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Stress proteins in aging and life span
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Department of Radiation Oncology, Beth Israel Deaconess Medical Center, Harvard Medical School, 99 Brookline Avenue, Boston,

Massachusetts, USA

Abstract

Heat shock proteins (HSP) are molecular chaperones and have been implicated in longevity and
aging in many species. Their major functions include chaperoning misfolded or newly
synthesised polypeptides, protecting cells from proteotoxic stress, and processing of
immunogenic agents. These proteins are expressed constitutively and can be induced by
stresses such as heat, oxidative stress and many more. The induction of HSP in aging could
potentially maintain protein homeostasis and longevity by refolding the damaged proteins
which accumulate during aging and are toxic to cells. HSP are shown to increase life span in
model organisms such as Caenorhabditis elegans and decrease aging-related proteotoxicity.
Thus, decrease in HSP in aging is associated with disruption of cellular homeostasis which
causes diseases such as cancer, cell senescence and neurodegeneration. HSP levels are
decreased with aging in most organs including neurons. Aging also causes attenuation or
alteration of many signalling pathways as well as the expression of transcription factors such as
heat shock factor (HSF). The alteration in regulation and synthesis of Forkhead box O3a
(FoxO3a) family of transcription factors as well as major antioxidant enzymes (manganese
superoxide dismutase, catalase) are also seen in aging. Among many signalling mechanisms
involved in altering longevity and aging, the insulin/IGF-1 pathway and the Sir2 deacetylase are
highly significant. This review enquires into the role of some of these pathways in longevity/
aging along with HSP.
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Introduction: aging and life span

In biological systems aging is known to be a complex and

multifactorial process in which vital organs undergo major

cell death degeneration and loss of function [1]. This process

is also associated with appearance of multiple diseases due to

patho-physiological changes. Aging is a cumulative and

irreversible process triggered by accumulation of damaged

cellular macromolecules in non-dividing adult cells [1,2].

However, the exact intracellular lesions occurring in this

process and responsible for aging are yet to be defined [2]. It

has been shown that protein aggregation and damage occur

due to stress as well as protein misfolding and is a

fundamental component of the aging process in cells and

tissues which decreases life span in many organisms such as

Caenorhabditis elegans [3,4]. The aging process in cells can

influence the longevity and life span of an organism [5,6]. On

the other hand, longevity is a quantitative trait and can be

defined in many ways. One such definition includes the

increase in the life span or exponential increase in prolonged

life [1]. Aging can also be defined as a gradual biological

impairment with age during life span [7]. It is a series of

events resulting in a functional decline of a species or

organism.

It is known that aging is associated with increased

proteotoxicity, a fundamental component in the biology of

human degenerative diseases [8,9].Therefore, the ability of

HSP to counteract the proteotoxic effect in tissues is one of

the major mechanisms of these chaperones by which they can

promote longevity and long life. This has been demonstrated

with laboratory stresses such as reactive oxygen species

(ROS) or heat stress, in which native proteins become

denatured. HSPs thus become engaged in chaperoning the

damaged proteins by triggering the activation of heat shock

response by HSF1 [10].

Altered activity of signalling pathways and
transcription factors in aging

Two of the major conserved signalling pathways that are

responsible for aging were first characterised in C. elegans

[5,6]. These mechanisms have been shown to influence

longevity in other invertebrates. These include: 1) reduced

activity of the insulin/IGF-1/mTOR pathway and 2) enhanced

silent mating type information regulation (Sir2) activation

(in yeast) [3,4]. Sir2 (in yeast, SIRT in mammals) is an

NADþ-dependent histone deacetylase which catalyses a key

signalling pathway involving deacetylation of lysine residues

in many substrates that can influence longevity pathways [4].
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It has been shown in C. elegans and in the fruitfly, Drosophila

melanogaster, that starvation or forced expression of Sir2, or

its mammalian homologue sirtuin can enhance life span [11].

In addition, it was shown in nematode worms that the loss of

IGF-1 receptor/daf-2, (daf-2 in C. elegans) can increase

lifespan by activating a major transcription factor, FoxO (daf-

16) which in turn is responsible for Hsp16 transcription

[11,12]. This transcription factor, daf-16/FoxO can be

activated by starvation or caloric restriction, a known factor

involved in increased longevity [11]. Daf-16/FoxO activation

requires reduced IGF-1 activity during growth factor starva-

tion or a decrease in the PI3K/AKT/mTOR signalling

pathway [12]. Also, depletion of growth factors can inhibit

synthetic pathways by decreasing mTOR (mammalian target

of rapamycin) activity and increasing autophagic degradation

(a cell survival pathway) in cells [13]. Recently it has been

shown that cyclic AMP responsive element binding protein

(CREB) and nuclear factor erythroid-2 related factor 2 (Nrf2)

are involved in the aging process and are able to increase the

life span of invertebrates by activating multiple cell survival

signalling pathways [14,15]. These pathways are also

regulated by AMP activated kinase (AMPK). Greer et al.

(2007) showed that AMPK can directly phophorylate FoxO3

and activate it without affecting its subcellular localisation

[16]. FoxO3 can also be phosphorylated by protein kinase Akt

in response to growth factor or insulin and becomes inactive

and sequestered in the cytosol, accounting for its inhibition by

the IGF-1 pathway. Greer and colleagues [16] also showed

that AMPK phosphorylation of FoxO/daf-16 is involved in

life span extension during starvation in C. elegans. Thus

FoxO, a target of many kinases can promote longevity and

reduce the occurrence of age-dependent diseases in inverte-

brates in dietary restriction [16]. The target genes for the

AMPK-FoxO3 pathway include several antioxidants such as

Gadd45 which is known to reduce DNA damage. Gadd45 can

inhibit age-related inflammatory response by inhibiting

NF-kB activity [17]. Longevity is affected only in starvation

in nematode worms and Drosophila, i.e. in the absence of

growth factor or insulin. In C. elegans, FoxO, can function

along with HSF to regulate small HSP synthesis in response

to stress and starvation (reduced IGF1-like signalling path-

way, IIS) [18,19]. It should be noted that deletion of the FoxO

gene in nematode worms and flies has very little effect on life

span if the insulin/IIS pathway is active [18].

Although IIS is a key pathway for regulating life span in

nematode worms and flies, there are other pathways that

protect cells from oxidative stress and increase life span in

these organisms. In addition to the HSF1-mediated heat shock

response, other transcriptional programmes are activated by

age-induced proteotoxicity. For instance, HSP genes in

C. elegans are regulated by both HSF1 and FoxO [5]. It

was shown in C. elegans that overexpression of both the

transcription factors HSF1 and FoxO can increase the life

span of this organism [19,20]. It is significant that FoxO and

HSF can activate HSP and other genes which can increase

resistance of cells against stress, promoting longevity [19,20].

Consensus FoxO binding sites are present on HSP promoters

in C. elegans [3,4]. Pro-longevity factors, FoxO and others in

turn can be activated by ROS activated c-jun kinase (JNK)

[19]. This only happens during reduced IIS pathway which is

the negative regulator of starvation-induced FoxO activity

[19]. Studies in invertebrates and animal species therefore

indicate key roles for these above mentioned factors, HSF1,

daf-16/FoxO, in fostering longevity [19,20] (Figure 1).

However, the many processes through which these factors

interact to prolong life span in mammalian species is still

not clear.

FoxO or daf-16 in C. elegans can also be activated by

SIRT1 (the mammalian deacetylase homologue of yeast Sir2)

dependent deacetylation during oxidative stress [21]. Several

studies showed that the SIRT1 signal is associated with

extension of life span in caloric restriction conditions [22].

This increase in SIRT1 activity during starvation or caloric

restriction can increase cellular stress resistance ability, an

important phenomenon in aging. It has also been shown that

SIRT1 can directly deacetylate many autophagy genes

(discussed below) during starvation, thereby activating

the autophagy pathway. Some other findings showed that

mammalian SIRT1 can alter the conditions of many age-

related diseases, for instance neurodegenerative diseases, and

enhance life span [21]. A transcription factor for antioxidant

gene products Nrf2, and its C. elegans orthologue skinhead

family member 1, (SKN-1) also has the ability to extend the

life span by activating many autophagic genes as well as

antioxidant gene products during aging [23].

HSPs and their induction

The HSP family of molecular chaperones is able to facilitate

the folding of newly synthesised polypeptides and refold

denatured proteins. This family consists of different molecular

weight proteins (from smaller to higher), including Hsp10,

Hsp27, Hsp40, Hsp60, Hsp70, Hsp90 and Hsp110, all of

which are well characterised functionally [24]. However, the

major HSP that can bind to unfolded polypeptide or protein in

the cytosol and help them to fold properly include Hsp70 and

Figure 1. Stress induced activation of autophagy in aging. Proteotoxic
stress or ROS or other stress in aging can activate FoxO and Nrf2 which
in turn can activate autophagy by activating LC3I and sequestosome
1/p62 respectively. HSF1 is also activated in stress which may regulate
transcription of Nrf2 and FoxO3 maintaining protein homeostasis in
cells.
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Hsp90 [24,25]. These chaperones are capable of forming large

complexes containing accessory proteins. The client poly-

peptide can be associated or dissociated from these chaperone

complexes with the help of energy from ATP [25]. Smaller

chaperones such as Hsp27 can work in association with the

large ones and they mediate client holding and folding in an

energy independent manner [24,25]. Protein folding of

proteome requires coordinated activities of all these HSP.

HSF1, the principal member of the HSF family of transcrip-

tion factors is highly conserved and its activity is somewhat

regulated through feedback by HSP [26]. HSF1 is chaperoned

by HSP in the cytosol and released from the complex

(complexed with Hsp90 and Hsp40) under stress to undergo

trimerisation followed by several modifications (such as

acetylation, phosphorylation and sumoylation) [26–28]. The

activated HSF1 then translocates to the nucleus to bind to a

consensus heat shock element (HSE) in the HSP genes as

shown in Figure 2. These HSPs can remove protein aggre-

gates, inhibit apoptosis, and protect cells from the cytotoxic

effect of toxic proteins as shown in Figure 2. Mammalian HSF

families are found in all eukaryotes [29]. Decrease in HSP

transcription as well as HSF1 expression during aging is seen

in many tissues such as neurons and muscle which affect the

protein folding and refolding ability of cells with aging

[30,31]. For instance in the case of neurodegenerative

diseases, such as Huntington’s, extended polyglutamine or

polyQ (CAG) repeats are shown to be formed in neurons,

and are found in toxic insoluble aggregates. Poly Q is a

polymorphic CAG tract which codes for polyglutamine and is

shown in many neurodegenerative diseases [31,49]. However,

such aggregates can be suppressed by the activation of HSF1

and elevated expression of HSP as well as other components

of proteotoxic machineries [30,31].

Role of HSP in aging

HSP protects cells from multiple cellular phenotypes dur-

ing aging such as proteotoxicity, apoptosis and

protein aggregation. However, aging cells undergo a decline

in transcriptional pathways, including HSF1 potency and thus

lose capacity to synthesise HSP [32]. Decreased HSP concen-

trations leads, by definition to a decline in protein quality

control, a change which contributes to protein aggregate

formation in neuronal cells, a commonly observed phenotype

in neurodegenerative diseases [33]. Many neurodegenerative

disorders share a similar pathological symptom, the accumu-

lation of inclusion bodies or insoluble aggregates due to

protein aggregation [34]. These changes involve time-depen-

dent loss of protein quality control. Although HSP are

expressed at reduced rates in healthy neuronal cells, they

appear to be able to maintain their protein quality control

throughout life. The exact mechanism of aggregate formation

and neuronal cell death is not clearly known, but they can be

formed due to loss of protein quality control due to aging [35].

Age-dependent decline of HSP is not restricted to neuronal

cells and is also seen in muscle cells. In addition, decreased

HSP expression in the liver causes cells to be affected by

toxins. Even though the ability of HSF1 to bind to HSP genes

with stress such as heat decreases in certain mammalian cells

in aging, there is evidence of increased expression of HSP in a

variety of tissues in disease conditions in some aging cells.

Drosophila aging is associated with up-regulation of Hsp22

and Hsp70 which requires HSF1 binding in the promoter

region of both genes [36]. However decrease in HSF1 levels

in cells might be due to inhibition by HSP or their chaperone

activity in cytosol.

Role of HSP on autophagy in aging

Autophagy is one of the most important survival pathways

that is somewhat controlled by HSP. Autophagy was first seen

as an emergency response to starvation, and permits a

proportion of the cytosol to be autolysed to provide nutrients

for survival. However, autophagy is now known also to be a

component of protein quality control due to capacity to

degrade bulky cellular components such as protein aggre-

gates. Starvation-induced autophagy may thus confer

enhanced capacity for protein aggregate resolution and

potentially enhanced longevity. The major autophagy path-

ways in cells are macro-autophagy and chaperone mediated

autophagy (CMA) [37]. During CMA, constitutively active

HSP, Hsc70 recruits cytosolic proteins to the lysosomes for

subsequent degradation. CMA is activated both in starvation

and oxidative stress and is involved in degradation of 30% of

cellular proteins containing KFERQ (CMA recognition motif)

[37]. CMA substrates are delivered to lysosomal membrane

receptor LAMP2A, which helps substrate to enter into the

lumen, accepted by lumenal Hsc70 and later degraded. Both

Hsc70 and LAMP2A expressions are modulated during

starvation and oxidative stress and the level of LAMP2A

declines during senescence [37]. In neurodegenerative dis-

eases such as in Parkinson’s the CMA pathway declines [38].

Autophagy is also decreased in aging which in turn affects life

span. In Drosophila it was shown that when autophagy genes

are inactivated, flies become short lived and also protein

aggregates are formed in their nervous system, suggesting the

importance of this pathway in maintaining protein quality

control [39]. It was shown in nematode worms, that

Figure 2. Chaperones and their transcription factor, HSF1 play signifi-
cant role in multiple processes in cells under stress. HSF1 is activated
under stress, which causes HSF1 to form a trimer. Active HSF1 then
translocates to the nucleus and directly bind to the promoter of the
HSP gene, thereby activating transcription. HSP can fold unfolded
protein that accumulates in aging. Chaperones can protect cells from
proteotoxicity, protein aggregation, apoptosis and accumulation of
misfolded proteins.
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autophagy is responsible for longevity and both FoxO and

Nrf2 factors can regulate protein synthesis required for the

autophagy pathway in mammalian cells [40,15] (Figure 1).

Figure 1 shows how autophagy, a cell survival pathway can be

activated under stress. For instance Nrf2 can directly activate

sequestosome 1/p62 synthesis, a component of autophago-

some formation [40,41] (Figure 1). Sequestosome 1/p62

protein is localised at the autophagosome formation site and

interacts with LC3 (microtubule light chain), the primary

component of autophagosome formation. Later it is incorpo-

rated into the autophagosome and finally degraded. On the

other hand, FoxO3 is able to regulate autophagy through

activating LC3I (unpublished data, Murshid and Calderwood)

in mammalian cells (Figure 1). LC3I becomes lipidated by

conjugating with PE (phosphatidylethanolamine) to form

LC3II, which associates with autophagosomes (Figure 1).

Consensus FoxO binding sites are found in the promoter

regions of small HSP in C. elegans. All these findings

suggested that these factors; HSF1, FoxO and Nrf2 play vital

roles in aging-related complications such as removal of

protein aggregates, increasing stress induced autophagy,

thereby enhancing the life span of an organism [15,40]. One

of the future studies should include exploring the mechanisms

in mammalian cells by which life span can be increased by

altering the expression of HSF1, Nrf2 and FoxO in vivo

(Figure 1).

Effect of HSP on proteotoxicity in aging

Proteotoxicity is commonly seen in aging. The toxic sub-

stances of cells include ROS, damaged or toxic proteins

which may arise from apoptosis, cell membrane disruption or

misfolded protein aggregation [42]. HSP prevent cells from

generation of these toxic products and genes, facilitating

survival during stress. Consistent with the role of FoxO in

autophagy in C. elegans, HSF1 and FoxO can act

simultaneously to remove protein aggregates formed from

misfolded proteins [5,21,23]. Thus polyQ aggregates can be

removed either by proteasomal or lysosomal degradation with

the help of activity of these two transcription factors.

Misfolded proteins which arise in aging cells may have

different potential fates as summarised in Figure 3. These

proteins can either go on to form aggregates, or can be folded

correctly by the help of chaperones such as Hsp70 and Hsp90

[9]. These proteins can also become polyubiquitinylated with

the help of ubiquitin E3 ligases such as carboxyl terminus of

Hsc70-interacting protein (CHIP) and later degraded. Other

fates of misfolded or damaged proteins include lysosomal

degradation by CMA as in Figure 3. Protein aggregates can be

degraded by alternate autophagy pathway, also termed as

aggrephagy (Figure 3) [43].

Effect of HSP on immune response in aging

The immune response decreases with aging but it is not

known whether HSP is involved in this phenomenon. HSP

level decreases in cells with aging, and it has been shown that

the serum concentration of Hsp70 in a healthy individual

decreases with age as well [44]. However, in diseased

conditions increase in serum Hsp70 level is associated with

inflammatory pathology [44]. FoxO3 was also shown to

promote immune function especially innate immunity [45].

However, FoxO3 decreases inflammation in the mammalian

system in a healthy individual. FoxO3 might thus play a role

in controlling inflammation by reducing the activation of

some of the inflammatory genes [45].

HSP and apoptosis in aging

Apoptosis plays a key role in aging due to depletion of

essential cell populations such as motor neurons that occurs in

degenerative processes [46]. Molecular chaperones such as

(Hsp27 and 70) are anti-apoptotic and induced in response to

Figure 3. Maintenance of protein homeostasis
by HSP in cells. Damaged or misfolded
proteins accumulate in cells in aging. Protein
homeostasis needs to be maintained in cells
in aging to avoid aging-related diseases.
Possible fates of misfolded proteins are
shown: misfolded/unfolded proteins if not
refolded can form aggregates (a), unfolded
proteins can be refolded by HSP (b). These
misfolded proteins can be degraded in pro-
teasome through binding to Hsp70 and CHIP.
CHIP leads to ubiquitinylation of these
proteins (c). These misfolded proteins can
also be transported to the lysosomes for
degradation by CMA (d). Protein aggregates
can also be degraded by aggrephagy (e).
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anticancer drugs [47]. FoxO is involved in promoting

apoptosis. PI3K/Akt phosphorylation of FoxO can increase

cell survival by sequestering it in cytosol [16,18]. On

the other hand FoxO can indirectly down-regulate BCL-xL

a pro-survival Bcl2 family member, thereby increasing

apoptosis [48]. FoxO can activate both the intrinsic and

extrinsic apoptotic pathways. The intrinsic pathway requires

mitochondria and activation of caspase-9 whereas the extrin-

sic pathway is mediated by the activation of death receptors

and caspase-8. FoxO can directly activate pro-apoptotic

factors such as Fas ligand (FasL) or CD95L, and TNF-related

apoptosis-inducing ligand, extrinsic pathway (TRAIL) [49].

Thus activation of FoxO can be both pro-survival and pro-

apoptotic factor and it is therefore necessary to regulate FoxO

activity to maintain the balance between survival and death in

aging cells.

Conclusion and future prospects

Several aging-related physiological complications such as

neurodegenerative diseases are often associated with accu-

mulation of misfolded proteins or toxic protein aggregates.

With such conditions it is necessary for chaperones to refold

the protein and remove aggregates from cells by CMA or

other processes. Altered synthesis of HSP and cochaperones

can bring back the normal physiology of cells in aging. It is

necessary to understand how the levels of chaperones are

maintained in aging and how we can alter their level in order

to decrease aging-related complications and hence increase

life span.

Our understanding and knowledge about the signalling

pathways and role of transcription factors such as HSF1,

FoxO and Nrf2 that affect aging and life span is

increasing. These factors regulate a highly divergent

range of genes and likely involve interaction between the

transcriptional networks. However, future studies should

involve deciphering the roles of these transcription factors

as well as their possible interaction in aging cells of the

mammalian system. The protective roles of HSP in

cellular processes such as proteotoxicity, apoptosis, neuro-

degenerative diseases and cancer make it unique as an

important component in regulation of aging and longevity.

HSP can also inhibit programmed cell death in aging and

thereby play vital role in cell survival. It can be

anticipated that increase in HSP can enhance life span

and longevity, whereas decreased HSP is associated with

reduction in life span due to increase in age-related

diseases and cell death. The role of this HSF1-HSP system

in aging is still needs to be elucidated. Unravelling

mechanisms of aging through this factor and others as

well as HSP and their interacting partners and finding

targets for modification of these in the aging process in

mammalian models and human subjects could help to

decrease aging and increase the life span of organisms.
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