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Hsp70 and aging 
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Abstract. An alteration in the ability of  cells to express heat shock proteins could be physiologically important in 
aging because all living organisms show a reduced ability to respond to stress with increasing age. Using 
hepatocytes freshly isolated from young adult and old rats, we have shown that the induction of  hsp70 expression 
by heat shock is reduced approximately 50% with age. The decrease in hspT0 expression occurs at the level of  
transcription and appears to arise from a defect in the heat shock transcription factor. Other investigators have 
also shown that the induction of  hsp70 expression by heat shock as well as other stresses declines significantly 
with age in a variety of  tissues from rats as well as mononuclear cells from human subjects. In addition, a 
decrease in the inducibility of  hsp70 is observed with cell senescence in cultured cells. Therefore, it appears that a 
reduced ability to express hsp70 in response to stress may be a common phenomenon underlying the aging 

process. 
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Introduction 

The reduced ability of  senescent organisms to respond 
to stress and to maintain homeostasis is a phenomenon 
that is observed with senescene in essentially all living 
organisms 37. It is generally believed that the age-related 
loss in the ability of  an organism to maintain homeosta- 
sis is at least partially responsible for the increase in 
morbidity/mortality that is observed as an organism 
ages. The dramatic increase in the incidence of  heat 
stroke with age  6"14-'6"27'39 is an example of  the inability 

of  senescent organisms to maintain homeostasis in re- 
sponse to a stress. Figure 1 shows data from a study by 
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Figure 1. Effect of age on heat stroke rates in humans. The rate 
of heat stroke in St. Louis (shaded bars) and in Kansas City (solid 
bars) during the 1980 heat wave in Missouri was determined by a 
retrospective study. Heat stroke was defined as severe heat illness 
with documented hyperthermia. These data were taken from 
Jones et al. TM. 

Jones et al. 14, in which the rate of  the incidence of  heat 
stroke was compared as a function of  age. The rate of  
heat stroke was more than 10-fold higher for persons of  
65 years or older as compared to younger individuals. 
Interestingly, heat stroke was rare for subjects under 44 
years of  age. Although Jones et al. 14 also showed that 
the rate of  heat stroke was greater in poor and in 
non-whites, the parameter that had the greatest impact 
on the incidence of  heat stroke was age. 
It is often assumed that the increased incidence of  heat 
stroke in the elderly is due to underlying disease. How- 
ever, the data in figure 1 show that the incidence of  heat 
stroke increases significantly between 44 and 64 years of  
age, well before major changes in underlying disease 
would be expected to occur. Therefore, it appears that 
basic, physiological changes in the organism might be 
important in the age-related increase in heat stroke. For  
example, it has been proposed that a decline in sweating 
efficiency or changes in cardiac output and systemic 
vascular resistance might be physiological changes that 
increase the vulnerability of  older individuals to heat 

stroke ~4. 
Data over the past decade have shown that heat shock 
proteins play an important role in protecting cells 
against the adverse effects of  hyperthermia 18'19. For 
example, several studies have shown that the ther- 
mosensitivity of cells is altered if the expression of  
hsp70 is enhanced or reduced 2"13'17'3~ Therefore, it is 
possible that an age-related decline in the ability of  cells 
to express heat shock proteins might be a contributing 
factor in the increased incidence of  death from heat 
stroke that is observed in the elderly. In this paper, we 
describe our studies on the effect of  age on the induction 
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of hsp70 expression in rat hepatocytes. In addition, we 
review data obtained by other laboratories on the effect 
of age on the induction of hsp70 expression by hyper- 
thermia in other tissues/cells and organisms. 

Effect of age on hsp70 expression in hepatocytes 

It is clear from studies conducted over the past two 
decades that the expression of heat shock proteins, e.g., 
hsp70, is regulated primarily at the transcriptional 
leve118,19. The increased transcription of hsp70 following 
heat shock has been shown to require the binding of a 
protein, the heat shock transcription factor (HSF), to a 
conserved DNA sequence, the heat shock element 
(HSE), which is located within the promoter region of all 
heat inducible genes 1,2~ In Drosophila and mam- 
malian cell lines, HSF is found in an inactive (i.e., 
non-DNA binding) form in the cytoplasm in non- 
stressed cells. An increase in temperature results in the 
activation of HSF to a form that binds the HSE through 
oligomerization and the translocation of the active HSF 
into the nucleus of the stressed cell 3,2~ Therefore, it 
is generally believed that the conversion of HSF from an 
inactive (i.e., non-HSE binding) monomer to an 
oligomer that binds the HSE is essential for the induction 
of hsp70 transcription in mammalian cells. 
Over the past three years, our laboratory has character- 
ized the induction of hsp70 expression by hepatocytes 
freshly isolated from male rats I2,42. The synthesis of 
hsp70 is induced significantly when hepatocytes are 
exposed to a temperature of 42 to 43 ~ for 30 minutes, 
and this heat shock has very little effect on the viability 
of the hepatocytes 42. A heat shock of 42 to 43 ~ for 30 
minutes also induces dramatically the levels of the 
hsp70 transcript and the nuclear transcription of 
hsp70 i2. More recently, we have studied the relationship 
between the induction of hsp70 transcription and the 
activation of HSF to a form that binds the HSE. Using 
a gel-shift assay to measure HSF binding activity, we 

have found that in response to heat shock the induction 
of hsp70 transcription and HSF binding activity are 
tightly correlated, as shown in figure 2. HSF binding 
activity was rapidly induced when hepatocytes are incu- 
bated at 41 or 43 ~ e.g., HSF binding activity is 
maximum within 10 to 15 minutes. The induction of 
hsp70 transcription follows the induction of HSF bind- 
ing activity and was maximum 20 to 30 minutes after 
the heat shock. The data in figure 2 also show that at a 
temperature of 39 ~ or lower, neither hsp70 transcrip- 
tion nor HSF binding activity was detectable in the 
hepatocytes. The transcription of hsp70 and HSF bind- 
ing activity were maximum when hepatocytes were incu- 
bated at 41 ~ and decreased slightly when hepatocytes 
were incubated at 43 ~ The transcription of hsp70 was 
undetectable when hepatocytes were incubated at 45 ~ 
and HSF binding activity was only briefly observed at a 
very low level at this temperature; the viability of hepa- 
tocytes is reduced significantly at this temperature4L 
Thus, the data in figure 2 are consistent with the view 
that hsp70 transcription is regulated in hepatocytes by 
the transformation of HSF to a form that binds the 
HSE. 
To determine if aging alters the ability of cells to express 
heat shock proteins, we measured the induction of 
hsp70 expression by a mild heat shock (42.5 ~ for 30 
minutes) in hepatocytes isolated from either young 
adult (4- to 6-month old) or old (26- to 28-month old) 
rats. The data presented in figure 3 show that hepato- 
cytes isolated from old rats have a reduced ability to 
express hsp70 in response to heat shock. The synthesis 
of hsp70 was approximately 50% less for hepatocytes 
isolated from the old rats compared to hepatocytes 
isolated from young adult rats. The induction of hspT0 
mRNA transcripts was also reduced in the hepatocytes 
isolated from the old rats. Using in situ hybridization, 
we have found that the decreased expression of hsp70 is 
not due to a reduced number of old cells responding to 
the heat shock and expressing hsp70 mRNA tran- 
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Figure 2. Induction of hsp70 transcription and HSF binding activity in hepatocytes. Hepatocytes isolated from young adult rats were 
incubated at four different temperatures (39,41,43 and 45 ~ for various time. HSF binding to the HSE (O) was determined by a gel 
shift assay using radiolabeled HSE ~2, and the data are expressed as the amount of radioactivity bound (machine counts) per microgram 
of whole cell extract. The transcription of hsp70 transcription (il) was determined as described previously 12, and the data are expressed 
as machine counts per 20 x 106 nuclei. 
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Figure 3. Effect of age on the induction of hsp70 expression. 
Hepatocytes were isolated from 4- to 6-month old (shaded bars ) 
and 26- to 28-month old (solid bars) male F344 rats. The hepato- 
cytes were heat shocked at 42.5 ~ for 30 minutes and then 
incubated at 37 ~ The induction of hsp70 synthesis, mRNA 
levels, nuclear transcription, and HSF binding to HSE are shown 
as well as the half life of the hsp70 mRNA. The values are 
expressed as the percentage of values obtained for young adult 
rats except for the half life of hsp70 mRNA, which is expressed as 
the percentage of value obtained for old rats. The data were taken 
from Heydari et al. 12. 

scripts12; essentially all of the hepatocytes isolated from 
either young adult or old rats express hsp70 mRNA in 
response to the heat shock. In other words, the age-re- 
lated decrease in the induction of hsp70 expression is 
not due to a subpopulation of cells in the old animals 
that cannot respond to heat shock. 
Two lines of evidence show that the reduced expression 
of hsp70 with age arises at the level of transcription. 
First, the age-related decrease in the induction of 
hsp70 mRNA is not due to increased degradation of 
hsp70 mRNA as shown by the measurement of the 
half life of hsp70 mRNA transcripts. In fact, it would 
appear that hsp70 mRNA is degraded more slowly 
with increasing age because the half-life of hsp70 
mRNA was greater for hepatocytes isolated from old 
rats compared to hepatocytes isolated from young 
adult rats. Second, the transcription of hsp70 by nuclei 
isolated from'hepatocytes obtained from old rats was 
reduced significantly compared to the nuclear tran- 
scription of hsp70 by nuclei isolated from young adult 
rats. Because HSF plays a critical role in the induction 
of hsp70 transcription, the effect of age on the induc- 
tion of HSF binding activity in cell extracts isolated 
from hepatocytes obtained from young adult and old 
rats was studied using a gel-shift mobility assay. The 
data in figure 3 demonstrate that the level of HSF 
binding activity induced by  heat shock in  hepatocytes 
isolated from'ith~ ~01d :rats was approximatelY 50% 
Lower than the level observed in heat shocked hepato- 
cytes isolated from young rats. 
In summary, the data in figure 3 show that hepatocytes 
isolated from old rats have a reduced ability to express 

hsp70 in response to heat shock. More importantly, 
these data also show that the decreased expression of 
hsp70 arises at the level of transcription and that the 
decreased hsp70 transcription appears to occur because 
of reduced levels of HSF binding activity. In other 
words, in response to hyperthermia, the old cells have 
less 'active' HSF, which results in a decrease in the 
amount of HSF bound to the HSE on the promoter of 
the hsp70 gene. The decreased binding of HSF to the 
promoter of the hsp70 gene would be predicted to 
result in decreased hsp70 transcription and, therefore, 
decreased expression of hsp70. Based on our knowl~ 
edge of the HSF, the age-related decrease in HSF bind- 
ing activity could occur by two mechanisms: 
1) The decreased HSF binding activity could arise 
from a decrease in the expression of HSF. In other 
words, less HSF binding activity is observed in hepato- 
cytes isolated from the old rats because less of the HSF 
protein is present in the hepatocytes isolated from the 
old rats. 
2) The decreased HSF binding activity arises from a 
decrease m the post-translational activation (oligomer- 
ization) of HSF by heat shock. In other words, similar 
levels of HSF are present in non-stressed hepatocytes 
isolated from young and old rats; however, in response 
to heat shock, the conversion of HSF from its inactive, 
non-DNA binding form to its HSE-binding form is 
reduced in the hepatocytes isolated from the old rats. 
In 1991, the human and mouse cDNAs for HSF were 
c loned 29,3s,36. Two HSFs have been isolated and char- 
acterized: HSF1 and HSF2, and HSF1 has been iden- 
tified as the transcription factor that is involved in 
the regulation of heat shock gene expression in re- 
sponse to heat shock. Using a polyclonal antisera 
raised against m o u s e  HSF134, we have conducted a 
series of preliminary experiments in which the level of 
HSF1 was measured by western blots in hepatocytes 
before and after heat shock. Our preliminary data indi- 
cate that the level of HSF1 protein is not reduced in 
hepat0cytes isolated from old rats. In fact, the data 
suggest that HSF1 levels might be higher in cell ex- 
tracts isolated from hepatocytes obtained from old 
rats. Thus, it appears that the age-related decrease in 
HSF binding activity is not due to a decrease in the 
level of HSFI in the hepatocytes is01ated from old rats. 
Rather, it appears that the decrease in HSF binding 
activity arises from a decline in ability of hepatocytes 
from old rats to convert HSF1 from its inactive (non- 
DNA binding) monomeric-form to its active (HSE 
binding) oligomeric-form. 

Effect of age on hsp70 expression in other tissues and 
animals 

Since 1988, a number of laboratories have studied how 
aging alters the ability of a variety of cells to express 
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Table 1. Effec t of age on the induction of hsp70 expression by heat shock. 
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Assay for 
hsP70 Ages Change 

Organism/tissue expression studied with age References 

Insects 
Drosophila synthesis 10 and 45 days increase Fleming et al. 11 

Whole body 

Drosophila synthesis 1 to 50 days 180% increase Niedzwiecki et al. z6 
Whole body 

Animals 
Male Wistar synthesis 5 and 24 months decrease Fargnoli et al. m 

Lung, skin mRNA level 55% decrease 

Male Wistar mRNA level 5-6 and 24 25 months 50-75% decrease Blake et al. 4 
Brain, lung , skin ' 

Male F344 Rat mRNA level 4 and 30 months 85% decrease Pardue et al. 28 
Hippocampus 

Male F344 Rat synthesis 5-7 and 25-27 months 37% decrease W u et al. 42 
Hepatocytes 

Male F344 Rat synthesis 4-6 and 26-28 months 45% decrease Heydari et al. 12 
Hepatocytes mRNA level 40% decrease 

transcription 31% decrease 

Huma n subjects transcription 23-29 and 75-89 years 30% decrease Deguchi et al. 7 
Mononuclear cells 

Cultured cells (cell senescence) 
Human (IMR-90) synthesis 17 to 51 population 65% decrease Liu et aI. 22 

Lung dip!old mRNA level doubling levels 80% decrease 
fibroblasts transcription 50`% decrease 

Human (IMR-90) mRNA level 21 and 45 population 70% decrease Liu et al. 21 
Lung diploid doubling levels 
fibroblasts 

Human (WI-38) synthesis 50 and 90% of decrease Luce and Cristofalo 23 
Diploid mRNA level in vitro life span decrease 
fibroblasts 

Human synthesis 11 to 80% of 50% decrease Effros et al. 8 
T-lymphocytes mRNA level in vitro life span 50% decrease 

hsp70 in response to hyperthermia,  and these studies are 
listed in table 1. In addi t ion to our  studies on rat  
hepatocytes, Holbrook ' s  labora tory  has shown that the 
induction of  hsp70 expression by heat shock is reduced 
with increasing age in several tissues/cells from rats. For  
example, the induction of  hsp70 synthesis and m R N A  
level s by hyperthermia was lower in pr imary cultures o f  
fibroblasts isolated from either skin or lung of  old rats 
compared to young rats I~ In addition, Holbrook ' s  lab- 
oratory also showed that the induction of  hsp70 m R N A  
in vivo decreased with age in lung and skin, as well as 
brain, when rats were exposed to elevated tempera- 
tures. 4 Pardue et al. 28 also showed that  the induction of  
hsp70 m R N A  was less in the hippocampus of  old rats 
when the rats were exposed to hyperthermia in vivo. 
Our  studies wi th  freshly isolated hepatocytes also show 
that a decrease in hsp70 expression occurs with age in 
liver. Thus, an age-related decline in the induction o f  
hsp70 expression by hyperthermia appears to be a com- 
mon phenomenon in most tissues of  a rat. Peripheral 

mononuclear  cells isolated from human subjects also 
appear  to show a decline in hsp70 expression with age. 
Deguchi et al. 7 showed that the induction o f  hsp70 
transcription by heat shock was lower in mononuclear  
cells isolated from elderly human subjects compared to 
young adult  humans. 

The induction o f  hsp70 has also been reported to de- 
cline in cultured cells when they reach the end of  their 
replicative life span and are unable to proliferate, a 
phenomenon termed 'cell sensecence'. In 1989, Liu et 
al. 2~ showed that the induction of  hsp70 expression by 
heat shock was significantly reduced in late passage 
human fibroblasts compared to early passage human 
fibroblasts. Luce and Cristofalo 23 also showed that  the 
induction of  hsp70 expression by heat shock was sig- 
nificantly reduced in late passage human fibroblasts 
compared to early passage human fibroblasts. More  
recently, Effros et al. s showed that the induction of  
hsp70 expression decreased with passage number in 
human T cells. 
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Thus, the current data indicate that the induction of 
hspT0 expression declines with age in animals as well 
as in cell senescence in culture. It also appears that an 
age-related decrease occurs in the induction of hsp70 
by stresses other than heat shock. For example, Hol- 
brook's laboratory has shown that the induction of 
hsp70 expression (hsp70 synthesis and mRNA levels) 
by restraint stress decreased approximately 80% with 
increasing age in the adrenal cortex 5 and aortic smooth 
muscle 4t of rats. Faassen et al. 9 has shown that the 
induction of hsp70 synthesis by mitogens decreased 
with age in lymphocytes isolated from young and el- 
derly human subjects. In cultured human fibroblasts, 
the induction of hsp70 expression by other stresses has 
also been observed to decline as cells senesce. Liu et 
al. 22 observed that the induction of hsp70 synthesis by 
the amino acid analog canavanine was 50% less for 
late passage human fibroblasts than for early passage 
human fibroblasts. More recently, Luce and Cristo- 
falo 23 showed that the induction of hspT0 expression 
by arsinite was reduced in late passage human fibro- 
blasts. Therefore, it appears that the induction of 
hsp70 by a variety of stresses declines with age. The 
only example in the literature in which no age-related 
decline in the induction of hsp70 expression has been 
observed was reported by Fleming's laboratory in 
Drosphila melanogaster ~1'26. They actually observed an 
age-related increase in the expression of hsp70 in re- 
sponse to hyperthermia. 
Our studies with freshly isolated hepatocytes indicate 
that the age-related decline in hsp70 expression occurs 
at the level of transcription. Liu et al. 22 also found that 
the induction of hsp70 expression by heat shock was 
reduced in late passage human fibroblasts at the tran- 
scriptional level. Using a nuclear runoff assay, they 
showed that hsp70 transcription was lower in late pas- 
sage human fibroblasts after a heat shock. In addition, 
when early and late passage human fibroblasts were 
transfected with a plasmid containing the human hsp70 
promoter fused to the bacterial chloramphenicol 
acetyltransferase gene, Liu et al. 21'22 observed that the 
late passage cells expressed less of the bacterial enzyme 
in response to heat shock. More recently, Liu et al. 2~ 
showed that the decrease in hsp70 transcription with 
cell senescence was correlated to a decrease in HSF 
binding activity. Cell extracts from late passage fibrob- 
lasts that were heat shocked showed a decrease in the 
binding of HSF to HSE in a gel-shift assay when 
compared to cell extracts from early passage fibrob- 
lasts. Thus, the changes we have observed in the induc- 
tion of hsp70 expression by heat shock with age in 
hepatocytes is similar to that reported for human 
fibroblasts as they senesce in culture and are unable to 
proliferate, i.e., the transcription of hsp70 and the 
binding of HSF to HSE are reduced. 

Conclusions 

The regulation of hsp70 expression is an excellent exam- 
ple of a cellular mechanism that has evolved to protect 
all living organisms from hyperthermia and other types 
of stress. Therefore, changes in this system could seri- 
ously compromise the capacity of an organism to re- 
spond to changes in its environment. Because aging and 
senescence are characterized by a reduced ability of an 
organism to maintain homeostasis in response to stress, 
a large number of investigators have compared the 
ability of young and old cells to respond to hyperther- 
mia and express hsp70. At the present time it appears 
that aging, either at the organismic level or at the 
cellular level, is associated with a decreased ability to 
express hsp70 in response to hyperthermia as well as a 
variety of other stresses. This defect occurs at the tran- 
scriptional level and appears to involve the transcription 
factor HSF. In response to stress, cells from old animals 
or cells that have senesced in culture have decreased 
'active' HSF, i.e., less HSE binding activity is found in 
cell/nuclear extracts from the old cells. Our preliminary 
data indicate that the decrease in HSF binding activity 
is not due to a decrease in the amount of HSF present 
in the cell but is most likely due to a defect in the 
conversion of HSF from its inactive monomeric form to 
the active oligomer. One possible mechanism for the 
age-related decline in the binding activity of HSF is the 
accumulation of 'abnormal'  HSF. Research over the 
past two decades has shown that 'altered' enzymes 
accumulate with age  31-33. These alterations have been 
shown to arise from conformational changes rather 
than from errors in translation, and the conformational 
changes in proteins of old organisms occur through 
post-synthetic modifications, e.g., protein oxidation, 
amino acid racemization, deamination, glycation, con- 
formational drift, etc. 31 33.40. These conformational 
changes give rise to subtle changes in protein conforma- 
tion, which usually have a small effect on enzymatic 
activity. An accumulation of 'abnormal'  HSF mole- 
cules, which have a decreased ability to oligomerize in 
response to stress, is an attractive explanation for why 
cells from old organisms lose their ability to respond to 
stress and express hsp70. 
One would predict that an age-related defect in the 
ability of cells to express hsp70 in response to hyper- 
thermia would make senescent organisms more vulnera- 
ble to hyperthermia because it has been shown that cells 
become more thermosensitive when the expression of 
hspT0 is inhibited 13'3~ Although there is a great deal of 
research showing that the expression of hsp70 is re- 
duced with age and it is well documented that heat 
stroke increases dramatically in the elderly, it is ironic 
that there is very little information on the effect of aging 
on thermotolerance at the cellular level. The only study 
in this area is by Luce and Cristofalo 23. They found that 
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late passage h u m a n  diploid fibroblasts,  which show 

reduced levels o f  hsp70 expression,  were more  sensitive 

to a t empera tu re  o f  49 ~ than  early passage cells. Thus,  

the decline in hsp70 expression that  occurs dur ing cell 

senescence in cul tured cells is associated with  a decrease 

in the abili ty o f  the cells to wi ths tand  hyper thermic  

stress. A t  the present  time, however ,  there is no study in 

which the thermosensi t iv i ty  o f  cells f rom animals  o f  

var ious  ages has been compared .  We  wou ld  predict  that  

cells f rom old organisms,  which show a reduced capac-  

ity to express hsp70 in response to hyper thermia ,  wou ld  

also be more  thermosens i t ive  than  cells isolated f rom 

young  organisms.  
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