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It has been known for some time that heat shock proteins

(HSPs) are present in the cells of all living organisms where

their primary role is to bind to denatured proteins aiding

in the assembly of protein complexes (for review see Kiang

& Tsokos, 1998; Sharp et al. 1999; Hood, 2001). However,

recent studies have identified that HSPs have important

extracellular functions. Asea and colleagues have

demonstrated that HSP72 (the inducible form of the

70 kDa family of HSPs) binds with high affinity to the cell

surface receptors of human monocytes (Asea et al. 2000)

and enters the cell via a specific signal transduction

pathway (Asea et al. 2002). In addition, Multhoff et al.
(1995) have identified HSP72 binding to the cell surface of

vital tumour cell types in order to act as a target for natural

killer cells, while neuronal cells can undergo cell-to-cell

transfer (Tytell et al. 1986) where they can enhance

neuronal stress tolerance (Guzhova et al. 2001). Recently,

we demonstrated that physical exercise resulted in a

marked increase in serum HSP72 in humans (Walsh et

al. 2001). Interestingly, we observed the increase in

circulating HSP72 to precede any increase in contracting

muscle HSP72 gene or protein expression. In addition,

even though HSP72 gene and protein expression are

upregulated in human contracting skeletal muscle, it is not

released from the contracting limb as measured by

arterio–venous difference (Febbraio et al. 2002). Together,

our recent data suggest that the contracting muscle is not

responsible for the increase in systemic concentrations of

HSP72 that is seen with exercise.

It is well documented that rodent liver cells can synthesise

HSP72 in response to exercise (Salo et al. 1991; Kregal &

Moseley, 1996). Although there is no documentation that

HSPs are released by the liver, the hepatosplanchnic tissue

bed can release many acute phase proteins during stress

(De Feo & Lucidi, 2002). Hence, in the present study we

tested the hypothesis that the hepatosplanchnic tissues

release HSP72 during exercise.

Exercise induces hepatosplanchnic release of heat shock
protein 72 in humans
Mark A. Febbraio *†, Peter Ott ‡, Henning Bay Nielsen ‡, Adam Steensberg *§, Charlotte Keller *§
Peter Krustrup *¶, Niels H. Secher *|| and Bente Klarlund Pedersen *§

* Copenhagen Muscle Research Centre, Departments of ‡ Hepatology, § Anesthesiology,  || Infectious Diseases, Rigshospitalet, and  ¶ August Krogh
Institute, University of Copenhagen, Copenhagen, Denmark and † Department of Physiology, University of Melbourne, Australia

Physical exercise results in the appearance of heat shock protein (HSP) 72 in the circulation that

precedes any increase in gene or protein expression in contracting skeletal muscle. In rodents,

exercise increases liver HSP72 expression and the hepatosplanchnic viscera are known to release

many acute phase proteins. In the present study, we tested the hypothesis that the splanchnic tissue

beds release HSP72 during exercise. Seven male subjects performed 120 min of semi-recumbent

cycling at 62 ± 2 % of maximal oxygen uptake. Blood samples were obtained simultaneously from a

brachial artery, a femoral vein and the hepatic vein prior to and at 30, 60 and 120 min of exercise. Leg

blood flow (LBF) was measured by thermodilution in the femoral vein, and hepatosplanchnic blood

flow (HBL) was measured using indocyanine green dye. Net leg and net hepatosplanchnic HSP72

balance were calculated as the product of LBF and femoral venous–arterial HSP72 difference and

the product of HBF and hepatic venous–arterial HSP72 difference, respectively. Arterial plasma

HSP72 was only detected in one subject at rest but progressively appeared in the arterial samples

throughout exercise such that at 120 min it was detected in all subjects (0.88 ± 0.35 pg l_1; P < 0.05

compared with rest). The contracting muscle did not, however, contribute to this increase since

there was no difference in the femoral venous–arterial HSP72 concentration at any time. Rather, the

increase in arterial HSP72 was accounted for, at least in part, by release from the hepatosplanchnic

viscera with values increasing (P < 0.05) from undetectable levels at rest to 5.2 ± 0.2 pg min_1 after

120 min. These data demonstrate that the splanchnic tissues release HSP72 during exercise and this

release is responsible, in part, for the elevated systemic concentration of this protein during

exercise.
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METHODS 
Subjects
Seven healthy, active men (22.1 ± 3.8 years; 182.1 ± 5.5 cm;
81.0 ± 12.7 kg; maximal oxygen uptake (◊ O2,max) = 3.88 ±
0.34 l min_1; mean ± S.D.) participated in the study. The study was
approved by the Ethical Committee of the Copenhagen and
Frederiksberg Communities, Denmark, and performed according
to the Declaration of Helsinki. Subjects were informed about the
possible risks and discomfort involved before their written
consent was obtained.

Preliminary testing
Volunteers underwent a preliminary medical screening and were
exempt from the study if they presented contra-indications.
Following the medical screening, each subject underwent a ◊ O2,max

test on a semi-recumbent cycle ergometer. Semi-recumbent
cycling was chosen to allow for the determination of leg blood
flow using the thermodilution technique. From this test a
workload was calculated which would elicit ~65 % of each
individual’s ◊ O2,max. Forty-eight hours prior to the experimental
trial, subjects reported to the laboratory and completed 45 min of
upright cycling exercise at a workload corresponding to 65 % of
maximal heart rate. Thereafter, the subjects were provided with a
food package which they consumed for the following days
(15.6 MJ per day, 71 % CHO, 15 % protein, 14 % fat). During this
period, subjects were asked to adhere to the diet and to refrain
from strenuous exercise and the intake of alcohol, tobacco and
caffeine. This procedure was adopted in order to reduce inter-
subject variability.

Experimental procedures
On the day of the experiment, the subjects reported to the
laboratory at 07.30 h after a 12–14 h overnight fast. They voided,
changed into appropriate exercise attire and rested in a supine
position for 10 min. After this time a hepatic venous catheter was
inserted (Nielsen et al. 2002). During the first four experimental
trials, the hepatic venous catheter was introduced via the right
median cubital vein and was guided with the subject supine. The
position of the catheter was confirmed with fluoroscopy in the
body position used during cycling. To ensure that ventilation (Ve)
did not displace the catheter, the position was also confirmed
after maximal voluntary Ve. Despite these efforts, the catheter
dislodged during exercise in two of these experimental trials.
Hence, we introduced the catheter via the right femoral vein in the
subsequent three experiments and in these trials the catheter
remained in the hepatic vein. Following this procedure a catheter
was placed in the left brachial artery (1.0 mm i.d.; 20 gauge) and a
third catheter (7 Fr diameter Cook, Denmark) was inserted into
the left femoral vein ~1–2 cm distal to the inguinal ligament. A
thermistor for measurement of venous blood temperature was
inserted through the catheter and advanced 8–10 cm proximal
to the tip of the catheter. All catheters were kept patent by
continuous infusion of isotonic saline (3 ml h_1) and were
connected to a pressure monitoring kit (Baxter Healthcare,
Maurepas, France) positioned at the level of the heart. The
position of the femoral catheter and thermistor was checked after
all experiments.

When the catheters were positioned, a constant infusion of
indocyanine green (ICG; 0.18 ± 0.02 mmol l_1; Cardio-Green;
Becton Dickinson, Cockeysville, MD, USA) was administered
into a vein by a peristaltic roller pump (type 104; Ole Dich,
Hvidovre, Denmark) (Nielsen et al. 2002) and was maintained for
30 min in order to secure a steady-state plasma concentration of

ICG. After 30 min, blood samples were collected simultaneously
from the brachial artery and hepatic vein every 5 min for the
subsequent 30 min. These samples were analysed for ICG
concentration. In addition, samples collected at 10 min intervals
during this period were analysed for haemoglobin and
haematocrit to estimate plasma volume shifts and determine
hepatosplanchnic blood flow (HBF) from plasma flow measures.

After basal samples were collected for 30 min, subjects
commenced a 5 min warm-up consisting of semi-recumbent
cycling at 50 % ◊ O2,max. On completion of the warm-up, the
subjects cycled for a further 115 min at ~65 % ◊ O2,max. During
exercise, blood samples were collected simultaneously from the
hepatic vein every 10 min for the measurement of ICG
concentration and haemoglobin and haematocrit (Hct). In
addition, immediately prior to exercise and at 30, 60 and 120 min
during exercise, blood samples were simultaneously collected
from the brachial artery and the femoral and hepatic veins for the
measurement of serum HSP72. Immediately prior to sampling,◊ O2

, respiratory exchange ratio (RER), heart rate (HR), mean
arterial pressure (MAP) and leg blood flow were recorded.
Subjects ingested 250 ml of artificially sweetened water at the
onset of exercise and at 15 min intervals during exercise.

Hepatosplanchnic and leg blood flow
For description of hepatic blood flow and blood variables
obtained from the hepatic vein, we used the term ‘hepato-
splanchnic’ to indicate that blood from the hepatic vein also
represents portal blood, whereas ICG is eliminated exclusively by
the liver. HBF (Nielsen et al. 2002) and leg blood flow (LBF)
(Andersen & Saltin, 1985; González-Alonso et al. 2000) measures
were performed according to methods previously described.

Blood analysis
The ICG dye concentration was determined by high-performance
liquid chromatography with a detection limit of 0.01 mmol l_1

(Ott, 1998). Paired samples of arterial and hepatosplanchnic
venous blood were collected in heparinised syinges (QS50;
Radiometer, Copenhagen, Denmark). Blood samples were kept
on ice until analysis for haemoglobin and Hct using an ABL
apparatus (model 615; Radiometer, Copenhagen, Denmark).

In order to determine serum HSP72 protein, 4 ml of blood was
placed in a tube containing a clot-inducing plug (Vacutainer
Systems Europe, France). This tube was inverted 6 times, left on
ice for 30 min, then spun in a centrifuge at 1200 g at 4 °C. A highly
sensitive, enzyme-linked immunosorbent assay (EIA) method
(EKS-700 Stressgen, Victoria, BC, Canada) was used to determine
the expression of HSP72 protein in serum as previously described
(Walsh et al. 2001).

Physiological measures
Expired pulmonary ◊ O2

and carbon dioxide production (◊ CO2
)

were measured on-line using a Medgraphics CPX/D metabolic
cart (St Paul, MN, USA). HR and MAP were measured with the
brachial artery catheter connected to a sterile disposable pressure
transducer (Baxter, Uden, The Netherlands) interfaced with a
pressure monitor (Danico Electronic-Dialogue 2000, Denmark).
During each experiment HR and arterial blood pressure (ABP;
i.e. mean, systolic (SBP) and diastolic (DBP) blood pressures)
were acquired using a beat-to-beat customized software data
acquisition system interfaced with a personnel computer.

Calculations and statistics
Net leg HSP72 balance was calculated by multiplying the femoral
venous–arterial HSP72 difference by the net LBF. Similarly, the
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net hepatosplanchnic HSP72 balance was calculated by multiplying
the hepatosplanchnic venous–arterial HSP72 difference by the net
HBF. Comparative data are expressed as means ± S.E.M. A one-
way analysis of variance (ANOVA) was used to compute the
statistics using the Statistica computer software program (Statsoft
Inc., Tulsa, OK, USA).

RESULTS
Subjects exercised at a ◊ O2

of 2.47 ± 0.15 l min_1, which was

equivalent to 62 ± 2 % of ◊ O2,max. As expected, ◊ O2
, RER and

HR were all higher (P < 0.05) during exercise when

compared with rest (Table 1).

The plasma volume had little effect on the serum HSP72

accumulation (data not shown). Likewise, whether the

hepatosplanchnic data were expressed relative to plasma

flow or blood flow had no effect on the results (data not

shown). HSP72 protein was below the detection limit in

the arterial serum in six subjects at rest. However, it

progressively increased throughout exercise in all subjects,

averaging 0.88 ± 0.35 pg l_1 at 120 min (P < 0.05 compared

with rest) (Fig. 1). Contracting LBF increased (P < 0.05)

from 0.5 ± 0.1 l min_1 at rest to an average of 6.1 ±

0.5 l min_1 during exercise (Fig. 2). HBF averaged 1.3 ± 0.1

l min_1 at rest. There was a small, but nonetheless significant,

decrease (P < 0.05) in HBF at 120 min (1.0 ± 0.1 l min_1)

compared with rest. A hepatosplanchnic venous–arterial

difference for HSP72 was undetected at rest, but gradually

HSP72 and exerciseJ. Physiol. 544.3 959

Table 1. Oxygen consumption (◊ O2
), respiratory exchange ratio (RER), heart rate (HR), and

mean arterial pressure (MAP) before (0 min) and during 120 min of semi-recumbent cycling
at 62 ± 2 % of maximal oxygen uptake

0 min 30 min 60 min 90 min 120 min

◊ O2
(l min_1) 0.27 ± 0.06 2.48 ± 0.17 * 2.45 ± 0.15 * 2.50 ± 0.15 * 2.44 ± 0.15 *

RER 0.81 ± 0.07 0.92 ± 0.05 * 0.90 ± 0.05 * 0.88 ± 0.05 * 0.85 ± 0.05 *
HR (beats min_1) 60 ± 1 144 ± 1 * 148 ± 1 * 149 ± 1 * 150 ± 1 *
MAP (mmHg) 96 ± 1 98 ± 1 97 ± 1 98 ± 1 96 ± 1

* Denotes difference (P < 0.05) from 0 min. Data are expressed as means ± S.E.M. (n = 7).

Figure 1. Arterial heat shock protein 72 (HSP72)
concentration before (0 min) and during 120 min of
semi-recumbent cycling at 62 ± 2 % of maximal oxygen
uptake
*Denotes difference (P < 0.05) from 0 min. Data expressed as
means ± S.E.M. (n = 7).

Figure 2. Leg blood flow (A) and hepatosplanchnic blood
flow (B) before (0 min) and during 120 min of semi-
recumbent cycling at 62 ± 2 % of maximal oxygen
uptake
*Denotes difference (P < 0.05) from 0 min. Data expressed as
means ± S.E.M. (n = 7 for leg blood flow, n = 5 for
hepatosplanchnic blood flow).
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increased such that the values at 60 and 120 min, were

different (P < 0.05) compared with rest. This resulted in a

net increase (P < 0.05) in hepatosplanchnic HSP72 release

at all times during exercise, averaging 0.54 ± 0.18 pg min_1

at 120 min (Fig. 3). In contrast, a femoral venous–arterial

difference for HSP72 was not observed at any point and

there was neither a net uptake nor a net release of HSP72

across the contracting limb (Fig. 4).

DISCUSSION
This study is the first to demonstrate in vivo release of heat

shock proteins from specific tissue beds in any species. The

data confirm our earlier observations that exercise

increases the systemic concentrations of HSP72 and that

the contracting skeletal muscle does not release this

protein (Walsh et al. 2001; Febbraio et al. 2002). In

addition, since the liver is an organ known to release acute

phase proteins and the type of exercise performed in this

study was unlikely to cause lysis of hepatosplanchnic cells,

we suggest that hepatosplanchnic tissue possesses a specific

exocytosis pathway to release HSP72, allowing it to

perform specific extracellular functions.

In the present study, we did not report contracting muscle

HSP72 gene or protein expression. However, we have

previously demonstrated that acute exercise increases

HSP72 gene and/or protein expression in contracting

human skeletal muscle approximately 120–240 min

following the commencement of exercise (Febbraio &

Koukoulas, 2000; Walsh et al. 2001; Febbraio et al. 2002).

It is possible, therefore, that HSP72 gene and/or protein

expression was elevated in the contracting muscles in the

present study. Notwithstanding this, in our previous

study (Febbraio et al. 2002) even though HSP72 gene and

protein expression were upregulated in a contracting

muscle which had lower than normal pre-exercise intra-

muscular glycogen content, we could not measure any

M. A. Febbraio and others960 J. Physiol. 544.3

Figure 3. Hepatic venous–arterial (hv–a) HSP72
concentration (A) and net hepatosplanchnic HSP72
release (B) before (0 min) and during 120 min of semi-
recumbent cycling at 62 ± 2 % of maximal oxygen
uptake
*Denotes difference (P < 0.05) from 0 min. Data expressed as
means ± S.E.M. (n = 5).

Figure 4. Femoral venous–arterial (hv–a) HSP72
concentration (A) and net contracting limb HSP72
balance (B) before (0 min) and during 120 min of semi-
recumbent cycling at 62 ± 2 % of maximal oxygen
uptake
Data expressed as means ± S.E.M. (n = 7).
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HSP72 in the femoral venous effluent. The results from the

present study are consistent with our previous work. In

our previous study concentric knee-extensor exercise was

employed, whereas in the present study semi-recumbent

cycling was employed. Since the mode of exercise in both

studies was predominantly concentric in nature, it was

unlikely that major skeletal muscle damage was induced in

either. Whether HSP72 is released from lysed muscle cells

is yet to be determined; however, the present study

supports the hypothesis that intact muscle cells are not

able to release HSP72 into the circulation, but that stressed

muscle cells synthesise HSP72 in order for them to

participate in intracellular processes.

Since the present study was conducted in humans we were

not able to obtain liver biopsy specimens. We cannot,

therefore, determine whether HSP72 was released by the

liver itself or that the gut contributed to the hepato-

splanchnic release. This is difficult to determine in vivo in

humans and is a limitation of the present study. However,

given that the rodent liver markedly increases HSP72

protein expression in response to exercise, it is likely that

the liver contributed to the hepatosplanchnic HSP72

release.

Based on the fact that the exercise was moderate in nature

and that HSP72 was released at 30 and 60 min of exercise

in the absence of any reduction in HBF at this time, it is

unlikely that the procedure resulted in cellular necrosis

secondary to ischaemia. In addition, one subject underwent

a full blood examination 48 h following the experiment

and there were no signs of liver damage or dysfunction

(data not shown). We propose, therefore, that the

hepatosplanchnic tissues release HSP72 to perform vital

extracellular roles. In a recent report, Pittet et al. (2002)

examined the serum HSP72 concentrations in patients

following severe trauma. They observed that survival

correlated with serum levels of HSP72. Although these

authors were not able to demonstrate a causal link between

elevated serum HSP72 and survival, their data nonetheless

support the theory that extracellular HSP72 performs

important roles designed to protect vital organs and/or

cells. In the present study we were unable to determine the

biological role of the rise in extracellular HSP72 and such a

study warrants further investigation.

In summary, we have clearly demonstrated that the

hepatosplanchnic tissues release HSP72 during exercise

and contribute, in part, to the elevated circulating HSP72

observed with exercise. In addition, the type of exercise

performed in this study, and the fact that HSP72 was

produced in the presence of a maintained hepato-

splanchnic blood flow, was unlikely to cause lysis of cells.

We suggest, therefore, that HSP72 is released to perform

specific and important extracellular functions during

exercise.
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