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Abstract The present study tested the hypothesis that in response to physical stress the human brain has the capacity
to release heat shock protein 72 (Hsp72) in vivo. Therefore, 6 humans (males) cycled for 180 minutes at 60% of their
maximal oxygen uptake, and the cerebral Hsp72 response was determined on the basis of the internal jugular venous
to arterial difference and global cerebral blood flow. At rest, there was a net balance of Hsp72 across the brain, but
after 180 minutes of exercise, we were able to detect the release of Hsp72 from the brain (335 6 182 ng/min). However,
large individual differences were observed as 3 of the 6 subjects had a marked increase in the release of Hsp72,
whereas exercise had little effect on the cerebral Hsp72 balance in the remaining 3 subjects. Given that cerebral blood
flow was unchanged during exercise compared with values obtained at rest, it is unlikely that the cerebral Hsp72
release relates to necrosis of specific cells within the brain. These data demonstrate that the human brain is able to
release Hsp72 in vivo in response to a physical stressor such as exercise. Further study is required to determine the
biological significance of these observations.

INTRODUCTION

Heat shock proteins (Hsps) are quintessential intracellu-
lar proteins present in the cells of all living organisms,
where their primary function is to interact with dena-
tured and naı̈ve proteins, preventing the aggregation of
aberrantly folded proteins, and aiding naı̈ve proteins in
reaching their native state (Young et al 2003). However,
in addition to these well-characterized intracellular roles,
Hsps also have important extracellular functions. Accu-
mulating evidence strongly suggests that extracellular
Hsp72 has potent immunoregulatory effects. Specifically,
it has been demonstrated that the interaction of Hsp72
with specific surface receptors on cells of the innate im-
mune system results in an upregulation of the expression
of costimulatory and antigen presenting molecules and
various cytokines crucial to generation of adaptive im-
munity (Asea et al 2000, 2002; Vabulas et al 2002). Ac-
cordingly, it has been suggested that Hsp72 released from
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necrotic cells acts as a ‘‘danger’’ signal alerting the im-
mune system to the presence of dying cells (Vabulas et al
2002).

Intriguingly, it has been demonstrated that under con-
ditions of stress several cell types possess the capacity to
release Hsp72 into the extracellular milieu, independently
of cellular necrosis (Hightower and Guidon 1989; Guzh-
ova et al 2001; Broquet et al 2003). Interestingly, detect-
able levels of Hsp72 are present in the systemic circula-
tion of healthy individuals (Pockley et al 1998), and we
have shown previously that the systemic concentration of
Hsp72 is elevated after exercise (Walsh et al 2001). Fur-
thermore, we have demonstrated that the hepatosplanch-
nic tissues—most probably the liver—are able to release
Hsp72 (Febbraio et al 2002a) during exercise, whereas the
contracting skeletal muscle does not appear to release
Hsp72 during exercise (Febbraio et al 2002b). It is well
documented that specific cells within the brain can syn-
thesize Hsp72 in response to various stressors, eg, hy-
perthermia (Walters et al 1998; Leoni et al 2000), ischemia
(Simon et al 1991), hypoxia (Murphy et al 1999), and en-
ergy depletion (Imuta et al 1998). In addition, it has been
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demonstrated that glial cells are able to actively release
Hsp72 after stimulation (Guzhova et al 2001). Therefore,
in the present study, we tested the hypothesis that the
brain will release Hsp72 during exercise.

MATERIALS AND METHODS

Six healthy, endurance-trained males participated in the
study (mean age 26 6 2 years [6SEM], body mass 74 6
3 kg, and maximal oxygen uptake [VO2max] 4.9 6 0.2 L/
min). Subjects were informed as to the potential risks as-
sociated with participation in the study before obtaining
their written informed consent to participate. The study
was carried out in accordance with the Declaration of
Helsinki and approved by the Ethical Committee of Co-
penhagen and Frederiksberg (KF 01-135/00).

Experimental protocol

Subjects arrived at the laboratory after an overnight (12
hours) fast and having consumed no items containing
caffeine in the previous 24 hours. Catheters were then
inserted into the bulb of the right internal jugular vein
and the radial artery of the nondominant arm. An ante-
cubital venous catheter for the infusion of 133Xe was in-
serted contralaterally to the arterial catheter. Subjects rest-
ed quietly for 1 hour and baseline measurements were
obtained. Subjects then began a 180-minute bout of con-
tinuous exercise on a cycle ergometer (Monark 829E,
Monark Exercise, Varberg, Sweden) at a work rate of 210
6 13 W corresponding to 60% of the predetermined
VO2max. During the exercise trial, subjects consumed 250
mL of a 6% carbohydrate (CHO)–containing solution ev-
ery 15 minutes (providing 0.7 g of CHO/kg body mass/
h). The laboratory temperature during all trials was 21 6
18C.

Blood samples and calculations

Paired samples of arterial and cerebral venous blood were
collected in heparinized syringes and kept on ice until
analysis for hematocrit on ABL 700 apparatus (Radiom-
eter, Copenhagen, Denmark). To determine the serum
Hsp72 protein concentration, additional arterial and ce-
rebral venous blood samples were obtained and placed
in a tube containing a clot-inducing plug (Vacutainer Sys-
tems Europe, Meylan, Cedex, France). This tube was in-
verted 6 times, left on ice for 30 minutes, then spun in a
centrifuge at 1200 3 g at 48C. A highly sensitive, enzyme-
linked immunosorbent assay method (EKS-700 Stressgen,
Victoria, BC, Canada) was used to determine the concen-
tration of Hsp72 protein in serum as described previously
(Walsh et al 2001). All samples were tested in duplicate,

and the coefficient of variation between duplicate samples
was ,7%.

Cerebral blood flow (CBF) was measured in milliliters
per minute per gram of cerebral tissue by the Kety-
Schmidt technique in the desaturation mode using 133Xe
as the radioactive tracer (Kety and Schmidt 1948; Madsen
et al 1993), and global CBF was estimated assuming an
average brain mass of 1400 g (Miller and Corsellis 1977;
Dekaban 1978). Cerebral plasma flow was calculated on
the basis of global CBF and the corresponding hematocrit
value, and the cerebral balance of Hsp72 was calculated
as cerebral plasma flow multiplied by the arteriovenous
difference.

Statistics

A paired samples Student’s t-test was used to compute
the statistics using the SPSS computer software program.
All data are expressed as means 6 SEM.

RESULTS

The arterial serum Hsp72 protein concentration was be-
low the detection limit of the assay in 2 subjects at rest.
After 180 minutes of exercise, the arterial serum Hsp72
concentration was elevated in 4 of the 6 subjects, aver-
aging 1.00 6 0.38 ng/mL (P . 0.05) (Fig 1A). The cere-
bral venous-arterial difference for Hsp72 was negligible
in all subjects at rest, but after 180 minutes of exercise,
an increase in the cerebral venous-arterial difference for
Hsp72 was observed (Fig 1B); however, this increase did
reach statistical significance compared with resting val-
ues.

Cerebral plasma flow was unchanged by exercise com-
pared with values obtained at rest (Fig 2A). Therefore,
although cerebral Hsp72 release was negligible at rest, an
increase in cerebral Hsp72 release after 180 minutes of
exercise was observed (Fig 2B); however, as with the ve-
nous-arterial difference for Hsp72, this increase was not
statistically significant. Importantly, when individual val-
ues are examined, although 3 of the 6 subjects show no
change in cerebral Hsp72 release after 180 minutes of ex-
ercise, the remaining subjects show a large increase in
cerebral Hsp72 release after exercise.

The cerebral respiratory quotient was unchanged be-
tween rest and 180 minutes of exercise. In contrast, ce-
rebral lactate release was greater (P , 0.05) after 180 min-
utes of exercise compared with rest (Table 1).

DISCUSSION

Although not a ubiquitous response, the results of this
study demonstrate that the brain is capable of releasing
large amounts of Hsp72 after prolonged exercise. Al-
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Fig 1. Arterial heat shock protein 72 (Hsp72) concentration (A) and
internal jugular venous-arterial Hsp72 difference (B), before (rest)
and after 180 minutes of exercise (180 minutes) at 60% maximal
oxygen uptake. Data expressed as means 6 SEM (n 5 6). *P ,
0.05 as determined by paired samples Student’s t-test.

Fig 2. Cerebral plasma flow (A) and net cerebral heat shock pro-
tein 72 release (B), before (rest) and after 180 minutes of exercise
(180 minutes) at 60% maximal oxygen uptake. Data expressed as
means 6 SEM (n 5 6).

though several investigators have demonstrated the in-
duction of Hsp72 synthesis in specific regions of the brain
in response to hyperthermia (Walters et al 1998; Leoni et
al 2000), ischemia (Simon et al 1991), hypoxia (Murphy
et al 1999), and energy depletion (Imuta et al 1998), this
is the first study, in any species, to demonstrate that the
brain is capable of releasing Hsp72 in vivo. Given that
the exercise was moderate in nature and that the in-
creased cerebral Hsp72 release occurred in the absence
of any changes in cerebral blood flow, it is unlikely that
necrosis of specific cells within the brain contributed to
the elevated cerebral Hsp72 release. Therefore, it is pos-
sible that specific cells within the brain possess an exo-

cytotic pathway for the release of Hsp72 into the extra-
cellular environment, allowing it to perform specific func-
tions.

Although Hsps are quintessentially viewed as intracel-
lular proteins with a vital role in maintaining cellular ho-
meostasis, important extracellular roles for Hsps have
been identified. In particular, accumulating evidence sup-
ports the hypothesis that Hsp72 released from necrotic
cells into the extracellular environment may act as a
‘‘danger’’ signal alerting the immune system to the pres-
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Table 1 Cerebral lactate release and respiratory exchange ratio before (rest) and after 180 min of exercise (180 min) at 60% maximal
oxygen uptakea

Rest 180 min

Cerebral respiratory quotient
Cerebral lactate release (a 2 vDlactate)** (mmol/l)

1.02 (0.03)
0.04 (0.02)

1.02 (0.02)
0.08 (0.01)

a Data expressed as means 6 SEM (n 5 6).
** arterial-venous difference for lactate.

ence of dying cells (Asea et al 2000, 2002; Vabulas et al
2002). However, the results presented in this study, a pre-
vious study demonstrating that the hepatosplanchnic tis-
sues release Hsp72 during exercise (Febbraio et al 2002a),
and a recent study showing an elevation in the plasma
concentration of Hsp72 in rats subjected to tail shock,
suggest that Hsp72 release into the systemic circulation
can occur independently of cell necrosis. Importantly, it
has been demonstrated that cultured rat embryo cells
(Hightower and Guidon 1989) and glial cells (Guzhova et
al 2001) subjected to transient heat shock are able to re-
lease Hsp72 independently of cell necrosis in vitro; fur-
thermore, a protein transport mechanism used by the cell
to release Hsp72 has been identified recently (Broquet et
al 2003). Taken together, the in vitro and in vivo evidence
suggests that in addition to the well-established intracel-
lular ‘‘housekeeping’’ functions of Hsp72 and the im-
munoregulatory role of Hsp72 released from necrotic
cells, cells under stress are able to actively release Hsp72
into the extracellular milieu through a specific protein se-
cretion pathway. Regarding the possible biological role of
actively released Hsp72, it has been demonstrated that
Hsp72 released from glia are taken up by neuronal cells
which may enhance neuronal stress tolerance, and it has
been hypothesized that an elevation in the extracellular
Hsp72 concentration may facilitate recovery from bacte-
rial inflammation (Campisi et al 2003). However, the elu-
cidation of the biological role of Hsp72 released from the
brain and hepatosplanchnic tissues during exercise awaits
further investigation.

It is important to note that in the present study we
observed an increase in brain Hsp72 release after exercise
in only 3 of 6 subjects; however, the reasons for the sub-
ject specificity of this response are unclear. Nonetheless,
and importantly, our data clearly demonstrate that the
brain is capable of releasing Hsp72 in vivo in response
to a stressor. It was not possible in the present study to
address the nature of the stimulus by which exercise in-
creases brain Hsp72 release. As discussed above, necrosis
of specific cells within the brain is unlikely to have con-
tributed to the elevated cerebral Hsp72 release. The de-
pletion of energy stores, hypoxia, and ischemia have been
shown to induce the synthesis of Hsp72 within specific
cells of the brain (Simon et al 1991; Imuta et al 1998;
Murphy et al 1999). However, we have previously pub-
lished data from the present study (Nybo et al 2003)

showing that cerebral lactate release and the cerebral re-
spiratory exchange ratio are unchanged during exercise
compared with during rest. This would suggest that nei-
ther energy depletion nor a relative hypoxia or ischemia
within specific cells of the brain are likely to account for
the augmented brain Hsp72 release after exercise. How-
ever, given that prolonged exercise causes an elevation in
brain temperature (Nybo et al 2002) and that hyperther-
mia induces the synthesis of Hsp72 within the brain
(Walters et al 1998; Leoni et al 2000), it is possible that
an elevation in brain temperature may contribute to the
increased release of Hsp72 from the brain after exercise.

In summary, we have demonstrated that the brain is
capable of releasing Hsp72 in response to prolonged ex-
ercise; however, this response appears to be subject de-
pendent because we observed an increase in brain Hsp72
release in only 3 of 6 subjects. Importantly, it seems very
unlikely that the release of Hsp72 from the brain was due
to cell necrosis because cerebral blood flow and oxygen
consumption (Walters et al 1998) were unchanged during
exercise compared with values obtained at rest. These
data support previous findings (Dekaban 1978; Imuta et
al 1998; Febbraio et al 2002a) and suggest that the brain
possesses an exocytotic pathway for the release of Hsp72.
Future studies will be required to determine the biolog-
ical significance of this release.
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