemio-
logical findings of lower incidence of cardiovascular disease among women
relative to men until menopause, after which this disparity diminishes.”™
Further, post-menopausal women receiving estrogen replacement therapy
are found to have lower rates of coronary heart disease.”* Moreover, a vast
amount of experimental work has characterized potential biological mecha-
nisms for these observations.” * This association between estrogen and heart
health, however, is the subject of increasing controversy. For example, the
disparity in incidence of heart disease between men and women is reduced
when lifestyle factors are accounted for.” Furthermore, recent randomized
clinical trials to determine the influence of hormone replacement therapy on
coronary heart disease have yielded equivocal results.”** Moreover, the prepon-
derance of fundamental research suggesting positive cardiovascular outcomes
with estrogen treatment are derived mainly from studies performed with
supraphysiological experimental hormone concentrations.

Clinical data indicate possible severe negative outcomes of estrogen
as pre-menopausal women, following myocardial infarction, demonstrate
greater rates of mortality relative to males.*”" This phenomenon has been
outlined experimentally where estrogen-treated ovar1ectormzed rodents dis-
played larger infarct size relative to those placebo treated.” Thus, among
cardiovascular clinicians and researchers, the association between estrogen
and heart health is being revisited.

© 2002 by CRC Press LLC



Chapter nine:  Gender-specific regulation of HSP70 171

Estrogen  No Estrogen Estrogen No Estrogen
l Pathological Stress \ \ Physiological Stress l
Positive Negative Homeostasis ~ Adaptation
?
Pathological Stress
Negative Positive

Figure 9.1  Schematic illustrating reversal fo the relative protective effects of estro-
gen when severe stress is preceded by sublethal physiological stimuli.

The present series of experiments indicate that the effects of estrogen
can be interpreted as either advantageous or disadvantageous. Because
HSP70 is stress inducible, attenuated HSP70 levels following exercise in
estrogen-positive relative to estrogen-naive animals suggest a beneficial hor-
monal effect. Indeed, a membrane-stabilizing mechanism of action would
aid in maintaining normal cellular function with exercise stress.” However,
maintenance of homeostasis with physiological stress reduces signaling of
adaptive processes. Thus, upon subsequent severe stimuli, this apparent
protective action of estrogen manifests as a disadvantage. That is, although
male and ovariectomized females demonstrated high cellular stress with
exercise (as per the relatively high induction of HSP70), this stress signaled
protective systems mitigating the effects of subsequent severe ischemia-
reperfusion stress. Gonadally intact females, which displayed relatively low
levels of cellular stress with exercise (as per relatively low HSP70 expression),
demonstrated increased susceptibility to ensuing ischemia-reperfusion
(Figure 9.1).

Although widely believed to exert cardioprotective effects, exercise is
one of the most often, yet most poorly, prescribed treatments in medicine.
A generic term clinically, exercise prescription generally lacks reference to
mode, intensity, and/or duration. The precise manner in which exercise
improves cardiovascular disease profile has not been fully defined. The
present work supports direct involvement of HSP70 in exercise-conferred
cardioprotection. However, a whole-body perturbation such as treadmill
running undoubtedly influences a number of endogenous defense systems.
Further, direct evidence for exercise modulation of other protective mecha-
nisms has been reported.” In light of the present work, it is of interest if such
endogenous defense mechanisms also demonstrate gender dimorphism.
Further still is the question of whether there are other physiological stimuli
that confer protection and whether similar sex and hormone mediation of
these exist. The novel, gender-specific, hormone-mediated HSP response
described in this review suggests that exercise might be more important for
males than females in defending against the effects of cardiovascular disease
and offers a mechanism by which males might reduce the gender gap in
susceptibility to adverse cardiac events.
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XII. Limitations and future directions

The outstanding question the present work poses relates to its significance
for humans. Sexual dimorphism with regard to therapeutic effects of exercise
in coronary heart disease patients has been reported.” ™ Further, although
pre-menopausal women demonstrate a lower incidence of cardiovascular
disease than age-matched men, acute cardiac trauma results in higher rates
of mortality and poorer patient prognosis in women than men.*”' However,
the factors underlying such disparities are unknown. The present work
provides a starting point from which these questions can be addressed.
Estrogen is generally viewed as a protective agent, particularly for its puta-
tive positive effects on heart health. However, this is largely based on obser-
vational data and nonphysiological experimental models.””** The present
work revisits this notion. Because HSP70 is stress inducible, the lower post-
exercise expression of HSP70 in females relative to males suggests a protec-
tive hormonal effect. However, this protection, ameliorates the induction of
adaptive mechanisms that ultimately enhance an organismal defense. This
process appears as a pattern throughout biology and, indeed, in nonbiolog-
ical models, such that long-term benefits require short-term costs.

Physiological adaptation requires some form of injury in order for
remodeling processes to take place.”” As such, attenuating these pathways,
although seemingly protective initially, results in longer term disadvantage.
Indeed, a promising approach in the treatment of pathologies of the central
nervous system, which does not demonstrate an “injury” response, is to
introduce these factors exogenously to damaged areas.” The current work
provides a holistic view of this paradigm in a physiological setting and
suggests that similar general principles apply to gender disparities in the
human population and introduces the possibility of stress-based approaches
in the development of cardiac therapies.

One of the critical deficiencies in the HSP area—and not addressed in
the present chapter—is the regulation of these transcriptional units in humans.
While exercise has been shown to induce the stress response in humans, the
human biology of HSPs has been shown to differ from that of lower mam-
mals, particularly with respect to the relatively high constitutive levels of
expression which may require more severe or more frequent stimuli to cause
induction of the response in humans.'™'” A major obstacle in this area
involves obtaining healthy tissue samples. However, a unique population of
healthy human hearts has been identified in organ donors who have expired
due to noncardiovascular causes of death.'” Such models will be of tremen-
dous use in future examinations of human HSP regulation.

The acute nature of the experiments reported herein are an additional
limitation, and future studies employing chronic exercise training will under-
score the present gender-specific adaptations to exercise. Such acute exper-
iments, however, are necessary in elucidating the mechanisms that mediate
phenomena observed in chronic studies. For example, following long-term
exercise training, male and ovariectomized rodents demonstrate greater
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post-ischemic cardiac function relative to gonadally intact females (Dr. Russ
Moore, personal communication). In addition, male rodents, in response to
long-term exercise training, have also been shown to demonstrate improved
basal cardiac function, while females exhibit no such effect.”'"” The length
of such studies imposes significant challenges in elucidating the precise
mechanisms that underlie these findings. Thus, the results of the present
experiments employing acute models may be helpful in this regard.

XIII. Summary

The findings of gender-specific regulation of HSP expression reviewed here
address important shortcomings in the field through the use of physiological
models relevant to the biology of males and females. Further, the present
work serves as a direct and comprehensive example of how whole-body
perturbations influence molecular activities, which in turn regulate physio-
logical processes. In the HSP area, this relationship between the regulation
of gene expression and functional outcomes deserves increasing attention to
underscore the importance of these tremendously important biological players.
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I. Introduction

The heat shock proteins (HSPs) are generated by all living organisms. While
first identified as gene products of cells exposed to thermal stress, the HSPs
are essential for the normal function of nonstressed cells because of their
roles as protein/peptide chaperones. This peptide/protein transport func-
tion has been implicated in activities as diverse as receptor movement and
regulation and in mitochondrial biogenesis. In addition, the constitutively
expressed member of the HSP70 family, HSC70, is involved in the manage-
ment of peptides during the process of protein synthesis.
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The HSP genes undergo dramatic and rapid activation in response to an
ever-increasing list of stresses. This gene activation and subsequent HSP
protein accumulation following a stress stimulus are associated with a state
of relative tolerance to subsequent, otherwise lethal, levels of stress. In single-
cell systems, HSP accumulation is associated with survival of physical and
toxicological stresses such as hyperthermia, hyperoxia, and heavy metals,
among others. In the intact organism, HSP accumulation is also associated
with survival in response to moderate levels of thermal stress, ischemia-
reperfusion injury, and to the cytotoxic effects of inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-o)) and interleukin-1 (IL-1).

If a causative link between cellular HSP accumulation and subsequent
tolerance to stress exists, then HSP gene activation can be seen as the default
pathway by which an individual cell or single-cell organism responds to the
stress stimulus. This default pathway has been preserved over broad evolu-
tionary distances and exists in all living things — from bacteria to man. In
fact, the association of HSP accumulation with tolerance of target cells to
cytokines such as TNF-o and IL-1 is an interesting variation on the theme
of a primitive, single-cell response to stress. While the HSPs have been
understood in their roles as intracellular transporters and peptide/protein
managers, the recent literature has developed and demonstrated a role for
the HSPs in the extracellular microenvironment in activating a multifaceted
immune/inflammatory response involving cytokine release and the activa-
tion of a variety of immune effector cells.

The goals of this chapter are threefold: (1) to examine issues regarding
the consequences of the activation of the HSP response — the single cell’s
default pathway to address environmental stresses on the function of mul-
ticellular systems; (2) to examine the seeming dichotomy between HSPs in
the intracellular environment associated with inflammatory tolerance and
in the extracellular milieu as immune/inflammatory activators; and (3) to
examine a paradigm to reconcile this dichotomy.

1I. Impact of HSP regulation in multicellular systems

One of the most complex issues regarding HSPs relates to their role in
multicellular systems. In both single-cell and multicellular systems, HSPs
have been demonstrated to serve similar roles in peptide transport and
protein translation. Their role in cellular adaptation to environmental and
other stresses has been documented elsewhere and is based on studies using
both conditioning stimuli such as heat and, more recently, gene overexpres-
sion. The body of evidence that supports the role of HSPs in cellular tolerance
is based on a series of premises. First, the stresses that cause HSP accumu-
lation also result in thermotolerance. Second, both the induction and decay
of thermotolerance parallel the accumulation and degradation of HSPs. Third,
cellular manipulations that block HSP accumulation or that result in the
overexpression of certain HSPs have been shown to either increase or
decrease heat sensitivity, respectively. In the Drosophila cell culture model,
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for example, cells with increased copies of HSP70 genes show enhanced
thermotolerance." At the same time, the HSP70 homologue in a bacterial
model preserves RNA polymerase function during hyperthermia, yet dele-
tion mutants have only a small decrease in heat tolerance.”

One aspect of the HSP response is the effect of its induction on other
aspects of cellular function. Following the recovery from stress-induced
translational arrest, the HSP message is translated to the exclusion of other
messages. This preferential translation of HSPs negatively impacts cell
growth and other functions of the nonstressed cell. The end result is that
cells undergoing a stress response and HSP synthesis will be at an advantage
in terms of stress survival but at a disadvantage in terms of cell growth or
cell signal transduction. The impact of this alteration in normal cell function
may have important consequences in multicellular systems, which rely on
constant cell-to-cell interactions. Interestingly, there is little data on the neg-
ative impact of a stress response in multicellular systems. While studies
evaluating the functional impact of HSP accumulation are difficult in the
intact organism, experimental models using in vitro multicellular systems
such as reconstituted monolayers may provide insight into the role of the
stress response in individual cells and the consequence of this response for
the function of the multicellular system. Using nonlethal hyperthermia as a
stimulus, in vitro epithelial monolayers composed of Madin-Darby canine
kidney epithelial cells show reversible alterations in electrical resistance.
Heat conditioning sufficient to result in HSP accumulation in the cells is
associated with an attenuation of this permeability change to a subsequent
hyperthermic stress. Because this stress stimulus is reversible and nonlethal,
these studies suggest that HSP accumulation may not only be associated
with cell survival as defined by classical thermotolerance, but also with a
state of physiologic thermotolerance where a multicellular system maintains
its cell-to-cell cooperative function in the face of hyperthermia. Given pre-
vious studies in single cells implicating the HSPs directly in thermotolerance,
it is conceivable that this HSP accumulation in a multicellular system is
responsible for the maintenance of epithelial barrier function. At the same
time, the preservation of epithelial function associated with HSP accumula-
tion might be equally well-explained by the decreased requirement of the
cells of the monolayer for HSP accumulation during the subsequent heat
stress. This latter explanation relies on the fact that HSP accumulation is
titrated to the degree of stress, applied to cells. Thus, cells undergoing a
conditioning stress generate a stress response with cellular HSP accumula-
tion. Under the subsequent stress, a lesser cellular stress response is invoked
compared to naive cells, allowing cells of the monolayer to continue to
function as a unit without resorting to the HSP default pathway associated
with individual cell survival.

As discussed in the next section, HSP-associated tolerance occurs not
only with environmental stresses but also with stresses that are particular
to multicellular systems. The association of the stress response with tolerance
of target cells to cytokines and the modulation of cytokine production by
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immune effector cells represent an interesting adaptive aspect of the HSP
response to the transduction of signals generated in higher eukaryotes.

III. HSPs in the immune response
A. HSPs in the intracellular environment

The involvement of HSPs within cells in the immune response can be divided
into two sets of effects: (1) the effect of HSPs on cells exposed to cytokine stress,
and (2) the role of HSPs in cytokine production by immune effector cells.

The observation that heat conditioning with subsequent HSP accumu-
lation could be important in down-regulating the inflammatory response
was demonstrated in a whole-animal model of endotoxin shock.’ In these
studies, rats conditioned with a heat stress sufficient to cause HSP accumu-
lation survived a subsequent and otherwise lethal exposure to intravenous
bacterial endotoxin compared to naive control animals. Subsequent studies in
peritoneal macrophages demonstrated that the induction of a stress response
as measured by cellular HSP70 accumulation resulted in the decreased tran-
scription and secretion of the inflammatory cytokines tumor necrosis factor-o
(TNF-0) and Interleukin-I-f (IL-1B). This effect was not seen with Interleu-
kin-6 (IL-6), and normal cytokine production and secretion resumed with
the decay of intracellular HSP70.* The decrease in cytokine production asso-
ciated with a decrease in specific nRNA was not caused by changes in either
message half-life or translational efficiency, but rather to an effect on cytokine
message conscription. The ability of the HSP response to alter transcription
may be related to an interference between the primary transcription factor
for the heat shock response (HSF1) and important cytokine transcription
factor. In an intact animal model, HSF1-deficient mice have been shown to
be highly sensitive to endotoxin exposure, and this sensitivity is associated
with an augmentation in sound TNF-o.” Studies in cells have demonstrated
that the activation of HSF1 is associated with a decrease in activation of the
important TNF-o transcription factor NFkf. Interestingly, exposure to LPS
results in inactivation of HSF1.® It has been proposed that this HSF1 inacti-
vation could be mediated through LPS activation of MAP kinases.” HSF1
activation results in the inactivation of important cytokine transcription
factors. Conversely, the inflammatory signals such as lipopolysaccharide
(LPS) activate these inflammatory transcription factors and block the central
HSP transcription factor HSF1.

Unlike LPS, inflammatory cytokines do appear to stimulate HSP pro-
duction in a variety of systems. In cardiac myocytes, for example, HSP27 and
HSP70 accumulation occurs following one exposure.”’ In pancreatic islet
cells, HSP70 and HSP90 accumulation occur following one beta exposure.'
The cellular increase in HSPs, in turn, is associated with a state of tolerance
not only to heat stress, but to subsequent cytokine exposure. Cells with an
impaired stress response, as measured b;/ cellular HSP70 accumulation, show
increased TNF-o-induced cytotoxicity.” This altered TNF resistance profile
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has been demonstrated through HSP70 overexpression studies in cell culture
that demonstrate that this overexpression blocks TNF cytotoxicity. B The
overexpression of HSP70 and subsequent TNF resistance do not appear to
be related to alterations in cellular TNF-o. reception expression but does
appear to be associated with impaired TNF-o-induced phospholipase A,
activation.” In a previously described study of IL-1B-induced HSP accumu-
lation in pancreatic islet cells, the cells that accumulated HSP70 and HSP90
in response to IL-1B stimulation were rendered resistant to subsequent IL-1B3-
induced cytotoxicity. Taken as a whole, these data suggest a feedback model
for cytokine exposure and cytotoxicity whereby cells exposed to cytokines
generate a stress response, and this stress response is associated with sub-
sequent cytokine resistance. The association of HSP accumulation and
decreased inflammatory cytokine production by cells suggests an important
role for the stress proteins in the alteration of both inflammatory cytokine
production and resistance.

The impact of these cellular alterations has been examined in the intact
organism. In one study, a conditioning heat stress sufficient to cause HSP70
accumulation of the liver was associated with a decrease in serum TNF-o
but no change in serum IL-6 following intravenous LPS exposure.'® That the
liver is a critical target for heat conditioning was demonstrated in a subsequent
study in wh1ch liver protein synthesis was blocked during the conditioning
heat stress.”” Despite the fact that organs other than the liver accumulated
HSP70 as a result of a heat stress, the subsequent LPS exposure resulted in
a marked increase in circulating TNF-o and refractory hypothermia. These
animal models are consistent with the cellular data regarding cytokine pro-
duction and resistance, and further suggest that specific organs such as the
liver may be important sites for these effects in the intact organism.

B. HSPs in the extracellular microenvironment

Given the important association of HSP accumulation with decreased cytok-
ine production and increased cytokine resistance, and the ability of cytokines
and LPS to modulate the HSP response, it is perhaps surprising that HSPs
seen by immune effector cells in the extracellular environment mediate a
vigorous and multifaceted immune system activation. This activation is
driven by two different HSP phenomena: (1) the modulation of natural killer
cells cytotoxicity by HSPs displayed on the surface of target cells, and (2) the
activation of cytotoxic T-lymphocytes by HSP-peptide complexes through a
mechanism requiring endogen pristine cells.

1. HSP surface expression
Early observations in tumor cells'® demonstrated that human tumor cell lines
showed unusual compartmentalization of several HSP families, primarily
HSP90 and HSP70. In addition to finding abnormal nuclear localization of
HSP72, this same protein was found on the surface of tumor cells. Other studies
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had demonstrated members of the HSP90 family"’ as well as HSP70* on tumor
cells. Subsequently, studies in Ewing’s sarcoma and osteosarcoma cells dem-
onstrated HSP72 on the cell surface that could be increased by a conditioning
heat stress. Moreover, this increase in surface HSP72 correlated with the rec-
ognition and killing of these tumor cells by CD3-negative natural killer (NK)
cells but not CD3-positive cytotoxic T-lymphocytes. HSP72 could not be dem-
onstrated on a limited number of nonmalignant cell lines.”* Further studies
in a human carcinoma cell line demonstrated that the separation of these cells
using HSP72 surface expression resulted in a population of cells that were
highly sensitive to natural killer cell lysis and a more resistant population of
natural killer cell lysis, again correlating with whether these cells were positive
or negative HSP72 surface expressors, respectively.” The close association
between HSP72 surface expression and cytotoxicity mediated by activated NK
cells was further demonstrated in studies involving tumor cells that were both
negative and positive for surface HSP72 following a conditioning heat stress.
Tumor cells that did not express HSP72 following heat showed no difference
in NK-mediated cytotoxicity between heat-conditioned and unconditioned
cells. In contrast, tumor cells with HSP72 surface expression following a con-
ditioning heat stress showed increased specific NK-mediated cytotoxicity fol-
lowing this conditioning heat stress which could be blocked by the preincu-
bation of target cells with the antibody specific for HSP72.”* HSP70 surface
expression appears not only in tumor cell lines, but also on primary biopsy
material from leukemic patients. As seen in cell culture models, the presence
of surface HSP70 appears to correlate with killing of the tumor cells by Inter-
leukin-2 stimulated natural killer cells.

Surface expression of HSP70 is not limited to tumor cells alone. Cells
infected with the human immune deficiency virus have also been shown to
stain positive for surface HSP70; this may reflect the involvement of HSP70
in viral particular release. In other studies, HSP60 has been demonstrated
on the surface of stressed but otherwise normal aortic endothelial cells.” The
surface expression of HSPs such as GP96 appears to have been conserved
across species from human liver cells to Xenopus lymphocytes. % The sig-
nificance of surface expressed HSPs on otherwise normal cells is unknown.
The mechanism by which the HSPs, especially members of the HSP70 family,
are displayed on the cell surface is unclear because HSPs do not possess
transmembrane domams Studies using chemotherapeut1c agents such as
alkyl-lysophospholipids” and etherlipids® demonstrate increased natural
killer cell killing and/or increased HSP70 surface expression on tumor cells.
Common mechanisms by which both heat and chemotherapeutic agents
might increase HSP70 surface expression include possible membrane alter-
ation as well as the generation of abnormal peptide fragments containing
transmembrane domains with subsequent transport to the cell membrane
by HSP70 family members. Another interesting possibility is that the HSP70
found on the cell surface, which is antigenically similar to cytosohc HSP70,
could in fact be a distinct and novel peptide. Previous studies” have sug-
gested that antibody recognition of a surface HSC70-like molecule in fact
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represents a novel protein that is localized to the plasma membrane. To date,
these findings have not been extended to the highly heat inducible HSP72
expressed on the cell surface.

2. HSP-peptide complexes

While it has long been recognized that tumor cell lysates could be used in
model systems to induce tumor regression, a recent body of data has sug-
gested that the tumor cell lysate fraction most associated with tumor cell
regression is that contammg HSP70, HSP90, and the endoplasmic reticulum
chaperone GP96.”** Using a variety of model systems, investigators have
demonstrated that these HSP-tumor peptide fractions, either purified from
tumor cell lysates or generated in vitro, result in tumor cell regression.”"”
The ability of these HSP-peptide complexes to cause tumor regression is
based on both the HSP and the peptide carried by the HSP. In this regard,
the stripping of peptides from the HSP using ATP results in a loss of immune
response to the tumor. And, while immunization with tumor peptides alone can
be effective in causing regression of implanted tumors, the HSP-peptide com-
plexes are many-fold more potent in generating this response. The HSPs
appear to bind to a variety of precursor peptides of tumor cells, Wthh may
provide the immune system with a wide variety of target molecules.”

The mechanism by which HSP-peptide complexes induce tumor regres-
sion have been extensively evaluated. Current data support the fact that HSP-
peptide complexes require uptake and presentatlon by antigen-presenting
cells for presentation to cytotoxic T-lymphocytes.”” Recent data suggests
that in the case of the endoplasmic reticulum chaperone GP96, uptake in an-
tigen presenting cells occurs through the o2-macroglobulin (CD91) receptor.”
In addition to HSP70, HSP90, and GP96, other HSPs appear important in
driving an immune response to tumors These include HSP65,” HSP110, and
the glucose regulator protein GRP170.%

Regardless of HSP type, when taken up by dendritic cells appeared to
generate a maturation signal within the dendritic cell and to subsequently
activate an NEF-kP signaling pathway similar to that of bacterial lipopolysac-
charide.” The ability of these HSPs to stimulate such a signal has been
indirectly demonstrated by the ability of severe hyperthermia to dramatlcally
augment TNF-o, gene expression in myelomonocytic cell lines."’ Further, in
tumor implantation models, HSP70 overexpression and subsequent release
from tumor cells results in dendritic cell maturation with enhanced antigen
uptake, T-lymphocyte activation, and release of inflammatory cytokines such
as TNF-q, Interleukin-12, and v -interferon.”

Based on these data, a variety of HSP-peptide complexes are preferen-
tially taken up by antigen presuming cells, perhaps through specific receptor
pathways like the a2-macroglobulin receptor as described for GP96. Upon
uptake, antigen presenting cells undergo maturation inactivation, perhaps
through an NF-kB pathway. The HSP associated peptide is then presented
to key cytotoxic lymphocytes which undergo activation with resultant target
cell killing.
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IV. Examining the HSP-immune
modulation dichotomy

The data presented in the previous section describes the important role of
activation of the heat shock response in down-regulating the immune
response. This correlation is particularly strong with regard to inflammatory
cytokine production. The fact that transcriptional activators of the heat shock
response appear to be involved in down-regulation of the cytokine pathway
activated by LPS reinforces the strong interrelationship between HSP acti-
vation and inflammatory cytokine production. Moreover, we have seen that
the induction of the heat shock response in target cells, as a consequence of
either a stress stimulus or through specific HSP gene overexpression, renders
these cells resistant to the cytotoxic effects of the same cytokines down-
regulated by HSP gene activation in immune effector cells. Given this potent
and relatively global effect of intracellular HSPs in inhibiting inflammatory
cytokine production and rendering target cells cytokine resistant, the pro-
inflammatory and immune activating effects of HSPs seen in the extracellular
microenvironment would seem to be inconsistent. These effects, related either
to HSPs expressed on the surface of cells or released from injured or dying
cells, reflects an equally global and potent activation of a variety of immune
effector cells as the down-regulation of immune system components by intra-
cellular HSPs.

How do we reconcile this apparent paradox regarding the role of HSPs
in immune system activation and inflammation? The answer may well lie
in the examination of the evolutionary biology of the HSPs, the immune rec-
ognition based on the interpretation of danger signals, and the possible
role of viruses in molding the immune system’s recognition and response
patterns.

One way to examine the role of HSPs as immune system activators is to
examine the immune response from the standpoint of the danger paradigm
of immunity proposed by Matzinger.”* This danger theory of immunity is
offered as a way to understand the limitations of the theory of immune
function which relies on distinguishing between “self and non-self.” The
danger theory of immunity as described by Matzinger states that the self vs.
non-self paradigm does not adequately address immune tolerance to the
normal changes in protein production and release which occur during devel-
opment. In the case of puberty, for example, new proteins are produced by
the organism at a time when the immune system is considered to be mature.
The result of these new proteins in the setting of an already committed
immune system might well result in a vigorous auto-immune response
against these new proteins which would be considered non-self because of
their relative stage of development in terms of the immune system. Instead,
Matzinger suggests that the immune system is less concerned with distin-
guishing self from non-self than it is in distinguishing danger from no
danger. Danger signals are elaborated as cells undergo an event that results
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in either necrotic cell death or the production and subsequent release of key
danger signals which would normally be released under conditions of necro-
sis as opposed to apoptosis.

In this regard, apoptotic cell death can be seen as the principal function
of all cells and results in the absence of key cellular signals. During apoptosis,
stress signals are neither elaborated as a part of the process nor released into
the local extracellular microenvironment during cell death.¥ In contrast, cells
undergoing ischemia, necrosis, hyperoxia, or cytokine exposure generate a
stress response with the stimulation of intracellular HSPs. These intracellular
HSPs may play a role in the cell’s attempt to preserve itself during the stress.
If unsuccessful, the resulting cell death would result in the release of rela-
tively large amounts of these stress proteins into the local extracellular
microenvironment. Once released, these stress proteins would be available
for uptake and evaluation by local antigen presenting cells.

Viral infection is another way in which HSPs might be released from the
cells. As discussed later, many viral infections are associated with cellular
HSP accumulation, usually at an early stage of infection. As viral replication
continues to the point of cell death, HSPs would be released from these
virally infected cells, as was seen during necrotic cell death. Viruses may
also cause the appearance of HSPs in the extracellular microenvironment
through the interaction of certain HSPs, principally members of the HSP70
family, with viral particles released from the cell. This HSP70-viral envelope
association has been demonstrated with a number of viruses, including the
human immunodeficiency virus and the measles virus. In addition and as
noted above, members of the HSP70 family have been demonstrated on the
surface of cells infected with viruses such as the human immunodeficiency
virus. Thus, the very sorts of cellular responses that would constitute unin-
tended cell death or infection by viruses are the same stresses that activate
the HSP response. Within the cell, this HSP response may serve a protective
role for the individual cell. Upon cell death or viral release, however, these
same stress response proteins might have an important secondary role for
the multicellular organism: namely, activation of the immune response.
Additionally, in the case of viruses, the release of viral peptide-HSP com-
plexes might provide important antigen information in addition to the HSP
danger signal.

In addition to the production and release of HSPs and other normally
intracellular proteins as danger molecules, Matzinger has based the danger
theory of immunity on three laws of lymphotics. These laws dictate the way
in which lymphocytes deal with peptide signals in the presence or absence
of danger molecules such as HSPs. For the immune system activation to
occur, these three laws must be operational.

¢ The first law of lymphotics states that T-lymphocytes under resting

conditions require both a peptide signal and co-stimulatory signal for
activation. This first peptide signal is the binding of a T-cell receptor to
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the major histocompatibility (MHC) peptide complex on an antigen
presenting cell. Within a finite time period, a co-stimulatory event related
to the danger signal must occur. In the absence of a co-stimulatory
event, stimulation of the T-lymphocyte by antigen stimulation alone
does not result in activation but results in T cell apoptosis.

¢ The second law of lymphotics states that this co-stimulatory event
must be mediated directly by the antigen presenting cell. Under the
second law, T-lymphocytes would not undergo activation in the
absence of direct interaction with danger molecules. The second law
of lymphotics means that local antigen presenting cells control the
activation or apoptotic response of T-lymphocytes recognizing the
antigen stimulus.

¢ The third law of lymphotics is that T-lymphocytes, once activated,
remain in this activated state for a defined period. If, during this
period, the lymphocyte is re-stimulated, the stimulatory event can
occur through the MHC-peptide complex alone in the absence of a
co-stimulatory signal provided by the antigen presenting cell. In this
way, the antigen presenting cell controls T-cell activation through a
simplified re-stimulation event requiring no further danger signal
elaboration.

These laws of lymphotics mean that antigen presenting cells, through
their presentation of peptide and co-stimulatory signals, determine both
the activation or removal through apoptosis of T-lymphocytes. T-lympho-
cytes, once stimulated by both the MHC peptide complex and the co-
stimulatory signal, proliferate to become cytotoxic T-cells with defined
antigen specificity. These T-cells, when stimulated, can move between
active required states and within a defined time period and can undergo
reactivation by MHC peptide complex alone. Thus, the antigen presenting
cell serves as the key link between initial stimulation through primary and
co-stimulatory events.

The fact that T-cell stimulation by antigen presenting cells through the
MHC peptide complex alone results in apoptosis without a danger signal
provides a straightforward explanation for the concept of tolerance. Using
puberty as the example, the elaboration of new proteins by cells would result
in antigens presented to a mature immune system by T-cells capable of
recognizing these antigens. Because no danger signal is elaborated, the
response of these specific T-lymphocytes to these new proteins is T-cell
apoptosis. The repeated stimulation of T-cells by these new, but non-threat
molecules would result in apoptosis of all T-cells capable of recognizing these
antigens, leading to a state of tolerance. One other important facet of this model
is that cytotoxic T-lymphocytes themselves induce apoptosis in target cells.
As a result, cytotoxic T-lymphocyte-mediated cell lysis through apoptosis
does not, of itself, generate stress signals. This lack of danger signal produc-
tion by target cells allows for the immune response to be contained to the
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neighborhood of the stress response, rather than becoming a self-perpetuating
phenomenon.

The danger theory of immunity does not completely explain immune
system function, but rather provides both a simple model of tolerance and
a paradigm to address the immune activating effects of extracellular HSPs.
Regardless of which paradigm is invoked to explain immune function, the
role of the HSPs themselves in modulating many facets of the immune
response must be evaluated in an evolutionary context. The HSPs are a system,
which appeared early in prokaryote evolution and is involved in both cel-
lular house-keeping functions and in the single cell’s adaptation to environ-
mental threats. The HSP response can thus be considered as a single cell’s
default pathway to adapt to hostile changes in its environment. Evolutionary
models demonstrate that within the 70,000 molecular weight heat-shock
protein family, approximately 75% of the sequence link of these proteins is
conserved across all evolution. In eukaryotes, the 70,000 molecular weight
family appears to have diverged into the endoplasmic reticulum-associated,
glucose-regulated proteins and the cytosolic and nuclear HSP70 family. This
divergence and the conservation of sequences supports the concept that
members of the HSP70 family existed before the separation of prokaryotes
and eukaryotes.

This primitive, yet highly conserved system is activated not only by
environmental stresses, but also by numerous viral infections. The span of
viruses associated with the HSP response is as broad as the organisms that
elaborate this response and include bacteriophage, baculovirus, and numer-
ous human pathogens. Members of divergent virus families appear to have
independently evolved ways to co-opt, engage, or manipulate the heat shock
response in the course of infection. For example, HSP72 expression increases
viral transcription, plaque size, and cytopathogenicity in measles virus-
infected cells. In addition, studies using a measles virus mini-replicon system
demonstrate that HSP72 overexpression by transfection or heat shock
improves the cDNA yield.** Morbilliviruses incorporate HSP72 into their
nucleocapsid, increase their polymerase activity, and demonstrate a require-
ment for HSP72 for efficient replication.%/

The ubiquity of the HSP response to viral infection suggests that cells
respond to viral stress in the same way that they respond to physical stresses—
that is, by the accumulation of HSPs. This response could be that the host
cells attempt to adapt to the production of foreign (i.e., viral) proteins or the
result of generalized transcriptional activation of the cell by viral conscrip-
tion factors. More recent data, however, demonstrates just the opposite; HSP
gene expression induced early in viral infection is, in fact, a viral scheme
essential for replication. Such a viral-mediated scheme could be an effective
viral strategy to direct the specific activation of a limited set of heat shock
proteins for use in the transport and assembly of viral proteins. This latter
hypothesis was recently tested using a unique avian adenovirus (the chicken
embryo lethal orphan (CELO) virus) that encodes an anti-apoptotic gene,
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termed gallus anti mort (Gam—l).‘l&49 Gam-1 has as an essential function: the
activation of the HSP70 and HSP40 genes with subsequent nuclear relocal-
ization. In this series of studies, Gam-1 was removed from the viral genome
and its function, resulting in no viral replication.” The function of Gam-1 could
be replaced by the overexpression of Gam-1 with the replication-deficient
virus, as well as by a heat stress sufficient to induce a heat shock response
or by the overexpression of HSP40 with the replication-deficient virus.
Numerous viruses, including herpes simplex, cytomegalovirus, measles, and
adenovirus, all induce heat shock protein accumulation early in infection.
Given that bacterial HSP70 and HSP40 homologues are essential for the
replication of bacteriophage lambda® the ability of a specific HSP, in this
case the HSP70 co-factor HSP40, to replace the function of a viral gene in
replication, demonstrates the essential function of at least one heat-shock
protein in viral replication.

When viruses utilize the translational machinery of cells to synthesize
viral proteins, they may require the production of inducible or sometimes
constitutive HSP70 to assist with proper folding, assembly, and membrane
transport of viral proteins. Thus, active engagement of cellular HSPs for
their chaperone function, and/or as a means to contain the potent peptide
dlsplaymg activity of HSPs, may be fundamental for many or even all
viruses.”” While much of the data regarding viral protein—-HSP interaction
focuses on HSP70 and its co-factors such as HSP40, HSPs other than those
in the HSP70 class can be involved. Such an example is the involvement
of HSP90 1n the nucleic acid binding activity of hepatitis B virus (HBV)
polymerase.” As a strictly in vitro phenomenon, highly disparate viruses
have been found to reactivate from a latent or at least repressed state as a
consequence of activation of the stress response pathway.”* Our recent
demonstration that HSP40 can replace the function of the adenoviral anti-
apoptotic factor Gam-1, along with a similar observation for a functional
HSP70-like activity in HIV-1,” strengthens the growing perception that
viruses may be all but obliged to subvert or regulate HSP activities as a
central facet of their replication strategies.”®” In fact, some viruses, such
as the beet yellow virus, even encode HSP homologues to assure the proper
folding, transport, and assembly of their proteins.” Similarly, the SV40 T
antigen functions like the bacterial HSP40 homologue Dna].”*

Given this recently demonstrated essential role for certain HSPs in viral
replication, an evolutionary model can now be put forth to reconcile the
seemingly opposite roles of intracellular and extracellular HSPs immune
system suppression and activation, respectively.

Evolutionary genetic models support the notion that the HSP70 family
existed before the separation of prokaryotes from eukaryotes. The HSP70
family of protein chaperones, assemblers, and transporters were functioning
at an evolutionary time remote from either organized multicellular life or
the presence of a cellular immune system. During this early period, viral co-
evolution may have resulted in the development of a replication strategy to
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subvert this cellular machinery involved in protein transport and assembly
to aid in viral protein management and subsequent production of virions.
Further, data from other viral systems suggest a role for HSP40 and HSP70
homologues in viral gene expression, protein movement, envelope produc-
tion, and extrusion from the cell. Given the role of bacterial HSP70 and HSP40
homologues in phage replication, viral infection of contemporary prokary-
otes appears to function in this manner.

With the advent of multicellular organisms, specialized systems includ-
ing the immune system developed in the context of these HSP-associated
viral replication strategies. Under these conditions, an effective immune
counter-strategy to viral replication would include the recognition in the
extracellular environment of these otherwise intracellular and normally
stress regulated HSPs as a signal for potential viral infection. The natural
result of this immune system counter-strategy means that HSPs can be viewed
as part of a normal immune response because the members of the HSP70
family, the HSP90 family, and the endoplasmic reticulum chaperone family
gp96 can display viral peptides as virally infected cells are disrupted, thus
greatly intensifying an immune response against the foreign proteins. The
subsequent development of HSPs, as important molecules for immune system
activation under a variety of circumstances, and the potential employment
of HSP-peptide complexes as agents to induce specific tumor immunotherapy,
are consistent with this viral infection paradigm.

V. Conclusions

The role of HSPs in multicellular organisms appears to have expanded from
that in the single cell to participate in modulating the immune/inflammatory
response. The association of intracellular HSPs with a down-regulation of
cytokine production and increased cytokine resistance contrasts with the role
of HSPs on the cell surface and as HSP-peptide complexes in immune activa-
tion. The fact that numerous viruses infecting both single-cell and multicellular
organisms evolved to utilize the HSPs for replication provides a rationale for
the immune activating effects of HSPs in the extracellular microenvironment.
Understanding the consequences of HSP accumulation within the cell and
in the extracellular environment may require investigations in both the cellular
biology and evolutionary biology of the adaptive responses of both single-
cell and multicellular organisms.
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I. Introduction

Stress proteins represent one of the general molecular protective mechanisms
that enable cells and whole organisms to survive stress. Several stress proteins
have been identified which have different functions within cells and tissues and
they exhibit early, intermediate, and late patterns of response. Because cellular
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and tissue stresses are complex processes that involve several cellular stress
response mechanisms, the study of their mechanisms is difficult. Physical
exercise challenges an organism in an intricate manner and is an important
and natural stress for humans. The induction of stress proteins by exercise
is associated not only with the temperature-related effects of exercise but
with other physiological processes, such as contractile stress, energy metab-
olism, induction of metabolic and stress—related messengers, and perfusion
and oxygen delivery disturbances.'

Nearly two decades ago, an attempt was made to determme the effect
of exercise on the induction of heat shock proteins (HSPs).” Consequently, it
has been demonstrated that physical exercise or chromc electrical stimulation
induces the expression of HSPs in skeletal muscles and that exercise-induced
HSP70 production can take place in blood cells,” liver, heart, and skeletal
muscle.'”" Tt has been shown that mitochondrial HSPs, including HSP60
and GRP75, can also be induced in skeletal muscles by exercise, and that the
expression of 1nd1v1dual mitochondrial HSPs is independently regulated
and uncoordinated."* Furthermore, HSPs may be influenced by several hor-
mones like estrogen and cytokines like TNF-0, and may themselves act as
cytokines.

All these functions of HSPs make them relevant and important for the
organismic adaptation to acute and chronic stress during training. This
review deals with the physiological role of HSPs in the acute exercise and
training response in humans.

II. Induction of heat shock proteins
in physical exercise

The induction of the HSPs in the muscle during exercise is closely related
to contractile activity, the induction of myogemc regulatory factors, and to
myofibrillar protein synthesis and degradation.”™ Several classic factors
speculated to result in the stress response are temperature variation, contraction-
related stress, energy metabolism, hormones and cytokines, and perfusion-
related stress.

A.  Temperature

It is known that changes in body temperature, which occur during physical
exercise, can lead to an HSP response. The ability of stress proteins to confer
thermotolerance in both cultured cells and in animals is well-documented,”*!
and exercise-induced hyperthermia is an important inducer for HSPs.” The
level of HSPs in HSP-expressing cells may reflect previous hyperthermia- and
exercise-related stress. It has been shown that the HSP response on leukocytes
was enhanced by additional thermal stress and an augmented HSP mRNA
response after a previous hyperthermic exercise has been indicated.” How-
ever, it has also been shown that there is a temperature-independent effect
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of exercise on accummulation of HSP- 70 inrat liver and that the temperature
effect seems to attenuate with aging.” Also, the production of other HSPs
such as small HSPs during contractile activity can be temperature indepen-
dent."

In humans, higher increases in inducible HSP70 in skin fibroblasts of
heat-adapated Turks, compared to Russians living in a moderate climate,
has been reported, and the increase was related to mamtenance of a normal
rate of protein synthesis under elevated temperatures.”*

B. Contraction-related stress

Calcium- and stretch-mediated transcriptional pathways during exercise
result in increased protein synthesis and degradation due to the exercise-
induced transition of protein isoforms like myosm heavy chains and may
therefore change the free to bound HSP ratio.”” Free calcium levels also
increase the effects of protein kinase C-dependent pathways on HSP accu-
mulation.”® HSF act1vat10n has been demonstrated in exercising heart muscle'’
and skeletal muscle,” and it may be speculated that this is the dominant
pathway for HSP regulation during low to moderate metabolic activity such
as endurance training.

The maintenance of structural proteins may be another important mech-
anism for HSP-mediated stress tolerance, both for intracellular and membra-
nous microfilaments. HSP27, a protein from the small HSP class homologous
with aB-crystallin, prevents actin microfilament dlsruptlon under stress.”*”
oB-Crystallin and HSP27 are associated with microfilaments,” and oB-crystallin
is localized to the Z-lines of slow muscle fibers, increases with contractile
activity, and decreases with inactivity.'*”' Overexpressmn of aB-crystallin
and HSP27 protects cardiomyocytes from ischemic stress.’

C. Energy metabolism

Exercise leads to disturbances in cellular oxidative metabolism and to ATP
and glycogen depletion. Furthermore, intense exercise is associated with
lactate accumulation and acidosis, which cause severe disturbances in cellular
homeostasis.

In myogenic cultered cells, ATP depletion to 30% of control levels is
sufficient for transcriptional activation of HSP, whereas a decrease of STP to
approxnnately 50% of control levels did not provoke an increase in HSE
activation.” In these experiments, a reduced pH (6.7), in the face of maintained
ATP levels, did not activate HSE” Therefore, ATP depletion, independent
of acidosis, may be an important metabolic pathway for HSF activation
during exercise. When ATP content is reduced to a critical level, HSPs remain
complexed to unfolded proteins and cannot be recycled. As a consequence,
the pool of free HSP decreases, HSF forms trimers and HSP gene activation
occurs.”** Similiar regulation mechanisms have also been demonstrated
for the small HSPs."
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In the whole organism, the metabolic effects of ATP and glycogen deple-
tion, acidosis, and lactate accumulation cannot be clearly distinguished.
However, studies discussed later clearly point to an intensity-related effect
of HSP induction.

Prolonged exercise, like a marathon, leads to induction of oxidative free
radicals and an increase in DNA damage and small antioxidative HSPs like
HO-1, HSP27, and in HSP70 expression on circulating leukocytes * The res-
ponse is attenuated with training, indicating some kind of stress adapation;
however, the relevance of this effect for other organs is still under discussion.
Recently, it has been demonstrated that prolonged, nondamaging exercise
raised the antioxidant enzyme superoxide dismutase (SOD) and HSP60 and
70 in human skeletal muscle and that superoxide dismutase and HSP60
peaked on the second and third day after the exercise, and that HSP70 peaked
only at the sixth day of the recovery.”” Modulation of the oxidative stress
by tocopherol supplementation in humans did not affect HO-1 expression
in leukocytes before or after exercise,” and vitamin E deprlvatlon in rats
led to lower HSP70 expression in rat muscle after training.”” Therefore,
it seems likely that the oxidative stress of training and exercise has some
effect on HSP expression but is not sufficient to induce HSP70 protein to a
great extent.

D. Metabolic and stress-related messengers

To date, the most relevant effect of hormones on the HSP70 response is that
for estradiol. Female rats have significantly lower post-exercise HSP levels
than males and, in acutely exerc1sed male rats, estrogen supplementation
attenuates the HSP70 response.” It has also been demonstrated that the
expression of the constitutive form of HSC70 (HSP73) is gender dependent.”
In the latter study, HSP70 was expressed in a gender-independent manner,
but the anabolic steroid nadronolonedecanoate, which is an estrene deriva-
tive, 1ncreased HSP70 in fast twitch fibers coupled with the anabolic effect
of the steroid.” HSP90 is involved in the steroid receptor expression and Ah
receptor signaling pathways, which may involve regulation of the estrogen
and cortisol effects,"”* important for the training response. Furthermore,
HSP90 is involved i in the receptor /mitogen-activated protem kinase (MAPK)
signaling pathway"” and in the endothelial NO synthase,” mechanisms that
may be relevant for the acute exercise response and training adaptation.
Unfortunately, at present, there are no studies of this type using human subjects.
In cell culture, it has been demonstrated that several isoforms of the
HSP27 family are induced by inflammatory ctyokines such as TNF-o..* T
has also been demonstrated that the increase in TNF-o. and IL 8 parallels the
changes in several HSPs expressed on circulating leukocytes.* The possibil-
ity that HSPs may themselves act as cytokines in the exercise response is
raised by the provocative finding that exogeneous HSP70 stimulated TNF-o,
IL-1B, and IL-8 in human monocytes and that both CD14-dependent and
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calcium-dependent pathways were activated by HSP70, the former resulting
in an increase in TNF-o., IL-6, and IL-8, the latter in TNF-c. only."

E. Perfusion and oxygen delivery

The peripheral skeletal muscles may be subjected to an exercise- or contraction-
related hypoperfusion. The muscle contraction itself leads to pulsatile com-
pression of arteries and arterial inflow. This effect and limited perfusion
capacity in case of high demand whole-body exercise, when muscle blood
flow demand exceeds cardiac output, will lead to hypoperfusion, even in
healthy subjects. These effects are aggravated in patients when blood flow
is critically restricted by local stenosis or by general hypoperfusion related
to low cardiac output or shock, and may lead to local ischemia. Ischemia,
hypoperfusion, and hypoxia, which cause ATP depletion, thereby resulting
in HSF-activation as described above."'***

II1. The response of heat shock proteins
in physical exercise

Considering that the factors inducing heat shock proteins during physical
exercise are quite numerous and varied, one would not be very surprised
by the results derived from different studies, indicating various responses
of heat shock proteins to different types of exercise. The exercise-induced
HSP responses may be determined by exercise duration, intensity, and pat-
tern, with differences among species, organs, tissues, and cells in terms of the
HSP response.

A. Acute exercise response

Hammond et al.” were the first to attempt to demonstrate that the HSP
response could be induced by exercise. Thereafter, several studies demon-
strate;dw that the HSP response occurred at both the mRNA and protein
level.

The HSP response to a short bout of exercise is well-documented.' It has
been shown that the physiological changes accompanying treadrmll running
can lead to HSP induction in different tissues.*'*"”** Salo et al."’ investigated
the HSP response by running rats to exhaustion and found 81gn1f1cant
increase of various HSPs immediately after exercise. Skidmore et al.* dem-
onstrated in rats that HSP70 increased in the soleus, gastrocnemius, and the
left ventricle, but not in extensor digitorum longus 30 minutes after a 60-minute
bout of exercise, and that the accumulation of HSP70 could be independent
of body temperature.

In contrast, fewer studies have investigated the HSP response in humans,
although there is increasing interest in such studies. Ryan et al.” observed that
leukocytes which had undergone prior exercise stress, showed a decreased
synthesis of HSP72 upon thermal stress. HSP70 (HSP72) is the major inducible
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Figure 11.1  Increase in HSP70 mRNA (upper panel) but no change in HSP70 protein
(lower panel) in vastus medialis of after a 30-minute run. Mean values and SE.
(Adapted from Puntschart, A. et al., Acta Physiol. Scand., 157, 411, 1996.)

isoform of the HSP70 family, and several studies have reported that HSP70
can be induced by exercise in a variety of tissues. Fehrenbach et al.” have
recently reported that in leukocytes, HSP27 and HSP70 transcripts and pro-
tein increased immediately after acute exertion and remained elevated 24
hours after exercise.

Puntschart et al.” reported an HSP70 response to acute exercise in human
skeletal muscle, as evidenced by an increase in HSP70 mRNA (Figure 11.1).
However, they could not demonstrate a significant increase in HSP70 up to
3 hours after exercise (Figure 11.1). Therefore, it remained unclear whether
HSP70 in human skeletal muscle could be induced by exercise at all until
Liu et al. (1999) reported an HSP70 response in well-trained rowers during
a 4-week training period (Figure 11.2). There are several recent studies report-
ing that HSPs increased in response to acute exercise in humans."”* In a
study by Thompson et al., eight volunteers (four males and four females,
respectively) performed an eccentric exercise with two sets of 25 repetitions
and muscle biopsy samples were taken from the exercised biceps brachii
48 hours post-exercise, and the nonexercised biceps served as control. In this
study, a dramatic increase of HSC/HSP70 could be shown 48 hours after
exercise." The investigators also examined the HSP27 changes in this study,
and a clear augmentation of HSP27 over the study period was evident,
although the extent of the increase was not as great as that of HSC/HSP70.
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Figure 11.2 HSP70 changes during 4 weeks of training in rowers. (A): compared
with before training, HSP70 increased after training began (P = 0.01), reached max-
imum levels in the third phase, and decreased in the fourth phase. Values are means
+SE. (B): differences (A) between two consecutive biopsies, serving as an indirect
indicator of HSP70 production, show that maximum HSP70 increase happened at
the end of the second training week. Indicated are the training phases: RT: resistance
training, INT: intensive training, TAP: tapering, JWC: world championships. (Mod-
ified from Liu, Y. et al., . Appl. Physiol., 86, 101, 1999. With permission.)

Simultaneously, Khassaf et al.” reported significant increases in HSP60 and
HSP70 after nondamaging one-legged exercise. They observed that HSP60
showed an increase on the second day and peaked on the third day of
recovery from exercise, while HSP70 did not peak until the sixth day. The
response of HSP60 and HSP70 was also different with regard to their extent
of increase.

The above studies suggest that in human skeletal muscle, the HSP
response to acute exercise may be different from that found in other animals in
which the tissue-specific response to stress™ > and exercise'” is well-documented.
In humans, the HSP response to exercise may also differ with different
tissues. Fehrenbach et al.” reported that HSP70 expression increased in leuko-
cytes immediately after acute exercise and remained elevated for 3 hours,
whereas Puntschart’ did not get an augmented HSP70 level in skeletal muscle
although HSP70 mRNA increased significantly. Interestingly, HSP response may
be influenced by estrogen™ and, therefore, the HSP response to acute exercise
might be different between males and females.

The variety of HSP response to acute exercise might be, at least partly,
a result of the different time course or kinetics of the HSP response. In the
study of Puntschart et al.,” the observation that HSP70 mRNA but not HSP70
protein increased within 3 hours after exercise could indicate that a single
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bout of exercise is not strong enough to induce HSP70 in skeletal muscle, or
that the period studied post-exercise was too short given the unknown
kinetics of the HSP70 response. We have therefore conducted a study to
investigate whether there is an HSP70 response in human skeletal muscle
to exercise at all. For the first time, we were able to demonstrate that HSP70
increased in human skeletal muscle during physical exercise after 7 days.
Thereafter, several studies have reported that a single bout of exercise can
induce a HSP70 response in human skeletal muscle."” This suggests that
the results of Puntschart et al.” may be best explained by the time course of
HSP response. Indeed, Khassaf et al.”” showed that in response to a non-
damaging submaximal exercise, HSP70 1ncreased significantly on day 2 after
exercise and peaked on day 6. Thompson et al."" demonstrated a significant
HSP response in human skeletal muscle 2 days afer exercise. In comparison
with animal studies, HSP response or accumulation in human skeletal mus-
cle seems to occur with a somewhat greater time delay. As yet, there is no
study reporting HSP induction at the protein level in human skeletal muscle
within hours of acute exercise.

Finally, there is a discrepancy between HSP mRNA and protein in terms
of the acute exercise response. HSP mRNA usually increases immediately
after exercise and remains elevated for a few hours after exercise, whereas
an increase of HSP protein has been only observed days after exercise, and
the change of HSP mRINA content seems to be more dramatic than that of
HSP protein. This is not very surprising because transcription occurs prior
to translation. The physiological significance of this discrepancy, due to a
time delay of translation, is not clear but it points to a translational control
mechanism. Considering that HSPs play a charperone role in maintaining
cellular homeostasis, it seems likely—at least for HSP70—that the HSP
response to facilitate new protein synthesis, which would happen somewhat
later, is more relevant than the involvement in the degradation of denatured
proteins being related to the acute phase-response of exercise. Consequently,
the HSP response to acute exercise may have a physiological role in skeletal
muscle fiber transition, which is worth investigating further.

B.  Heat shock protein response to training

Exercise training can induce a variety of physiological changes, and these
changes include the HSP induction factors stated above. Because physical
training itself is very complex, varying in duration, volume, intensity, and
exercise pattern, the HSP response to physical training exhibits a great vari-
ety. Considering the time course of HSP response, it is neither easy nor simple
to exactly characterize HSP response to physical training. Until now, little
was known regarding HSP response during and after prolonged training.
Samelman® reported an increase in basal protein levels of HSP72/73 and
HSP60 in left and right ventricles and soleus, which remalned unchanged
in lateral gastrocnemius after endurance training. Powers et al.”* trained rats
for 10 weeks and found that the improvement in the myocardial responses
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to ischemia-reperfusion was accompanied by a significant increase in HSP72.
Furthermore, small HSPs are up-regulated with chronic contractile activity.™**

The responses of HSP to training have been relatively less studied in
humans. Fehrenbach et al.*” investigated HSP response in peripheral leuko-
cytes to training and found that in comparison with the untrained subjects,
basal HSP level was lower and HSP response to exercise was higher in the
endurance-trained subjects, suggesting an adaptation of HSP response to
training and the influence of physical training status on the HSP response.
Skeletal muscle HSP response to exercise may be of physiological and patho-
physiological significance.'® It is well-accepted that skeletal muscle HSP can
be induced by exercise in animals; however, studies trying to find an HSP
response to exercise in human skeletal muscle failed to demonstrate any
induction’ (Figure 11.1). We have conducted the first study able to demon-
strate an increase of HSP70 in human skeletal muscle.® In this study, we
examined ten well-trained rowers who performed a four-week training in
preparation for the world championship for rowing. The training program
was composed of different phases with different exercise amounts; and at
the end of each training phase (1 week each phase), a muscle biopsy was
obtained from m. vastus lateralis on the dominant side. HSP70 (inducible
form) was quantitatively determined by Western blot with reference to a
series of known HSP70 standards. The results showed that HSP70 increased
significantly during the entire training period, and HSP70 level changed with
different training phases (Figure 11.2). It has been shown that with an
increased amount of exercise, net HSP70 production (between two consec-
utive biopsies) increased, and vice versa. However, in this study it could not
be determined whether the relation between exercise amount and HSP
response was more dependent upon exercise intensity or exerc1se Volume
Therefore, another study was conducted to deal with this issue.” In this
study, two groups of athletes underwent different training programs in terms
of exercise volume and intensity, and the training program was divided into
three phases. In one group, subjects performed higher intensity training in
the first phase, with the other group performing such training in the second
phase. The exercise volume was increased for both groups in the second
phase. The results showed that HSP70 increased significantly when exercise
volume and intensity increased; however, the HSP70 level decreased signif-
icantly when exercise volume increased but intensity decreased (Figure 11.3).
Therefore, it can be concluded that HSP70 response in human skeletal muscle
to training is most dependent on exercise intensity. Since in this study, in
addition to the differences regarding exercise volume and intensity, different
exercise forms (e.g., high-intensity training and endurance training at lower
intensity), were employed, the question yet to be answered is whether dif-
ferent exercise forms have different impacts in terms of HSP70 response in
human skeletal muscle to training. To address this issue, a further study has
been conducted in which six well-trained rowers underwent a training pro-
gram divided into two phases, followed by one week of regeneration each.
The first training phase was mainly high-intensity training with a blood
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Figure 11.3 HSP70 response to training in vastus medialis of rowers (means). Group
A, open bars; group B, hatched bars. Both groups had an identical training volume
but differed in exercise intensity in phases 1 and 2. In group A, training intensity
was higher in phase 1; in group B, in phase II. Upper panel: Muscle HSP70 content
increased in both groups in training phases 1 and 2 (p < 0.05) and then decreased in
phase 3. There was no significant HSP70 difference before training and after phase 3
in either group. Lower panel: AHSP70 represents the difference in muscular HSP
content between two successive biopsies. The increase of HSP70 in group A in
phase 1 was higher than in group B (p < 0.05), while AHSP70 in phase 2 was higher
in group B than in group A (p < 0.05), thereby suggesting the importance of exercise
intensity in HSP70 synthesis. (Modified from Liu, Y. et al., Int. ]. Sports Med., 21, 351,
2000. With permission.)

lactate concentration above 6 mM, and the second phase was mainly endur-
ance training at a lower intensity (blood lactate concentration between 2 and
4 M). The exercise volumes of both training phases were matched through
low-intensity training and nonspecific training such as gymnastics. The muscle
samples were collected from m. vastus lateralis before and at the end of each
training phase and regeneration break to determine HSP70 content and
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HSP70 mRNA level. The results showed that HSP70 increased significantly
after the high-intensity training and decreased during the regeneration period;
there was no significant change of HSP70 level over the period of endur-
ance training. HSP70 mRNA showed a significant increase after high-intensity
training and decreased gradually thereafter (unpublished data). It was con-
cluded that there are different HSP70 responses to training in human skeletal
muscle in terms of high- or low-intensity training, and that differences in
the time courses between HSP70 protein and HSP70 mRNA existed, sug-
gesting a potential role of posttranscriptional regulation in the HSP70
response.

Until now there were no data illustrating the relationship between HSP
response and performance, nor any data on the biochemical role of HSP in
training. It is generally accepted that HSP plays an important role in energy
metabolism and cellular repair, which could certainly have important impacts
on training as well as physical performance. Training can result in a variety
of physiological changes in the skeletal muscle, including muscle fiber tran-
sition. There are studies reporting that HSP response is specifically related
to muscle fiber types; for example, that HSP70 and small HSPs are indicative
of oxidative fibers.*'*"' Further study to deal with such issues, especially in
human skeletal muscle, would be useful.

C. Exercise-induced hypoperfusion/ischemia and the heat
shock protein response

Ischemia can cause a series of cellular changes, including increased intrac-
ellular calcium, altered osmotic control, membrane damage, free radical pro-
duction, decreased intracellular pH, depressed ATP levels, oxygen depletion,
and decreased intracellular glucose levels.” All these changes have been
reported to be able to induce the cellular HSP response.”

There are a lot of studies reporting that ischemia can induce HSPs in a
variety of tissues, such as myocardium,w_59 liver,” kidney,61’62 and skeletal
muscle.'”** Investigating the HSP response to ischemia-reperfusion, in
skeletal muscle, may be of physiological as well as pathophysiological signif-
icance for applied physiology because ischemia-reperfusion during exercise/
training may occur. In the contraction phase, muscle may be subjected to
ischemia and in the relaxation phase the muscle will be reperfused; therefore,
ischemia-reperfusion may have an impact on muscle function. Unfortu-
nately, to date, there has been no report on the HSP response of human
skeletal muscle to this phenomenon. Recently, we investigated HSP70
expression in the skeletal muscle of patients with peripheral arterial occlu-
sive disease (PAOD) and found that muscle HSP70 increased significantly
in these patients in comparison with that of age-matched non-PAOD con-
trols. Moreover, HSP70 expression differed with the severity of the disease,
implying that HSP70 expression is related to the degree of ischemia (unpub-
lished data). HSP70 mRNA showed similar results, indicating the role of
HSP70 gene regulation in the ischemic response.
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IV. Physiological significance of heat shock
proteins in physical exercise

As so-called “molecular charperones,” HSPs have been found to be involved
in a variety of cellular processes that maintain cellular homeostasis with
regard to biochemical metabolism, cellular repair, and defense against stress
(for a detailed review, see Reference 5¢). Hence, HSPs are undoubtedly
important in the response to physical exercise and training.

A. Heat shock proteins and exercise-related
stress and adaptation

Because HSP can be induced by physical exercise, presumably the HSP
response may serve as an indicator for exercise-related stress. Exercise can
impact muscle morphology (e.g., inducing muscle hypertrophy) and inacti-
vation or detraining may cause muscle atrophy. There are reports that HSPs
play a role in the process of muscle atrophy,**” and HSP70 increased under
microgravity, which can lead to muscle atrophy Aging is another condition
issue leading to muscle atrophy. Maiello” reported an increase of basal HSP70
in rat kidneys with age. However, HSP70 accumulation in tissues of heat-
stressed rats seems to be blunted with advancing age,””"”! and the blunted
heat shock protein response to heating observed with aging is probably not
a result of the inability to produce inducible HSP72 because older rats
revealed a robust response to exertional hyperthermla These findings are
inconclusive, however, as Locke et al.”” recently demonstrated a normal
response of HSF and HSP in skeletal muscle in aged rats in response to heat
stress.

Muscle hypertrophy is an important physiological change in terms of
muscle adaptation induced by exercise. An increase of HSP72 has been found
in the hypertrophied muscle (laboratory model of hypertrophy; for example,
compensatory hypertrophy and stretch hypertrophy), but interestingly, such an
alteration of HSP72 was not found in the naturally work-induced hypertrophy.”
Because the postmitotic skeletal muscle has lost its ability to undergo DNA
replication, hypertrophy in such muscle means an increase in cell size without
cell division. A possible mechanism by which these terminally differentiated
cells hypertrophy may involve the induction of cellular protooncogenes and
HSP genes, and then a reinduction of the genes normally expressed only in
perinatal life, such as fetal isoforms of contractile proteins.”

Because studies show that HSP70 can be induced in human skeletal
muscle by physical exercise and training and that the HSP70 response is
related to exercise intensity, HSPs can provide information about the cellular
changes induced by exercise and therefore might serve as an indicator for the
exercise intensity in training, which might be of great interest to monitor
training and overtraining. Overtraining is defined as an imbalance between
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training load and regeneratlon 77 and the resulting processes may theoret-
ically lead to an HSP response,” although there are no reports on this subject.

The HSP response to exercise may also protect the cell against stress so
that cellular functions can be preserved. Therefore, it would be reasonable
that there might be a relationship between the HSP response and physical
performance although this relationship is complex. Skeletal muscles of trans-
genic mice with up-regulated HSP70 displayed no change in fatigue resistance,
but did show an increased sensitivity to caffeine’”” Further studies using such
models would be of interest.

Physical exercise and training can cause cellular damage and, as in
other models, can induce HSP response. Thus there may be a relationship
between muscle damage and HSP induction.”'® We have observed at the
beginning of resistance training an exercise-induced muscle damage indi-
cated by elevated serum creatine kinase (CK) levels; during training, HSP70
in the skeletal muscle increased, and comcomittent with the increase of
muscle HSP70 serum, CK decreased gradually.’ It seems that muscle damage-
induced HSP70 response can reduce the CK level by exerting its cellular
protective role. However, there are very few data regarding this relationship
between muscle damage and the HSP response and further study is
required.

One of the important mechanisms of muscle adaptations to exercise and
training is muscle fiber type transition.”””” Different muscle fiber types differ
in functional and biochemical properties; type I fibers, for example, are rich
in mitochondria. HSP60 is thought to be localized in mitochondria and,
therefore, the transmon from fiber type II to type I can be accompanied by
HSP60 increase'* as well as increases in other mitochondrial HSPs such as
GRP75." Tt has been reported that oB- crystalhn one of the small HSPs, is
expressed in tissue with hlgh ox1dat1ve capacity'® and it responds to muscle
fiber type transition from Il to 1> There is also evidence that HSP72 expressmn4 o
is related to type I muscle fibers. In contrast, Sakuma et al.” reported that
in a model of muscular dystrophy in the dy mouse, aB-crystallin and
HSP27 were induced in the fast-twitch muscle fibers and diminished in the
slow-twitch fibers. This result may be attributed to the particular disease
pattern.

Because of the well-known chaperone role of HSP in facilitating protein
synthesis, HSP can play an important role in the process of muscle fiber type
transition and it may be possible that the above-mentioned studies describe
only the protein synthesis-dependent response in particular fibers, but not
a fiber-specific response. Furthermore, skeletal muscle fiber type transition
is a complex process that involves intra- f1ber protein degradation and syn-
thesis, and controlled apoptic fiber decay.”” HSPs are involved in the control
of apopt051s8 * and cells expressing high levels of HSP70 are less sensitive
to inducers of apoptosis.”*® However, although HSPs may be related to and
play a role in muscle fiber transition, there are no data suggesting that muscle
fiber transition can be indicated by the HSP response.
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B.  Heat shock proteins as cytokines/messenger signals

Although HSPs may play an important role in the regulation of hormone
receptor activity,”** whether hormones affect the regulation of HSP expres-
sion during exercise and training is not clear. Genetic studies have demon-
strated that binding of steroid receptors and some protein kinases to HSP90
is critical for their signal transducing function in vivo. These heterocomplexes
are formed by a multiprotein chaperone machinery consisting of at least four
ubiquitous proteins—HSP90, HSP70, p60, and p23.87 Furthermore, HSP90
has been linked to activation of endothelial nitric oxide.” At present, a
significant hormonal effect of exercise on HSP induction has only been
described for estrogen. Estrogen treatment resulted in a two- to fourfold
reduction in post-exercise HSP72 content in the heart, liver, lung, and red
and white vastus muscles of estradiol-treated males compared with their
vehicle-injected counterparts. Compared to the males, the females had sig-
nificantly lower post-exercise HSP72 levels, which were not affected by
estradiol supplementation.’® We have recently observed the changes of hor-
mones in blood plasma and the HSP70 expression in human skeletal muscle
undergoing prolonged training, and no significant relation was found
between HSP70 and the levels of stress hormones such as cortisol, leptin,
insulin, and thyroid (unpublished data). These results suggest that the reg-
ulation of HSP70 expression in skeletal muscle is not closely linked to exercise-
induced changes in plasma hormone levels.

Cytokines play an important role in the exercise-induced immune reac-
tion and exercise-related metabolic and cellular signal transduction, and are
capable of increasing HSP snythesis."® As mentioned, during intense exercise,
levels of inflammatory cytokines (e.g., TNF-o, IL-1, and IL-8) parallel the
increases in circulating leukocgtes that express HSP70, ubiquitin, and other
small HSPs on their surface.”® With training adaptation, circulating cytok-
ines and numbers of HSP-expressing leucocytes decrease® and there is an
increase in muscule HSPs.*"® However, no clear cause-effect relationships
can be drawn from these experiments.

The possibility that HSP may act itself as a cytokine in the exercise
response is intriguing, with the provocative finding that exogeneous HSP70
stimulates TNF-o., IL-1f, and IL-8 in human monocytes and that both CD14-
dependent and calcium-dependent pathways can be activated by HSP70."
Furthermore, HSPs may control cytokine expression, as after heat condition-
ing and concomittant HSP accumulation in the liver, TNF-o.-levels decrease.”
The induction of HSP70 in tumor cells induces cytokine expression (interferon-
gamma, TNF-o, IL-12) and HSP70 expression targets immature antigen-
presenting cells, thereby enabling them to take up antigens.””® A similar
mechanism is proposed for viral antigens, whereby HSPs may act as “danger
signals” in the immune conversation®*” such that the increased level of HSPs
in skeletal muscle and other organs after training may be related to the
immune response to training. Furthermore, the presence of soluble HSP70
and of circulating anti-HSP70 antibodies in the peripheral circulation of
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normal individuals, as well as a decrease in HSP60 and HSP70 with increas-
ing age has been demonstrated.””” The same group was also able to dem-
onstrate increased levels of circulating HSP70 in vascular disease,” which
would support the proposition that soluble heat shock proteins may play a
regulatory role in the pathophysiological processes involving inadvertent
1mmunorecogn1t10n

Moseley* and Todryk et al.” recently reviewed the immune functions
of HSPs and concluded that HSPs are involved in antigen presentation by
antigen-presenting cells (APCs), in the targeting of natural killer cells, and
modulation of the immune response. Exercise and training impose on the
organism a high load of degraded proteins and cell fragments. Their sub-
sequent actlvatlon of HSPs may then induce some unwanted autoimmune
responses; " however, we must await data regarding these potential rela-
tionships between immunological responses and related HSP functions in
exercise and training.

V. Perspectives

The physiological meaning of the stress protein response for physical exer-
cise is at this time far from understood. There is a clear indication that stress
proteins can be used as molecular markers of cellular stress, have important
functions in the muscular repair process, and may act as cytokines and mes-
senger signals. Further information and studies about the role of HSPs for (1)
metabolism and muscle contraction; (2) fiber transformation, protein degra-
dation, and protein synthesis; (3) hormone and cytokine receptor regulation
and receptor-dependent signaling pathways; (4) the immunoresponse to
exercise and training, the effects on pathophysiology of diseases like malig-
nant tumors and the possible role in exercise-related disorders and autoimmune
responses; and (5) the possible role of HSPs as cytokines are still required.
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