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Abstract

Background: Aging can be thought of as the collision be-
tween destructive processes that act on cells and organs
over the lifetime and the responses that promote homeosta-
sis, vitality and longevity. However, the precise mechanisms
that determine the rates of aging in organisms are not
known. Objective: Macromolecules such as proteins are
continuously exposed to potential damaging agents that
can cause loss of molecular function and depletion of cell
populations over the lifetime of essential organs. One of the
key homeostatic responses involved in maintaining longev-
ity isthe induction of heat shock proteins (HSPs), a conserved
reaction to damaged intracellular proteins. We aim to dis-
cuss how the interplay between protein damage and its re-
pair or removal from the cell may influence longevity and
aging. Methods: We have reviewed experiments carried out
in mammalian and non-mammalian organisms on molecu-
lar chaperones and the transcription factor (heat shock fac-
tor 1, HSF1) responsible for their expression. We have dis-
cussed mechanisms through which these molecules are
regulated in cells, respond to stimuli that enhance longevity
and become impaired during aging. Results: The transcrip-

tion factor HSF1 initiates the prolific induction of HSP when
cells are exposed to protein damage. HSPs are molecular
chaperones that protect the proteome by folding denatured
polypeptides and promoting the degradation of severely
damaged proteins. Activation of HSF1 is coupled function-
ally to fundamental pathways of longevity and orchestrates
the evasion of aging through HSP induction and antagonism
of protein aggregation. In addition to mediating protein
quality control, some HSPs such as Hsp27 and Hsp70 directly
protect cells against damage-induced entry into death path-
ways. However, the heat shock response declines in potency
over the lifetime, and enfeeblement of the response contrib-
utes to aging by permitting the emergence of protein ag-
gregation diseases, reductionin cellular vigor and decreased
longevity. Conclusions: Molecular chaperones play an im-
portant role in the deterrence of protein damage during ag-
ing and their expression is required for longevity. Chemical
stimulation of HSP synthesis might therefore be a significant
strategy in future design of antiaging pharmaceuticals.
Copyright © 2009 S. Karger AG, Basel

Introduction: Molecular Mechanisms of Aging

Aging is a complex process in which organisms un-
dergo general or specific degeneration and death of cell
populations within vital organs. It is not clear to what de-
gree this decline is the result of inbuilt ‘aging programs’,
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to the wear and tear of day-to-day life or both processes.
Genetic studies in model organisms show that two sig-
naling pathways in particular significantly impact lon-
gevity. These include (1) activation of the Sir2 pathway
and (2) a decline in signaling through the insulin/IGF-
1/mTOR pathway [1]. Sir2 isan NAD*-dependent histone
deacetylase that catalyzes a key signaling pathway in cells
involving the cleavage of acetyl groups from lysine resi-
dues in multiple substrates and its overexpression or in-
duction in starvation leads to increased lifespan in the
worm Caenorhabditis elegans and the fruit fly Drosophi-
la melanogaster [1].

Aging and tissue degeneration involve the accumula-
tion of damage to cellular macromolecules in non-divid-
ing adult cells. Chemical damage due to oxidative stress,
glycation and the addition of sugar residues has the ca-
pacity to modify both DNA and proteins, although the
exact intracellular lesions that lead to loss of vigor and
decreased lifespan are still undefined. It has been pro-
posed recently that increased protein damage during ag-
ing may be exacerbated by a declining heat shock re-
sponse, reduced levels of heat shock proteins (HSPs), and
the resultant loss of protein quality control. These inter-
actions will form the subject of this review.

The Heat Shock Response

Almost all prokaryotic and eukaryotic species ex-
posed to elevated temperatures undergo production of a
cohort of proteins in relatively massive amounts [2].
These proteins became known as HSPs and were shown
to playaremarkably conserved rolein homeostasisamong
all species [2]. The elevation in HSP levels during the heat
shock response was shown to inhibit stress-mediated cell
killing and recent experiments indicate a highly versatile
role for these proteins as inhibitors of programmed cell
death [3]. Intensive investigations then led to the elucida-
tion of molecular functions of HSPs as molecular chap-
erones, proteins that cater to the tertiary structures of
other proteins, known as their ‘clients’ [4].

Protein Dysfunction and Aging

Recent studies indicate that the heat shock response
declines in aging cells and becomes enfeebled as organ-
isms live beyond the mature adult stage. Age-dependent
waning of the heat shock response is a general effect
found in neuronal tissues [5-7], skeletal and cardiac mus-
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cle [8] and liver [9]. Cells lose the capacity to activate the
transcriptional pathways leading to HSP synthesis. In
neuronal tissues, decline in protein quality control was
widely predicted, as the etiology of a number of diseases
involve aggregation-prone proteins that form inclusion
bodies whose occurrence is linked to pathology. These
diseases include the most frequent neurodegenerative
disorder, Alzheimer’s disease, an ailment whose patho-
logical symptoms are linked to accumulation of at least
two types of inclusion formed from aggregation of the
amyloid-3 peptide and the cytoskeletal protein tau [6]. In
addition, Parkinson’s disease is characterized by patho-
logical inclusions containing another protein, a-synucle-
in [6]. Further examples include the polyglutamine ex-
pansion diseases such as Huntington’s disease and spino-
bulbar muscular atrophy in which proteins associated
with disease pathology such as, respectively, huntingtin
and androgen receptor contain areas of polyglutamine
expansion. Polyglutamine repeat sequences promote a
tendency toaggregation that correlates with repeatlength.
Pathology in each of these neuronal diseases involves loss
of neurotransmission and cell death [7]. The striking
characteristic in each of these disorders is that, although
cells contain significant levels of aggregation-prone pro-
teins, disease does not become established immediately
but is instead observed as the mature individual ages [5].
This suggests the hypothesis that aging in the central ner-
vous system and other tissues may involve time-depen-
dent loss of protein quality control, a deficit that is per-
missive for aggregation and inclusion body formation.
Such a decline would permit diseases linked to proteins
such as amyloid- (3, a-synuclein and huntingtin, with lit-
tle common physiological function except aggregation
susceptibility, to induce neuronal cell killing by related
mechanisms [6]. It is not clear why the central nervous
system may be especially prone to protein aggregation/
inclusion body disorders, although the heat shock re-
sponse seems to be particularly weakly expressed in these
cells (discussed below).

Age-dependent decline in the heat shock response is
also observed in muscle tissues. In these tissues, vigorous
contraction leads to induction of HSP that is cytoprotec-
tive in nature [8]. These effects are severely blunted in the
muscles of older animals and aging humans, suggesting
that decline in muscle mass and force generation may be
related to loss of HSP expression. Indeed chronic Hsp70
overexpression in transgenic mice partially reversed
some of these effects [8]. The heat shock response is also
known to protect cells against the toxic effects of alco-
hols, heavy metals, xenobiotics and oxidants [2]. This ho-
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Table 1. Mediators of protein quality

control in the cytoplasm Protein Function Associated proteins Ref.

HSP27 Molecular None 2,25,26
chaperone

HSP60 Chaperonin HSP10 2,4

HSP70 Molecular HSP40, GrpE, BAG 2,4,11
chaperone HSPBP1, Hip, CHIP, Hop

HSC70 Molecular HSPBP1, Hip, Hop 2,11,17
chaperone

HSP90 Molecular p23, HOP 2,14,20
chaperone FKBP51, FKBP52

Cyp40, Cdc37, p97

HDAC6 HDAC (Hsp90, p97) 19, 20

SIRT1 HDAC (HSF1, tubulin) 1,21

LAMP2A Membrane (Hsc70) 17
receptor

HSF1 Transcription hsp90, p23, FKBP 30, 33, 34
factor HDACS, p97

Co-chaperones facilitate individual reactions between primary chaperones and un-
folded clients. The co-chaperones HSP40, p23, FKBP51, 52, Cyp40 and Cdc37 facilitate
interaction of Hsp90 with its clients. Other co-chaperones, including GrpE, BAG-1 and
HSPBPI, function as nucleotide exchange factors that permit efficient ATP binding and
hydrolysis by Hsp70. A third class of co-chaperones permits the molecular chaperones
to interact with other proteins: Hop bridges the Hsp70 and Hsp90 systems and CHIP
links Hsp70 to the ubiquitin-proteasome system. P97/VCPisan AAA ATPase discovered
as an HDACS6 binding protein that is found associated with HSF1 and Hsp90.

meostatic ability of HSP induction may be particularly
significant in liver function. Indeed a decline in the heat
shock response in aged livers has been a general finding
and is associated with reduced abilities to respond to he-
patic toxins such as carbon tetrachloride [9].

Heat Shock Proteins and Protein Folding

The HSP family includes the HSP10, HSP27, HSP40,
HSP60, HSP70, HSP90, and HSP110 genes that encode
molecular chaperones (table 1) [2, 10]. HSP10 and Hsp60
are classified as chaperonins, proteins that oligomerize to
form large structures that can engulf their clients and
function as folding chambers [10]. Molecular chaperones
Hsp70 and Hsp90 bind to unfolded sequences in poly-
peptide substrates free in the cytoplasm, showing prefer-
ence for hydrophobic regions [11]. These chaperones form
large complexes containing accessory proteins (co-chap-
erones) that bind the primary chaperone in order to me-
diate client selection, ATP hydrolysis and cycles of asso-
ciation with and dissociation from the client [11]. Hsp70
and Hsp90 recognize and fold proteins and then are re-
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leased from such protein substrates accompanied by the
hydrolysis of ATP catalyzed by the ATPase domains of
the chaperones [11]. Folding of damaged proteins by
Hsp70 is depicted in figure 1. Protein folding also in-
volves a family of smaller HSPs, such as the chaperone
Hsp27, which function by an alternate mechanism; high-
molecular-weight complexes containing large numbers
of such small HSPs mediate client holding and folding in
an ATP-independent manner (fig. 1). Efficient folding of
the proteome involves coordinated activity of each of
these chaperone types.

Of key importance to the regulation of the Hsp70 and
Hsp90 chaperone systems and protein quality control is
the presence of binding sites at the extreme carboxy-ter-
minus of each molecule for proteins that contain the tet-
ratricopeptide repeat (TPR) domain [11, 12]. TPR domain
proteins that can bind Hsp70 and Hsp90 include scaffold
protein Hop which possesses at least two TPR domains
[12]. Hop can bind simultaneously both to Hsp70 and
Hsp90 and, by stabilizing the interactions of these chap-
erones, permit coordinated activity in protein folding
[11].

Calderwood/Murshid/Prince



Fig. 1. Pathways of protein folding after ex-
posure to protein damage during aging.
Unfolded proteins accumulate in aging
cells due to their exposure to damaging
stresses or expression of proteins with
dominant conformations that tend to-
wards aggregation. Such proteins can,
however, be folded by ATP-dependent
chaperones such as Hsp70 or small HSP
such as Hsp27 that function independent-
ly of ATP and tend to form high-molecu-
lar-weight folding complexes. Each path-
way plays a significant role in longevity
through recognition and refolding of dam-

Hsp27
folding "'I{:Z;z"

Aging
o )“
R

Hsp27

B\

(Unfolded ’

protein)
(+ATP)

Hsp70
folding

N\

W

aged proteins.

Molecular chaperones are essential in aging when
damaged proteins or proteins undergoing aggregation
due to dominant conformations that tend towards aggre-
gation begin to accumulate. Such protein aggregation is
deterred by HSPs [13]. Studies in Escherichia coli show
that aggregation during heat shock involves a discrete
group of unstable proteins whose aggregation is deterred
by the E. coli HSP70 homolog DnaK [11]. Although such
studies have not been carried out in mammalian cells,
many key regulatory proteins such as kinases and tran-
scription factors have unstable conformations that require
constant chaperoning by Hsp90-containing complexes to
retain activity [14]. This would strongly suggest that such
essential proteins undergo selective loss when protein
quality control mechanisms decline during aging.

Molecular Chaperones and Proteases Combine to
Mediate Protein Quality Control

A second strategy for protein quality control involves
degradation of damaged proteins by proteases. A com-
pelling connection between the chaperone and protease
pathways of quality control involves carboxyl terminus of
HSP70-interacting protein (CHIP) which bridges the
molecular chaperone and ubiquitin-proteasome protein
degradation systems [15]. CHIP contains both a U box
domain that permits it to conjugate ubiquitin to its sub-
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strates and a TPR domain for binding to Hsp70, Hsp90
and other TPR domain proteins. Significantly, CHIP
plays a major role in longevity and CHIP inactivation in
mice leads to a marked reduction in lifespan along with
accelerated age-related pathophysiological phenotypes
[16]. These include accelerated cellular senescence and
increased incidence of oxidative stress [16]. The signifi-
cance of CHIP in aging reflects the fact that the ubiquitin
system participates in degradation of unfolded proteins
by catalyzing the covalent tagging of proteins selected for
degradation through the proteasome, a dedicated protein
degradation machine. CHIP thus targets denatured pro-
teins bound to Hsp70, Hsc70 or Hsp90 for degradation by
catalyzing their ubiquitinylation.

Denatured proteins within aging cells may therefore
suffer at least four distinct fates, based on the contrasting
interactions between the damaged proteins, molecular
chaperones and CHIP (fig. 2). Aggregates may continue
to form progressively within aging cells as in pathway 1,
leading to formation of intracellular inclusions, impaired
function, and death [6, 7]. However, damaged proteins
may enter pathway 2 after detection by denatured protein
binding domains within Hsp70 (and Hsp90), be included
within protein-chaperone complexes and be refolded
(fig. 2, pathway 2). Such damaged proteins can also be
processed by an alternative pathway (3) when the TPR ac-
ceptor site of HSP70 is bound to CHIP instead of HSP
co-chaperones; in this case, the substrate protein is
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brought close to the U box domain of CHIP, becomes
polyubiquitinylated and targeted to the proteasome for
rapid degradation [10]. By competing with co-chaper-
ones, such as Hop for the TPR acceptor sites on Hsp70
and Hsp90, CHIP inhibits the refolding pathway while
other TPR domain proteins can in turn inhibit the CHIP
pathway. There are also further levels of regulation of the
pathways shown in figure 2 which are mediated through
additional co-chaperones that bind to Hsp70 including
Bagl-1, Bag-2 and HSPBP1 [16]. These proteins are can-
didates for mediating triage between the competing path-
ways of protein refolding and degradation and provide
further layers of regulation that may become deregulated
during aging.

Chaperone-Mediated Autophagy

Proteins can also be broken down during autophagy;,
a pathway of cell autodigestion that is observed in starva-
tion. Two of its major variant forms, macroautophagy
and chaperone-mediated autophagy (CMA), undergo
age-dependent declines [17]. During CMA, Hsc70 re-
cruits cytoplasmic proteins to the lysosome and mediates
their entry into the lysosomal lumen permitting degrada-
tion [17] (fig. 2, pathway 4). CMA is stimulated by both
starvation and oxidative stress and is responsible for deg-
radation of the 30% of intracellular proteins that contain
the KFERQ, CMA recognition motif [17]. CMA resem-
bles CHIP-mediated proteasomal degradation in that
damaged proteins form complexes containing Hsc70,
Hsp40, Hop, Hsp90 and Bag-1 that presumably mediate
CMA-substrate recognition and unfolding prior to lyso-
somal insertion [17]. Thereafter, the two processes di-
verge as substrates for CMA are delivered to lysosomal
membrane receptor LAMP2A, are inserted into the lyso-
somal lumen and then are accepted in the lumen by a
population of intralysosomal Hsc70 molecules. Both
LAMP2A and Hsc70 levels are modulated during starva-
tion and oxidative stress and levels of LAMP2A in par-
ticular undergo decline during senescence [17]. Decline
in CMA is involved in Parkinson’s disease and this may
involve defective degradation of a-synuclein [17].

Aggresomes, Histone Deacetylases and Aging
When the capacity of cells to refold or degrade mis-

folded proteins as in figure 2 becomes saturated, another
pathway can be used to clear protein aggregates. In this
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case, microaggregates formed in the cytoplasm are ac-
tively transported along microtubules to the centrosomes
and accumulate in structures known as aggresomes [18].
Such aggresomes can then be disposed of by macroau-
tophagy pathways or during asymmetric cell division, in
which a single daughter cell inherits the aggresomes and
is presumably sacrificed for the continued health of the
other daughter [18]. This pathway appears to be regulated
in mammalian cells by histone deacetylase 6 (HDACS6),
an enzyme that can bind both to polyubiquitinylated pro-
teins and to microtubules [19]. HDAC6 binds to Hsp90
and can regulate its chaperone functions through histone
deacetylation [20]. Interestingly, HDACG6 is also coupled
to HSF1 metabolism and is required for HSF1 activation
during inhibition of proteasome activity. HDAC6 bind-
ing to polyubiquitin appears to trigger Hsp90 dissocia-
tion from HSF1 and its activation. Thus HDACS6, in ad-
dition to its role in aggresome formation, participates in
molecular chaperone synthesis [19]. A link between his-
tone deacetylation, aggresomes and aging is indicated by
findings in yeast which show that asymmetric cell divi-
sion requires Sir2 and declines with age [1]. Both HDAC6
and the human Sir2 homolog Sirtl are tubulin deacety-
lases, co-associate on microtubules and are involved in
HSFI activation [18, 21]. The histone deacetylase activi-
ties of HDAC6 and Sirtl may thus couple protein quality
control to the longevity pathways.

Decline in the Heat Shock Response and Protein
Quality Control with Aging

Elevated HSF1 activity is tightly connected to longev-
ity in flies and nematodes and HSF1 is involved in the
transcriptional response to starvation (fig. 3) [22]. Inhi-
bition of HSF1 expression or function decreases lifespan
while extra copies of HSFI expand the lifespan of C. el-
egans [22]. HSF1 is essential for starvation-induced lon-
gevity as well as in responses to heat shock and oxidative
stress [23]. Starvation coordinately activates Sir2 and
HSF1 activity in C. elegans, a finding which is concor-
dant with recent studies showing that mammalian Sirt1
activates HSF1 [21]. It is not known, however, whether
the second longevity pathway triggered by starvation, a
decline in signaling through the insulin/IGF-1/mTOR
pathway, contributes to HSF1 activation in mammals.
Aging in mammalian organisms involves degeneration
of HSP expression with time and the loss of resistance to
cellular oxidants which is confluent with the studies in
C. elegans and Drosophila [22]. Enfeeblement of the heat
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Fig. 2. Quality control, salvage and dispos-
al pathways for damaged proteins. Pro-
teins acquire multiple forms of damage
over the lifetime of the organism leading
to unfolding. Such alterations then trigger
protein aggregation and formation of in-
clusion bodies (as in pathway 1). Dena-
tured and aggregated proteins can, how-
ever, be recognized by HSPs that bind
exposed hydrophobic domains in the
misfolded proteins and lead to salvage and
refolding of the denatured protein directly
through pathway 2. However, unfolded
proteins may persist in the cytoplasm and
enter a third pathway (3) through binding
of the Hsp70 to CHIP. Recruitment of
CHIP leads to ubiquitinylation of the dam-
aged protein and degradation by the pro-
teasome. Pathways 2 and 3 thus compete
for the denatured proteins. Another pro-
tein degradation pathway (4) is also medi-
ated by molecular chaperones. A subset of
damaged proteins is bound to Hsp70 fam-
ily member Hsc70 and transported to the
lysosome for degradation in CMA.
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shock response during aging involves reduced transcrip-
tional activation of small heat shock protein genes (sHSP:
HSPI16.1; HSP16.49; HSP12.6) in C. elegans [22]. Indeed
HSP-mediated longevity involves protection of neuronal
function and motor function and RNAi antagonism of
HSF1 expression accelerates the onset of polyglutamine
aggregation in C. elegans [22]. The sHSPs (as well as
Hsp70) play analogous roles in regulating longevity in
Drosophila [24]. Inactivation of the sHSP family HSP22
gene in Drosophila markedly decreases lifespan and a
similar decrease in lifespan is seen if only motor neurons
are targeted, strongly implicating a critical role for these
tissues in the effects of HSPs on longevity in flies [25].
The longevity-friendly effects of sHSPs may partially re-
tlect their capacity to oppose the toxicity associated with
oxidative stress [26]. sHSPs play a similar role in humans
and recent findings show protective effects for HSP27 in
Huntington’s disease [27]. Naturally-occurring poly-
morphisms in HSP22 and HSP27 are also observed in
motor neuron neuropathy [28]. In addition, mutations in
Hsp27 are seen in patients with Carcot-Marie-Tooth
neuromuscular disease and distal hereditary motor neu-
ropathy [29].

Members of the HSF family are found in all eukaryotes
[30]. Mammalian cells contain at least 3 HSF family
members, HSF1, HSF2 and HSF4 [30]. Neurons appear to
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be deficient in the heat shock response while retaining
ability to express such HSF proteins [31]. Furthermore,
HSF1 fails to be activated in motor neurons even when
microinjected with plasmids encoding an HSF1 expres-
sion vector, suggesting a block to the HSF1 signal trans-
duction pathways in these cells [32].

HSF1 is repressed under non-stress conditions by a
complex containing Hsp90 and other proteins (fig. 4). In
this inactive state, HSF1 is a monomer that lacks the abil-
ity to bind cis-acting heat shock elements (HSE) in the
promoters of HSP genes (fig. 4) [30]. Protein stress results
in conversion of HSF1 from inactive monomer to DNA-
binding trimer and remodeling of the inhibitory molecu-
lar chaperone complex [30]. Activation of HSF1 by heat
shock is a multi-step process, involving multiple induc-
ible phosphorylation, dephosphorylation, acetylation
and deacetylation steps, the sum of which results in the
transcription of HSP genes (fig. 4). Extracellular signal
input during heat shock involves tyrosine phosphoryla-
tion upstream of HSF1, involving the receptor tyrosine
kinase HER2 and launching downstream signaling cas-
cades through intracellular kinase Akt [33]. Akt regulates
HSFI at least in part through modulating its association
with the phosphoserine binding scaffold protein 14-3-3
[33]. Nuclear exclusion and repression of HSF1 involves
dual phosphorylation by protein kinases ERK1 and GSK3
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(the latter a downstream target of the HER2/Akt path-
way) and subsequent recruitment of 14-3-3 [34]. Of
emerging importance for HSF1 activation by longevity
stimuli, HSF1 activity is stimulated by the HDAC Sirtl,
directly coupling HSF1 to the conserved longevity path-
ways [21] (fig. 3). HSF1 is also regulated by proteasomal
stress and decline in proteasome function or increases in
proteasome substrates trigger the response through
HDACS6 as discussed above [19, 20]. Although HDAC ac-
tivity is involved in activation, the exact role of acetyla-
tion and deacetylation in HSF1 regulation is still not
completely defined.

Another pathway for HSF1 activation has recently
emerged involving a link to ribosomal function. Binding
to the translation elongation factor eEF1A leads to HSF1
trimerization and is essential for activation [35]. HSF1
activation during heat shock occurs only when eEF1A is
complexed to a non-coding RNA, heat shock RNA-1
(HSR1) [35]. eEF1A is an inhibitor of apoptotic death in
muscle and neuronal tissues suggesting a link to aging
[36]. Unraveling the relative roles of eEF1A in regulating
mRNA translation or HSF1 activity may permit assess-
ment of the potential role of this factor in HSF1-mediated
aging.

Decreases in the rate of HSP transcription and HSF1
activity during aging occur in many tissues [8, 9]. Failure
of the heat shock response with time in neuronal tissues
was first ascribed to decreased HSF1 expression and de-
clining capacity of cells to form DNA binding HSF1 tri-
mers [reviewed in 32]. Decreases in HSF1 levels during
aging could thus place the response beneath the thresh-
old essential for activation. Subsequent studies also indi-
cated a further defect in HSF regulation in cultured mo-
tor neurons and Batalan et al. [32] showed that, while
HSF1 is not activated in cultured neuronal cells even un-
der conditions of HSF1 overexpression, a construct lack-
ing the regulatory domain could be activated. This do-
main is a major protein interaction region, and double
phosphorylation of this sequence by ERK1 and GSK3
leads to HSF1 repression through recruitment of 14-3-3
and nuclear exclusion [34, 37]. Nuclear exclusion results
in loss of HSF1 from HSP gene promoters and repression
of HSP transcription [34]. Abnormal increases in GSK3
levels occur in Alzheimer’s disease, an effect (associated
with tau aggregation) which may lead to HSF1 repression
[38]. 14-3-3 levels also become elevated in areas of the
brain subjected to prion diseases, and the appearance of
14-3-3 proteins in the cerebrospinal fluid is characteristic
of some neurodegenerative diseases. Thus, age-related
changes in GSK3 and 14-3-3 levels and activities could be
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Fig. 3. HSF1 in longevity and aging. HSF1 is activated when dam-
aged proteins derepress its activity, permit HSP expression and
stimulate repair of protein damage. HSF1 can also be directly
stimulated by longevity stimuli such as the histone deacetylase
SIRT1 that directly activates HSF1 by deacetylation and fosters
longevity. Aging, however, is associated with a gradual decline in
potency of the heat shock response and this may prevent repair of
protein damage, leading to degeneration and cell death.
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Fig. 4. HSF1 regulation by damaged proteins. Damaged proteins
may accumulate in cells due to exposure to proteotoxins or de-
cline in protein degradation pathways. Such damaged proteins
cause the release of HSF1 from inert cytoplasmic complexes con-
taining Hsp90 and its co-chaperones including p23 and cyclo-
philins (CY), trimerization, migration to the nucleus and binding
to HSP gene promoters. Full HSF1 activation involves the trigger-
ing of a complex network of posttranslational modifications that
lead to hyperphosphorylation and deacetylation of key residues.
Loss of HSF1 inducibility in aging may involve alterations in
HSF1-chaperone complexes or in signal transduction pathways
upstream of enzymes that regulate hyperphosphorylation or
deacetylation.
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involved in the progressive decline of the heat shock re-
sponse. HSF1 is also regulated by CHIP [15]. It may be
significant that CHIP and Hsc70 cooperate with another
ubiquitin E3 ligase, Parkin, in the degradation of the re-
ceptor Pael-R and that defects in this system mediate
changes involved in some cases of Parkinson’s disease
[39]. It would thus be instructive to examine age-related
CHIP activity in relation to Parkin inactivation in aging
cells [39]. In addition, when CHIP associates with Hsp70
and Hsp90 through its TPR domains it can lead to polyu-
biquitinylation of the molecular chaperones themselves
in addition to their polypeptide cargoes [15]. Dysregula-
tion of HSP-CHIP interactions and altered HSP degrada-
tion may thus also underlie some of the changes in HSP
levels that accompany aging [16]. CHIP also associates
with the expanded polyglutamine repeats that mediate
aggregation during aging, and sequestration of CHIP by
high concentrations of proteins bearing polyglutamine
repeats may repress HSF1 during aging [40].

The Prospect of HSP Inducers as Drugs to
Ameliorate Aging

From the preceding discussion, it is evident that a de-
cline in molecular chaperone expression accompanies
aging. Thus, chemical induction of HSP expression might
be a promising approach for ameliorating the tissue de-
generation accompanying aging and perhaps in increas-
ing longevity. HSF1 activation and HSP expression occur
in cells exposed to a wide range of agents that lead to ac-
cumulation of protein damage, such as heat shock, pro-
teasome inhibitors, heavy metals, ethanol, arsenite and
Hsp90 inhibitors [2, 9, 19, 20]. While most of these treat-
ments cause a wide range of toxicities to go along with
HSP induction, making them unsuitable as selective
agents, Hsp90 inhibitors are under investigation as po-
tential drugs for reversing neurodegeneration [15]. Hsp90
inhibitors that are currently being developed as antican-
cer agents derepress HSF1 and lead to new HSP synthesis
[14]. However, in addition to Hsp70 induction, current
Hsp90 inhibitors cause degradation of a wide range of
receptors, kinases and transcription factors and are like-
ly to induce significant complications [14]. New formula-
tions of such drugs will thus be required. The finding that
HSF1 is regulated by SIRT1 suggests that compounds that
activate this molecule such as resveratol or dihydrocou-
marin include HSF1 activation as part of their pro-lon-
gevity modus [1, 21]. Future pursuit of these classes of
compounds in the search for HSP-inducing drugs thus

The Shock of Aging

seems indicated. Drugs with more profound HSF1 speci-
ficity may await understanding of the regulation of tran-
scription by HSF1 (fig. 3). Transcriptional regulation by
HSF1 is still understood only in broad outline at the mo-
lecular level and more thorough characterization of its
signaling and regulatory mechanisms may open the way
for design of novel pharmaceuticals. Pharmaceutical tar-
geting of the HSF1/HSP system is taking place at a rapid
rate now that roles in cancer and aging have been identi-
fied, and prompt advances may be expected [14].

Conclusions

There is little doubt that HSF1 and the pathways of
protein quality control are closely coupled to the mecha-
nisms that ensure longevity in non-mammalian and
mammalian species. There is also strong evidence indi-
cating that HSPs protect a range of human cell types from
protein damage and deter loss of function and cell death
during aging by ensuring protein quality and inhibiting
programmed cell death pathways. Increased levels of
HSP are associated with longevity, decreased levels with
degeneration and death. The role of the heat shock re-
sponse in deterring the aging of individual tissues may
vary in relation to the degree of accumulation of chaper-
one clients such as protein aggregates in the tissue and the
relative potency of HSF1 regulation. The stage is thus set
for a more thorough interrogation of the role of this sys-
tem in aging and longevity in mammalian models and
human patients.
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