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Heat and exercise acclimation increases intracellular levels
of Hsp72 and inhibits exercise-induced increase
in intracellular and plasma Hsp72 in humans
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Abstract In order to verify the effects of heat and exercise
acclimation (HA) on resting and exercise-induced expres-
sion of plasma and leukocyte heat shock protein 72 (Hsp72)
in humans, nine healthy young male volunteers (25.0+
0.7 years; 80.5+£2.0 kg; 180+2 cm, mean + SE) exercised
for 60 min in a hot, dry environment (40+0°C and 45+0%
relative humidity) for 11 days. The protocol consisted of
running on a treadmill using a controlled hyperthermia
technique in which the work rate was adjusted to elevate
the rectal temperature by 1°C in 30 min and maintain it
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elevated for another 30 min. Before and after the HA, the
volunteers performed a heat stress test (HST) at 50% of
their individual maximal power output for 90 min in the
same environment. Blood was drawn before (REST),
immediately after (POST) and 1 h after (1 h POST) HST,
and plasma and leukocytes were separated and stored.
Subjects showed expected adaptations to HA: reduced
exercise rectal and mean skin temperatures and heart rate,
and augmented sweat rate and exercise tolerance. In HST1,
plasma Hsp72 increased from REST to POST and then
returned to resting values 1 h POST (REST: 1.11+£0.07,
POST: 1.48+0.10, 1 h POST: 1.22+0.11 ng mL™'; p<
0.05). In HST2, there was no change in plasma Hsp72
(REST: 0.94+0.08, POST: 1.204+0.15, 1 h POST: 1.17+
0.16 ng mL™'; p>0.05). HA increased resting levels of
intracellular Hsp72 (HSTI1: 1+0.02 and HST2: 4.2+1.2
density units, p<0.05). Exercise-induced increased intra-
cellular Hsp72 expression was observed on HST1 (HST1:
REST, 1+£0.02 vs. POST, 2.9+0.9 density units, mean =+
SE, p<0.05) but was inhibited on HST2 (HST2: REST,
4.2+1.2 vs. POST, 4.4+1.1 density units, p>0.05). Regres-
sion analysis showed that the lower the pre-exercise
expression of intracellular Hsp72, the higher the exercise-
induced increase (R=-0.85, p<0.05). In conclusion, HA
increased resting leukocyte Hsp72 levels and inhibited
exercise-induced expression. This intracellular adaptation
probably induces thermotolerance. In addition, the non-
increase in plasma Hsp72 after HA may be related to lower
stress at the cellular level in the acclimated individuals.

Keywords Exercise-heat stress -
Heat and exercise acclimation - Heat shock protein 72
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Abbreviations

HA heat and exercise acclimation
iHsp72 intracellular heat shock protein 72
eHsp72 extracellular heat shock protein 72
VO2peak peak oxygen consumption

HST heat stress test

Ap body surface area

U, urine-specific gravity

Tre rectal temperature

Tsk mean skin temperature

Tb mean body temperature

Msw whole-body sweat rate
Introduction

Heat and exercise acclimation (HA) refers to an organism’s
ability to perform exercise or work in high environmental
temperatures (Robinson et al. 1943). HA is attained by a
series of sessions of sustained increased core temperature,
usually generated by performing work or exercise during
repeated days in a hot environment (Moseley 1997). The
most common reported adaptations to HA are lower rest
and exercise core temperature, lower exercise heart rate and
augmented sweat rate (Nadel et al. 1974). HA, however, is
a complex process involving adaptations not only at whole-
body but also at the cellular level (Horowitz 2002; Yamada
et al. 2007; McClung et al. 2008).

Heat shock proteins (Hsps) are a highly conserved group
of proteins that serve as molecular chaperones and
accelerate cellular repair from heat stress, ischemia and
endotoxic shock (Kregel 2002; Lau et al. 2000). The most
thermosensitive and highly inducible Hsp belongs to the
70-kDa family (Mizzen and Welch 1988) and is commonly
known as Hsp72. Although the function of intracellular
Hsp72 (iHsp72) has been extensively investigated, it has
also been suggested that Hsp72 has a functional role when
released by a variety of cells (Febbraio et al. 2002a;
Broquet et al. 2003; Hunter-Lavin et al. 2004; Lancaster et
al. 2004) into the circulation (Pockley et al. 1998).
Extracellular Hsp72 (eHsp72) is thought to stimulate innate
immunity (Matzinger 1994), act as a danger signal resulting
in increased immune responses and facilitate host defense
to pathogenic challenges (Fleshner and Johnson 2005). For
example, eHsp72 has been suggested to have an immuno-
logical function (Moseley 1998; Asea et al. 2000; Campisi
and Fleshner 2003; Fleshner et al. 2003) with the
attachment of eHsp72 to the surface of monocytes being
found to stimulate the production of several cytokines in
vitro (Asea et al. 2000).

While many studies have focused on the human Hsp72
response to acute exercise (Febbraio and Koukoulas 2000;

@ Springer

Marshall et al. 2007; Morton et al. 2006; Reichsman et al.
1991; Ryan et al. 1991), changes in the human Hsp72
response that occur during HA have been less frequently
investigated. Only two studies have examined iHsp72
expression in humans during a period of HA. Yamada et
al. (2007) examined peripheral blood mononuclear cell
Hsp72 expression during a period of 10 days of HA and
found elevated baseline levels from day 6 through day 10.
Similarly, McClung et al. (2008) found that a 10-day
exercise-HA protocol increased baseline levels of iHsp72
and that the inducibility of Hsp72 to a 43°C ex vivo heat
shock was blunted. Studies on the effects of HA on eHsp72
concentration show contrasting results. Extracellular levels
of Hsp72 have been shown to decrease after the initial
phase (2 days) (Marshall et al. 2006) and after 5 days of
HA (Kresfelder et al. 2006), but no difference was found
after a 10-day HA protocol (Yamada et al. 2007).

It also should be noticed that all studies that investigated
the effects of HA on iHsp72 or eHsp72 have used constant
workload protocols. This procedure has the drawback of
reducing the adaptation stimulus as the subjects become
acclimated. As increased core temperature is crucial for
HA, in order to maintain the same stimulus, workload must
be continuously adjusted so that the same elevation in core
temperature is maintained throughout the period of HA.
Thus, in the present study, we used the controlled
hyperthermia technique (Fox et al. 1961, 1967; Cotter et
al. 1997; Patterson et al. 2004) to induce HA. Therefore, the
aim of the present study was to investigate the effects of a
period of HA using the controlled hyperthermia technique
on intracellular and extracellular levels of Hsp72 both at
rest and after exercise. We hypothesized that after HA, the
intracellular levels of Hsp72 would be increased at rest and
that the induction after exercise would be blunted. We also
hypothesized that extracellular resting levels of Hsp72
would be decreased after HA but that the exercise-induced
increase would not be modified.

Materials and methods
Subjects

After responding to a medical questionnaire and being
shown to be healthy, nine male subjects (25.0+0.7 years;
80.5+£1.9 kg; 179.6+£1.7 cm, mean + SE), inhabitants of a
tropical region (Belo Horizonte, Minas Gerais, Brazil,
latitude 19.5° S and longitude 43° W), volunteered to
participate in this study. The subjects were nonsmokers and
did not take any medication or drink alcohol during the period
of'the study. The study was conducted from June to September
(end of fall and winter in the Southern Hemisphere). All
procedures were in accordance with the Helsinki Declaration
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of 1975 and the local ethics committee of research approved
the present protocol. An informed consent was obtained from
all the subjects before the beginning of the study.

Preliminary testing

Subjects performed two aerobic capacity tests in a
temperate environment (23+0°C and 59.2+0.4% relative
humidity) 2—-3 days before the beginning and the end of the
HA protocol. The protocol consisted of exercising on a
treadmill starting from 3 MET intensity followed by
increases in speed and grade that accounted for increases
in 3 MET (1 MET=3.5 mL O, kg 'min"") every 3 min
until fatigue. Expired gases were collected and analyzed
(BIOPAC System MP35, Goleta, CA/USA) for oxygen and
carbon dioxide content breath-by-breath. Peak oxygen
consumption (¥ O2peak) was considered the highest oxy-
gen uptake value obtained during the test.

HA protocol

All subjects underwent an 11-day HA protocol. HA was
induced by a controlled hyperthermia protocol (Fox et al.
1961, 1967, Cotter et al. 1997, Patterson et al. 2004), which
consisted of elevating rectal temperature (7)) by 1°C in
30 min of treadmill exercise (1% grade and 2.20+0.11 m s ")
and then maintaining it elevated for another 30 min (1%
grade and 1.69+0.11 m s ") in an environmental chamber
(Russels Technical Products, WMD 1150-5, Holland, MI,
USA; dry bulb 40+0°C, relative humidity 45.1+0.2% rh and
wind speed 1.4+0.1 m s '). During the days of HA, work
rate was increased to maintain the target increase in Tp.
Mean exercise running speed was 1.9+0.1 m s~' on the first
day of HA and 2.1+0.1 m s ' on the last day of HA (p<
0.05). The HA protocol was completed on average within
13 days (range 12-15 days).

Heat stress test

Subjects performed a heat stress test 2 days before (HST1) and
2 days after (HST2) the HA period. Subjects reported to the
laboratory 2 h before the test and ingested a standardized meal
(1,720 kJ, 66 g of carbohydrate, 12 g of protein, 11 g of fat) in
order to guarantee the same carbohydrate ingestion and avoid
changes in the heat shock response as showed by Febbraio et
al. (2004). They were instructed to collect a urine sample,
void their bladders and insert a 7, probe (Yellow Spring
Instruments, Series 400) 12 ¢cm beyond the anal sphincter.
Skin temperature probes (Yellow Spring Instruments, Yellow
Springs, OH/USA, Series 400A) were attached to three skin
sites: chest, arm, and thigh and mean skin temperature (7'sk)
was calculated as follows (Roberts et al. 1977): 0.43 Tijest
0.25 Tymt0.32 Tipigh. Mean body temperature (7b) was

calculated as 0.8 T,.+0.2 Tsk. After that, 5 mL of venous
blood was drawn in EDTA tubes for hematocrit and
hemoglobin concentration, which were used to calculate
the plasma volume variation according to Dill and Costill
(1974). Subjects were then moved to a climatic chamber
with the same environmental condition described above in
the HA protocol, where they rested for 5 min in a seated
position while the baseline measurements were recorded.
After that, subjects ran on a treadmill (Quinton Medtrack
ST65, Bothell, WA/USA) at 50% of their individual
VO2peak for 90 min. Rectal and skin temperatures were
recorded at 6-min intervals. Heart rate was measured
continuously (Polar Vantage NV, Kempele, Finland). Indi-
vidual inability to sustain the predetermined workload or the
attainment of a T, of 39.5°C was taken as parameters to
reduce the speed of the treadmill so that the subject could
complete the 90 min of exercise. On six occasions in HST1
(three due to individual incapacity and three due to
attainment of the limiting 7;.) and on three occasions in
HST2 (the same three subjects as in HSTI, all due to
individual incapacity), the running speed had to be reduced.
Whole-body sweat rate was calculated by the difference in
pre- and post-exercise body weights (Filizola® MF-100
scale, precision of 0.02 kg, Sdo Paulo, Brazil), normalized
by body surface area (4p; DuBois and DuBois 1916),
divided by time, corrected for water ingested and uncorrect-
ed for metabolic or respiratory variations. Pilot studies
showed that respiratory and metabolic variations accounted
for less than 3% of total weight loss. In all experiments,
subjects wore shorts, socks and running shoes. Tests were
performed always between 15:30 and 17:00. Figure 1
outlines the procedures during the protocol.

Hydration status and food intake

Subjects were instructed to drink 500 mL of tap water 2 h
before each experimental day. Hydration status was assessed
by urine-specific gravity (Ug) both before and after each
experimental day using a portable refractometer (JSCP-
Uridens, Sao Paulo, SP, Brazil). The subjects were consid-
ered euhydrated in all experimental days (U,<1.030;
Armstrong 2000). During HST and HA periods, water intake
was provided ad libitum (water temperature was 11.1+£0.1°C
and 10.84+0.2°C for HST1 and HST2, respectively; p>0.05)
during the entire test. Subjects ingested similar amounts of
water in HST1 and HST2 (838+117 and 782466 mL,
respectively; p>0.05). During the entire study, subjects were
asked to maintain their habitual diet in order to diminish the
effect of food intake variation on the variables measured.
The diet content was analyzed using the DietPro 3.0 software
(Sao Paulo, SP/Brazil), and it did not vary among the days of
the protocol (11,800+£300 kJ/day, 55+0.9% carbohydrates,
16+0.5% proteins, 29+0.9% fat, 1,980+97 mg of sodium).
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Fig. 1 Procedures during the 2-3 days interval 2 days 11 days of heat and exercise 2days  2-3days interval

heat and exercise acclimation f |

protocol. ¥ O2peak, peak | | | | | | | | | | | | |

oxygen consumption; HST, . .

heat stress test VO2peak HST VO2peak HST

Blood drawn in HST1
-before (REST)

-immediately after (POST)

-1 hour after (1h POST)

Isolation of leukocytes

For leukocyte isolation (mononuclear cells and granulocytes),
10 mL of blood was drawn in heparinized tubes three times:
before HSTs (REST) and twice after HSTs, one immediately
after HSTs (POST) and another after 1 h rest at room
temperature (1 h POST). Blood was layered onto Histopaque-
1119 (catalog no. 1119-1, Sigma-Aldrich, St. Louis, MO, USA)
and centrifuged according to the manufacturer's instructions.
Leukocytes were then collected and washed three times using
cold PBS. After that, cells were counted on a hemacytometer
under a microscope using 0.4% trypan blue {trypan blue
solution [0.4% (w/v)] product number T8154, Sigma-Aldrich,
St. Louis, MO, USA}; viability was expressed as a percentage
(always higher than 95%). The pellet was stored at —80°C
until analyses. The cells were then lysed in lyses buffer
[20 mM Hepes (pH 7.4), 250 mM NaCl, 2 nM EDTA, 2 mM
EGTA, 1 mM NaF, 1 M DTT, 100 mM PMSF and 1% NP-
40], centrifuged and the supernatant was used in SDS-PAGE.
Total protein concentration of the supernatant was measured
using the Bradford assay.

iHsp72 analyses

Thirty micrograms of total protein was separated on an 8%
polyacrylamide gel by electrophoresis. Five microliters of a
protein standard (recombinant human hsp70 protein, catalog
no. Nsp-555, Stressgen Bioreagents, Ann Habor, MI, USA)
were used as positive control. Protein was transferred to a
nitrocellulose membrane (Amersham Biosciences, Piscat-
away, NJ, USA), and then nonspecific binding sites were
blocked with 5% nonfat dry milk solution (10 mM Tris—HCI,
pH 7.6, 150 mM NaCl and 0.1% Tween 20) for 2 h. To detect
Hsp72, the primary antibody (1:1,000, mouse anti-HSP70
SPA810, Stressgen Bioreagents) was applied overnight, and
the appropriate secondary antibody was applied for 1 h
(1:3,000, horseradish peroxidase rabbit antimouse IgGl,
Invitrogen, Carlsbad, CA/USA). Binding of the primary
antibody was detected with the use of peroxidase-conjugated
secondary antibody. Enhanced chemiluminescence reagents
(Amersham Biosciences) were used to visualize the autora-
diogram, which was later exposed to photographic film. The
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Blood drawn in HST2
-before (REST)

-immediately after (POST)

-1 hour after (1h POST)

film was developed and the bands were analyzed using Scion
Image software (Scion Corporation based on NIH image).
Ratios were used to express differences in bands, with the first
band (pre-exercise, day 1 control) being the control, or 1. The
intensities for subsequent bands were divided by the intensity
of the first sample and expressed as a ratio.

eHsp72 measurement

A commercially available enzyme-linked immunosorbent
assay (EKS-700, Stressgen, lot # 506413) was used to
determine Hsp72 concentration in plasma samples. One
hundred microliters of prepared Hsp72 standard (0.78—
50 ng/mL) and undiluted heparinized plasma samples were
added to the microassay plate in duplicate. Wells were covered
and incubated at room temperature for 2 h, with gentle
rocking. After incubation, liquid was aspirated from all wells,
and the wells were washed with wash buffer six times. One
hundred microliters of anti-Hsp70: biotin antibody (diluted
1/500) was added to all wells and incubated for 1 h. After
incubation, wells were washed a further six times before the
addition of 100 uL avidin—-HRP conjugate (diluted 1/10000).
After 1 h of incubation, wells were washed as described
previously and TMB substrate was added and incubated for
10 min at room temperature. One hundred microliters of acid
stop solution were added to all wells, and absorbance was
measured at 450 nm (EIA Reader, Model 2550, Bio-Rad,
Hercules, CA/USA). The absorbance of the assay blank (0 ng/
mL Hsp72) was subtracted from all other standards and
samples to account for the background absorbance of
reagents. The Hsp72 concentrations of each sample were then
interpolated from the constructed standard curve plotted on a
log—log scale. The concentration of Hsp72 in plasma samples
was expressed as the weight of the protein per milliliter of
plasma (ng/mL). All plasma samples were run with the same
standard curve. Plasma Hsp72 concentrations were corrected
for changes in plasma volume.

Statistical analyses

Based on previous studies (Yamada et al. 2007; McClung et
al. 2008), we calculated that eight subjects would be required
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to detect a difference in iHsp72 expression and seven to
detect a difference in eHsp72 concentration with a 95%
probability and a power of 80%. A two-way repeated-
measures analysis of variance was used to compare Hsp72
values, body temperatures and heart rate (HST vs. time), and
a Student's ¢ test was used to compare calculated whole-body
sweat rate values. When a significant F' value was found, we
performed a Student-Newman—Keuls as a post hoc analysis.
Regression analyses curves were constructed and the » value
calculated. Pearson’s correlation was used to evaluate the
significance. The « level was set at .05. Data are shown as
mean + SE, unless otherwise stated.

Fig. 2 Rectal temperature

Results
Heat and exercise acclimation

HA was confirmed, as the subjects exercised during HST2
with lower exercise Ti.,Tsk,Tbody heart rate (Fig. 2) and
showed higher Msw (HST1: 8.6+1.0 and HST2: 10.0+1.2 g
m 2 min', p<0.05). Subjects also exercised at a higher
intensity in HST2 in comparison to HST1 (1.90+0.03
and 2.04+0.05 m s ', respectively; p<0.0001).ZO2peak
was not different before and after the adaptation period
(50.5+1.0 and 52.3+1.3 mL kg ' min', respectively; p=
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0.11). Hematocrit (HST1: 44.8+1.1 and HST2: 44.0+
1.1%, p<0.05) and hemoglobin concentration (HSTI:
16.2+0.4 and HST2: 15.3+0.4 g dL™', p<0.05) were
diminished after the HA period, reflecting plasma volume
expansion. In fact, calculated plasma volume expansion
was 5.2+1.3% (p<0.001).

Before the HA, plasma volume decreased 8+3% (range
—13% to —4%) in the POST situation and 7+3% (range —11%
to —4%) in the 1 h POST situation. After the HA, plasma
volume decreased 5+4% (range —12% to —2%) in the POST
situation and 1£3% (range —6% to +2%) in the 1 h POST
situation.

Intracellular expression of Hsp72

iHsp72 expression before and after the HA period is shown
in Fig. 3. There were significant day X time interactions
(»<0.0001). Following HA, a baseline increase in iHsp72
expression was observed (p<0.01). Furthermore, there was
also an increase in iHsp72 expression in response to the
exercise bout in HST1 (p<0.01), and this increase was
maintained after 1 h of rest following the exercise bout.
However, this response was blunted in HST2 (REST vs.
POST, p=0.22; REST vs. 1 h POST, p=0.45).

In order to investigate the relationship between pre-
exercise and exercise-induced expression of iHsp72, we
performed Pearson correlation analysis (Fig. 4). We observed
a highly significant negative hyperbolic correlation between
the pre-exercise expression and the increase in iHsp72
induced by exercise (Fig. 4a). A linear negative correlation
is still found when data from before (Fig. 4b) and after
(Fig. 4c) the acclimation period are analyzed separately.

The induction of iHsp72 expression may occur when
there is a certain increase in internal temperature irrespec-
tive of its initial value. To address this possibility, we
analyzed the relationship between final rectal temperature
and iHsp72 expression (Fig. 5a) and delta rectal tempera-

;mﬂ ”l

REST POST 1h POST REST POST 1h POST

Hsp72 expression (arbitrary units)

Fig. 3 Intracellular Hsp72 expression before (REST), immediately
after (POST) and after 1 h rest at room temperature (/ 4 POST) heat
stress tests before (HST1, white bars) and after (HST2, black bars) the
heat and exercise acclimation period. Values are means with SEs. *p<
0.05, different from HST1 at REST
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Fig. 4 Relationship between pre-exercise intracellular expression of
Hsp72 and Hsp72 inducibility (fold induction from pre-exercise
values). Pearson’s correlation showed a negative significant correla-
tion between variables when data were analyzed together (a, before
and after the acclimation period, R=-0.94, R*=091, »<0.0001), or
separately (b, before the acclimation period, R=-0.69, R*=0.83, p<
0.0001; ¢, after the acclimation period, R=—0.93, R2=0.86,p<0.0001)

ture and iHsp72 expression in HSTs (Fig. 5b). We observed
a highly significant positive correlation between iHsp72
induction and final rectal temperature (Fig. 5a) and delta
rectal temperature (Fig. 5b). These results suggest that both
final rectal temperature and/or delta rectal temperature
influence iHsp72 expression during exercise and heat
acclimation.
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We also performed a differential leukocyte count in all
situations. Neither the total (HST1: 5,944+856 cells vs.
HST2: 5,828+452 cells) nor the differential count (neu-
trophils, HST1: 654+2.6% vs. HST2: 62+2.3% and mono-
nucleated cells, HST1: 354+2.6% vs. HST2: 38+2.3%) was
different on REST before and after HA (p>0.05 to all). On
POST, there was an increase in the total leukocyte count
both before and after HA compared to REST (p<0.05).
However, this increase was not different between HST1 and
HST2 (total leukocyte count, HST1: 8,113+656 cells vs.
HST2: 8,714+687 cells, p>0.05). Despite this increase in
the total leukocyte count, the differential count showed no
difference between REST and POST. The differential count
on POST was as follows: neutrophils, HST1: 63+£3.5% vs.
HST2: 624+2.1% and mononucleated cells, HST1: 37+2.7
vs. HST2: 38+2.1 cells. 1 h POST, the increase in the total
leukocyte count persisted both before and after the HA
(HST1: 9,612+1,019 cells vs. HST2: 9,871+743 cells);
however, the differential count showed that the percentage of
neutrophils increased both before and after HA (neutrophils,
HST1: 75+2.1% vs. HST2: 70+£2.2% and mononucleated
cells, HST1: 25+2.1% vs. HST2: 30+£2.2%, p<0.05).

Deltain rectal temperature (°C)

Ll

1h POST

Hsp72 extracellular concentration (ng/mL)
‘D—‘
N
o
|

REST POST REST POST 1h POST

Fig. 6 Extracellular hsp72 before (REST), immediately after (POST)
and after 1 h rest at room temperature (I 2 POST) heat stress tests
before (HST1, white bars) and after (HST2, black bars) the heat and
exercise acclimation period. Values are means with SEs. *p<0.05,
different from HST1 at REST
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Extracellular concentration of Hsp72

eHsp72 concentration is shown in Fig. 6. A significant main
effect for eHsp72 [F(3,25), p=0.04] was found. Post hoc test
showed that before the HA period, an increase in eHsp72
was observed in response to the exercise bout (REST vs.
POST, p<0.05) and a return to pre-exercise levels was
observed after 1 h rest following exercise (REST vs. 1 h
POST, p=0.53). No change in eHsp72 concentration was
observed at baseline before and after HA. Moreover, after
HA, no exercise-induced increase in eHsp72 was observed
(REST vs. POST, p=0.15; REST vs. 1 h POST, p=0.22).

Discussion

The present study investigated the effects of HA using the
controlled hyperthermia technique on intracellular and extra-
cellular levels of Hsp72 both at baseline and after a bout of
exercise. The major findings were (1) an increased baseline
expression of iHsp72, (2) the exercise-heat-induced increase
in intracellular and extracellular Hsp72 levels was inhibited
and (3) the lower the iHsp72 expression at baseline, the higher
its induction by exercise.

Heat and exercise acclimation

In this study we employed 11 days of controlled hyperthermia
technique to induce HA in our subjects. The classic
adaptations to HA were all observed in the present study, i.e.,
reduced resting and exercising internal temperature and heart
rate, reduced exercising skin temperature, increased sweat rate
and exercise tolerance. These data show that the protocol used
in the present study was effective in inducing HA in our
subjects.

Intracellular heat shock protein 72

An acute exercise-induced increase in iHsp72 expression
before HA was observed in the present study. Interest-
ingly, the previous studies of Yamada et al. (2007) and
Marshall et al. (2007) did not observe such increase. The
different internal temperatures induced in the two studies
might explain this discrepancy. Of note, most of our
subjects reached over 39°C core temperature; in fact,
maximal 7}, induced in the present study was 39.2°C on
average. Furthermore, our subjects reached on average 39°
C at 60 min of exercise, and maintained this internal
temperature until the end of the protocol, while the
subjects of previous studies did not reach 39°C on
average. This 30 min with internal temperature over 39°
C might have been sufficiently stressful to induce an
increase in iHsp72.
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The cell population isolated in the present study
contained only leukocytes. In contrast, the previous studies
of Hsp72 response in HA isolated peripheral blood
mononuclear cells (Marshall et al. 2006; Yamada et al.
2007; McClung et al. 2008). The responses observed in the
present study could be related to changes in circulating
numbers of individual leukocyte populations. However, it is
unlikely that the differences observed between the present
study and other studies are due to the cell population
analyzed, since the differential leukocyte count before and
after the HA was not different under any of the conditions
analyzed. Additionally, Fehrenbach et al. (2000) reported
that the responses of monocytes and granulocytes expres-
sion of Hsp72 in people who ran a half marathon were
similar. Therefore, the changes observed were due to
changes in iHsp72 expression and not to changes in the
differential leukocyte count.

Furthermore, baseline iHsp72 expression was increased
following the HA protocol and the exercise-induced
increase in Hsp72 was inhibited following HA. These
responses are in agreement with our hypothesis and with
recent studies on iHsp72 and HA in humans and animals.
Maloyan et al. (1999) showed that passive HA increases
basal expression of Hsp72 in rat cardiac muscle and reduces
in vitro heat shock-induced increase in Hsp72. In 2007,
Marshall et al. showed no change in iHsp72 expression
after 2 days of exercise in the heat. Although some
physiological adaptations were noticed, 2 days might not
have been long enough for a complete acclimation, since
this response may take 5-10 days (Lind 1963). Studying
Hsp72 adaptation following 7 days of HA at the muscular
level, Watkins et al. (2007) also did not observe any
alteration in Hsp72 expression in the vastus lateralis,
although the subjects of that study exercised for only
30 min daily, which might not have been sufficient to
induce adaptation at the cellular level. More recently,
Yamada et al. (2007) and McClung et al. (2008) showed
that after 10 days of HA the baseline levels of iHsp72
increased. In their study, McClung et al. also observed that
when cells from acclimated subjects were submitted to an
in vitro heat shock, there was a blunted Hsp72 increase.
Our results agree with those of Yamada et al. and McClung
et al. showing that HA increases Hsp72 expression in
humans. We expand beyond the in vitro findings to show in
an in vivo model that when baseline levels of Hsp72 are
elevated, the stress-induced increase in Hsp72 is blunted.

We show that in HST1 rectal and mean body temper-
atures were greater than in HST2, which could have
affected the iHsp72 expression. However, rectal tempera-
ture variation in HST1 (1.02+0.24°C) was not different in
comparison to the HST2 (1.08+0.21°C, p=0.26), neither
was mean body temperature variation (HST1: 1.04+0.22°C
and HST2: 1.02+0.18°C, p=0.39) or heat storage (HST1:
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442+47 W/m? and HST2: 39.0+3.3 W/m?, p=0.09).
Therefore, we believe that the thermal stimulus between
the HSTs was not different and might not have influenced
the iHsp72 response to exercise.

To better address the issue above, we analyzed the
relationship between iHsp72 expression and final rectal
temperature, and between iHsp72 expression and delta rectal
temperature (Fig. 5). Although there was a clear relationship
between internal temperature and iHsp72 expression
(Fig. 5a), the delta rectal temperature also showed a
relationship with iHsp72 induction (Fig. 5b). Although there
may exist an internal temperature threshold for iHsp72
induction, it is also possible that this response occurs once a
certain variation of internal temperature is reached.

The mechanism by which increased baseline Hsp72 may
inhibit its own expression is related to Hsp72 binding to the
heat shock factor 1 (HSF-1). In the unstressed cell, the
HSF-1 is inactive and is present as a homodimer bound to
Hsp72. Under stress, Hsp72 binds to denatured proteins and
frees HSF-1 that trimerizes, migrates to the nucleus and
binds to the heat shock element. This increases the
intracellular levels of Hsp72, which can bind to HSF-1
and stop its own transcription (Morimoto 1998). Possibly,
after HA, as the expression of Hsp72 is increased, the
cellular stress to induce HSF-1 activation would have to be
higher (McClung et al. 2008) and our results support this
hypothesis. Although speculative, we propose that the
increase in iHsp72 due to repeated increases in core
temperature is an interesting adaptation at the cellular level
because, under future stress, its transcriptional and transla-
tional machineries do not have to be directed to the
synthesis of heat shock proteins. In that situation, once
stress is inflicted upon the cell, its Hsp72 content is already
enough to deal with that particular challenge and, therefore,
normal cell function and cell homeostasis are maintained.
The physiological significance of the increase in iHsp72
following HA is not known. The increase in iHsp72 has
been associated with enhanced thermotolerance in vitro
(Kregel 2002) and in vivo (Maloyan et al. 1999), and HA
increases heat endurance in various species including
humans (Patterson et al. 2004). Therefore, augmented
iHsp72 may play a role in HA at the cellular level,
enhancing cell tolerance to subsequent heat insults.

Extracellular heat shock protein 72

Serum HSP70 has been detected in peripheral circulation of
apparent healthy individuals (Pockley et al. 1998) and
increases in response to different stressors including
exercise (Walsh et al. 2001). Increase in eHsp72 after a
single bout of exercise has been previously observed
(Walsh et al. 2001; Febbraio et al. 2004; Fehrenbach et al.
2005) and our results corroborate those findings, as

increased eHsp72 (~34%) was observed after the exercise
bout before the HA.

Evidence suggests that eHsp can act as an inflammatory
molecule and induce cytokine production in immune cells
(Multhoff et al. 1999; Asea et al. 2000). Asea et al. (2000)
showed that Hsp72 bound with high affinity to the plasma
membrane and upregulated the expression of proinflamma-
tory cytokines tumor necrosis factor-«, interleukin-1 and
interleukin-6 in human monocytes.

The reason for extracellular increases in Hsp72 after
exercise is not currently known, but it may partly contribute
to the exercise-related inflammatory reaction which mainly
happens after prolonged, intensive exercise (Asea 2003).

Although we observed an increase in eHsp72 before HA,
this response was completely inhibited after HA. This
finding was unexpected and contradicts our initial hypoth-
esis. Only a few studies so far have investigated the effects
of HA on extracellular concentration of Hsp72. Earlier,
Kresfelder et al. (2006) also showed that baseline eHsp72
levels decreased after 5 days of HA, but only in subjects
who showed signs of HA, while subjects who were not
acclimated showed an increase in eHsp72. More recently,
Yamada et al. (2007) showed no alterations in eHsp72 after
either exercise or HA. The reason for such discrepancies
between our results and previous studies is not clear. They
may be related to the different HA protocols used, as
previous studies used a constant workload protocol to
induce HA, whereas in the present study we used a
controlled hyperthermia technique. As the controlled
hyperthermia technique imposes constant thermal stress
upon the organism during HA, we might have induced a
greater degree of adaptation in our subjects. Other possible
differences between the present and previous studies may
be related to different exercise duration or to differences in
blood handling [serum vs. heparinized plasma (Whitham
and Fortes 2006)].

The source of eHsp72 is not completely known, but it
has been shown that the liver (Febbraio et al. 2002a), the
brain (Lancaster et al. 2004) and some cells including
leukocytes (Hunter-Lavin et al. 2004), but not the skeletal
muscle (Febbraio et al. 2002b), can release Hsp72 into the
circulation. Johnson and Fleshner (2006) proposed that oc-
adrenergic stimulation is responsible for Hsp72 release into
the circulation. Whitham et al. (2006) showed that exercise
with caffeine supplementation led to a higher increase in
eHsp72 and that this increase was associated with higher
plasma levels of catecholamines. Therefore, it is possible
that reduced sympathetic activation might have caused this
diminished response after HA. This hypothesis is strength-
ened by previous data showing that HA does not change
resting but reduces exercise plasma levels of epinephrine
(Febbraio et al. 1994). On the other hand, heart rate
elevation (the difference between final exercise and rest
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heart rates), an indirect measure of sympathetic activation
in HST1, was not different in comparison to HST2 (HST1:
83+5 and HST2: 8147 bpm, p=0.18), and, thus, sympa-
thetic activation may have been similar between the HSTs.

During the preparation of this manuscript, Ogura et al.
(2008) showed that body temperature elevation during
exercise is important for induction of exercise-increased
eHsp72. In the present study, core temperature was higher
in HST1 in comparison to HST2 and, therefore, tempera-
ture elevation might have been an important factor in
eHsp72 elevation. However, as stated before, rectal and
mean body temperature variation and heat storage were not
different in HST1 and HST2. At present, it is not known
whether eHsp72 increases in response to a threshold
temperature or to a temperature variation in vivo.

Even though the significance of a post-exercise increase
in eHsp72 remains unclear, it has been proposed to have
immunological functions (Matzinger 1994), to function as a
danger signal to the organism and to activate various
cytokines and inflammatory pathways (Asea et al. 2000).
The release of Hsp72 into the circulation before the HA
might indicate that the exercise bout in that situation was
sensed by the organism as a stress capable of inducing an
immunological response. However, as the subjects of the
present study became adapted to heat, the exercise bout
after the HA may not have been sensed by the organism as
a stress capable of eliciting an immunological response and,
therefore, there was no need for Hsp72 release into the
circulation. We might even speculate that the higher iHsp72
observed after the HA may have protected the cells from
the stress induced by the exercise bout, and, thus, a
mechanism involving release of Hsp72 to induce an
inflammatory response was inhibited.

Some limitations of the present study should be
addressed. We measured iHsp72 expression on total
leukocyte population instead of measuring intracellular
expression of Hsp72 in monocytes and neutrophils sepa-
rately. The observed responses were probably related to
Hsp72 expression in neutrophils as this population repre-
sents the highest percentage of circulating leukocytes
(>60%). However, the differential count was not different
between PRE and POST neither before nor after the HA.
Therefore, it is likely that the responses observed were
indeed related to changes in iHsp72 expression and not to
changes in the differential leukocyte count.

In conclusion, in the present study, we showed that HA
led to (1) increased baseline levels of iHsp72 and (2)
inhibition of the exercise-induced increase in intracellular
and eHsp72. These findings expand beyond previous
animal, human and in vitro studies and suggest that the
repeated increase in internal temperature induce iHsp72
synthesis and that this enhanced level inhibits this further
iHsp72 increase. Furthermore, eHsp72 does not increase
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after exercise following HA even with a similar mean body
temperature increase.
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