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In vitro heat shock of human monocytes results in a proportional
increase of inducible Hsp70 expression according to the basal
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Abstract Heat shock proteins play an important role as
molecular chaperones of the cell. Inducible heat shock
protein 70 is rapidly synthesised in response to numerous
stressors and monocytes are sensitive to changes in core
temperature resulting in a circadian variation of Hsp70
expression. Monocytes were isolated via density centrifu-
gation from nine healthy male volunteers at 5 am, 1 pm
and 9 pm, representing the nadir (5 am), peak (9 pm) and
intermediate (1 pm) of Hsp70 expression in the 24-h cycle.
Analysis of freshly isolated monocytes for Hsp70 expres-
sion confirmed Hsp70 levels at the three selected time
points. Monocytes were subjected to in vitro heat shock at
40°C (£0.1) for 90 min with a 90 min 37°C (£0.1)
exposure acting as a control. A significant increase in
Hsp70 was observed at 5 am (p <0.001) and 1 pm
(p = 0.028) at 40°C when compared to 37°C but not at
9 pm (p = 0.19). A significant increase was also observed
from the basal levels of Hsp70, measured on freshly
isolated monocytes and the levels detected after heat shock
at 40°C at 5 am (p < 0.001) and 1 pm (p = 0.001), which
was not observed at 9 pm (p = 0.15). Furthermore, a sig-
nificant correlation was observed in the heat shock
response at 40°C and that obtained at 37°C (p < 0.001). In
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conclusion, the heat shock response in monocytes is
directly proportional to the amount of Hsp70 present in the
cells and the stress response may be much higher at dif-
ferent times of the day.
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Introduction

Heat shock proteins (Hsp) are ubiquitous and perform an
essential cellular function, the chaperoning of nascent
proteins, preventing them from degradation (Bukau and
Horwich 1998). Hsp are a family of stress proteins with
molecular mass from 10 to 170 kDa (Snoeckx et al. 2001).
The most highly inducible Hsp has a molecular mass of
72 kDa (Hsp70), belongs to the Hsp70 family of proteins
and is well characterised (Madden et al. 2008a). Inducible
Hsp70 can re-fold damaged proteins, inhibit protein
aggregation and translocate proteins to different cellular
compartments (Kregel 2002). Hsp70 expression is
increased markedly in response to temporary heat shock
and has shown to be cellularly protective against sub-
sequent stresses such as heat (Locke and Noble 1995),
hypoxia (Patel et al. 1995) and oxidative stress (Kukreja
et al. 1994). Also, Hsp70 is capable of rescuing cells from
programmed death by disrupting the apoptotic cascade
(Garrido et al. 2001).

Various strategies aimed at increasing basal Hsp70
levels have been used to attempt to confer cellular pro-
tection in an exercise setting, such as acquisition of thermal
tolerance (McClung et al. 2008) prior to prolonged bouts of
competitive exercise in a hot environment (Sandstrom et al.
2008). Thus, using the basal levels of Hsp70 is thought to
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be an acceptable outcome marker for preconditioning
regimes (Madden et al. 2008a).

Many studies have demonstrated increased Hsp70
expression in vitro following heat shock; however, most
groups exposed cells to extreme temperatures that could
ultimately cause immediate death in humans (up to 45°C)
(Oehler et al. 2001; Sonna et al. 2002; McClung et al.
2008). The amount of Hsp70 induction is temperature and
time dependant (Lovell et al. 2007).

Previously we have observed a diurnal expression pat-
tern of Hsp70 expression within monocytes and linked this
to changes in core temperature (Sandstrom et al. 2009).
Hsp70 was found to peak at both 9 am and 9 pm with a
nadir at 5 am and low expression levels between 1 pm and
5 pm. Although recently no circadian variation was
observed in serum Hsp70 (Fortes and Whitham 2009), the
source of serum Hsp70 is unknown and monocytes have
been shown to be the most sensitive cell type for Hsp70
expression analysis (Sandstrom et al. 2009; Bachelet et al.
1998).

A circadian rhythm has been demonstrated in core
temperature and vascular tone (Refinetti 1998; Krauchi and
Wirz-Justice 2001). Furthermore, we reported a circadian
rhythm in endothelial microparticles within the circulation,
which may be a marker of endothelial function (Madden
et al. 2008b). These studies clearly demonstrate that per-
forming exercise or indeed surgery at different times of the
day may have implications in terms of cellular response.

The aim of this study was to characterise Hsp70
expression within monocytes in response to a non-lethal
(40°C) in vitro heat shock and relate the magnitude of this
response to the amount of Hsp70 present prior to the heat
shock. To gain the broadest range of baseline Hsp70 levels
in humans within a 24 h cycle, samples were taken when
monocyte Hsp70 expression has been shown to be highest
(9 pm), lowest (5 am) and low (1 pm).

Materials and methods

Subjects

Nine healthy non-smoking male volunteers (18-24 years)
took part in this study. Departmental ethics was granted
and written informed consent given. All subjects were
treated in accordance with the Declaration of Helsinki.
Blood sampling

Blood was drawn by venipuncture into potassium EDTA
tubes (Greiner, Stonehouse, UK). After mixing, 100 pL was

taken for immediate Hsp70 analysis whilst the remaining
blood was used for peripheral blood mononuclear cell
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(PBMC) isolation. All blood samples were taken on the
same day.

Live inducible Hsp70 assay

Inducible Hsp70 was determined by flow cytometry
immediately following the collection of blood as previ-
ously reported (Sandstrom et al. 2009) and detailed below.
Furthermore, PBMC was isolated by density gradient
centrifugation (Histopaque, Sigma, Poole, UK) according
to the manufacturers’ instructions and stored in liquid
nitrogen until in vitro heat shock testing was carried out.

In vitro heat shock assay

Peripheral blood mononuclear cell was defrosted on ice,
washed with PBS (20 mL) and resuspended in 1 mL
RPMI1640 media (PAA, Yeovil, UK) supplemented with
10% (v/v) foetal calf serum. Viability was assessed by
trypan blue exclusion. Each PBMC sample was then divi-
ded into two 500 pL aliquots and transferred in 2-mL
round bottom polypropylene tubes (to allow for adequate
gas exchange). One aliquot of each sample was placed in a
heating block set at 37°C (£0.1°C) and the other in a
heating block at 40°C (£0.1°C) for 90 min. Heat shock
was chosen at 40°C as we have previously demonstrated
maximal response at this temperature immediately fol-
lowing exposure (Lovell et al. 2007). Samples were then
centrifuged (400xg, 3 min) and the PBMC pellet resus-
pended in fixation buffer (AbD Serotec, Oxford, UK) for
15 min at ambient temperature. PBS (3 mL) was added and
PBMC was then pelleted by centrifugation (400x g, 3 min),
resuspended in permeabilisation buffer (100 pL) then
divided into two aliquots (50 pL), to which 5 pL of either
isotype-matched negative control:FITC (AbD Serotec) or
anti-Hsp70:FITC (Assay Designs, Ann Arbor, MI) was
added to the same final concentration. Samples were
incubated in the dark at ambient temperature for 30 min
prior to washing with PBS (3 mL), centrifuged (400xg,
3 min) and finally the pellet was resuspended in 300 pL
PBS prior to flow cytometry analysis.

Flow cytometry analysis

Samples were analysed on a BDFACSCalibur (Becton—
Dickinson, Oxford, UK) running CELLQuest software and
20,000 events were counted. Monocytes were gated
according to their scatter properties in relation to lym-
phocytes and Hsp70 expression determined by mean fluo-
rescence of monocytes incubated with the anti-Hsp70
antibody relative to monocytes incubated with negative
control antibody. The experimentation and subsequent flow



Heat shock in monocytes

cytometry analysis were carried out by different authors in
a blinded fashion.

Statistical analysis

All statistical analyses were performed using PASW sta-
tistics 17 (SPSS Inc., Chicago, IL). Quantile—quantile plots
indicated that the normality assumption for Hsp70
expression was plausible. The effects of condition (Pre,
37°C, 40°C) and time (5 am, 1 pm and 9 pm) on Hsp70
expression were analysed using linear mixed models, as
were the effects of condition and group (none, medium and
high Hsp70 expression). Condition, group and time were
modelled as fixed effects and subject as a random effect.
Various plausible covariance structures were assumed and
the one that minimised the Hurvich and Tsai’s criterion
(AICC) value was chosen as the main selection criterion
for the final fitted model. Fisher’s least significant differ-
ence test was used for post hoc pairwise comparisons
where a significant F ratio was observed. Correlations
between Hsp70 expression in vivo, in vitro at 37°C, and in
vitro at 40°C were investigated using the Pearson correla-
tion coefficient. Two-tailed statistical significance was
accepted as p < 0.05.

Results

In vivo Hsp70 determined immediately after each blood
draw is shown in Fig. 1. Data are shown as mean fluores-
cence obtained with the anti-Hsp70 relative to that gained
with negative control. Therefore, a ratio of 1 indicates no
detectable Hsp70 within monocytes, as mostly observed at
5 am. Compared to 5 am, no significant change in Hsp70
expression within monocytes was observed at 1 pm
(p = 0.087); however, a significant increase was observed
at 9 pm (p <0.001), in accordance with our previous
observations (Sandstrom et al. 2009).

The minimum observed PBMC viability prior to heat
shock was 90%. The main effects of condition (F = 35.3,
p < 0.001) and time (F = 24.5, p < 0.001), and the con-
dition x time interaction (F' = 35.5, p < 0.001) were all
statistically significant.

After in vitro heat shock at 37°C, monocytes taken at
5 am (p = 0.002) and 1 pm (p = 0.036) exhibited up to a
1.5-fold increase in expression; however, monocytes taken
at 9 pm showed a significant decrease in Hsp70 expression
(p < 0.001; Fig. 1). In vitro heat shock at 40°C resulted in
an over twofold increase in monocyte Hsp70 expression in
samples taken at 5 am (p < 0.001), a 1.8-fold increase at
1 pm (p =0.001) and no significant change at 9 pm
(p = 0.15; Fig. 1).
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Fig. 1 Bar chart showing in vivo levels of Hsp70 expression (black
bars) as well as relative increases in expression in response to
incubation at 37°C (light grey bars) and heat shock at 40°C (dark grey
bars) in monocytes isolated at 5 am, 1 pm and 9 pm. Data are
presented as mean fluorescence intensity in relation to that obtained
with a negative control antibody & SEM (n = 9). Like letters above
the error bars represent statistically significant differences between
the means (p < 0.05)

Refinement of the samples into groups according to the
expression of Hsp70 observed °‘live’ resulted in three
groups. The first was samples with no detectable Hsp70
(n = 11) taken from the 5 am and 1 pm samples. The
second group was designated low Hsp70 expression (with a
mean increase over the negative control of 1.01-1.30, i.e.
1-30% increase), again made up from samples at 5 am and
1 pm (n = 8) and finally a third group of relatively high
(ratio over 1.35) basal expression (n = 8). The main
effects of condition (F = 39.4, p <0.001) and group
(F =164, p <0.001), and the condition x group inter-
action effect (F = 17.8, p < 0.001) were all statistically
significant. The largest increase following in vitro heat
shock was observed in monocytes with no detectable
Hsp70 expression prior to shock (Fig. 2), where significant
differences were observed between each condition
(p < 0.001). The group with moderate Hsp70 expression
prior to heat shock exhibited significant increases in
expression in the 40°C condition (p < 0.001), but not at
37°C (p = 0.38). A small significant increase was observed
in Hsp70 expression in subjects with a high basal monocyte
Hsp70 content for the 37°C condition (p = 0.01), but not at
40°C (p = 0.20). Three samples from the study showed a
reduction in Hsp70 expression following heat exposure at
40°C and all of these samples were from the 9 pm/high
basal groups. All other samples (n = 24) showed an
increase in Hsp70 after heat shock at 40°C.

The Hsp70 expression at 37°C was significantly posi-
tively correlated with that at 40°C (Fig. 3), whereas sig-
nificant negative correlations were observed between
Hsp70 expression in vivo and in vitro at 37°C (r = —0.43,
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Fig. 2 Bar chart showing the relative increase in Hsp70 expression
following incubation at 37°C (black bars) and heat shock at 40°C
(grey bars) in monocytes. Data are presented according to basal
levels, as determined at the time of isolation. *Significantly different
from the 37°C value (p < 0.05)

p = 0.026), and between in vivo and in vitro expression at
40°C (r = —0.67, p < 0.001).

Discussion

Data presented in this study clearly show a demonstrable
link between the quantity of Hsp70 induced via heat shock
and the amount already present with monocytes. Also, a
correlation exists between the amounts of Hsp70 synthes-
ised at 40°C relative to 37°C, again based on the amount of
Hsp70 already present. When monocytes have no detect-
able Hsp70, at the nadir of a diurnal variation (5 am), the
induction in response to stress is significantly increased in
comparison to that observed when more Hsp70 is present
(1 and 9 pm). Furthermore, the amount of Hsp70 present
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Fig. 3 Correlation between the heat shock response at 40°C in
relation to Hsp70 expression following incubation at 37°C
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within monocytes at 9 pm appears to confer substantial
protection resulting in a minor increase in Hsp70 expres-
sion after a 40°C heat shock. Monocytes isolated at 5 am
and to a lesser extent at 1 pm demonstrated increased
Hsp70 expression even at 37°C. Based on our previous
study (Sandstrom et al. 2009), this may be due to a raise in
temperature compared to the environment of their isola-
tion. Core temperature has been shown to be at its lowest
value around 5 am (Waterhouse et al. 2005) and below
37°C (Sandstrom et al. 2009), therefore any induction of
Hsp70 expression at this time could be due to a raise in
core temperature in vivo (Sandstrom et al. 2009) and in this
study in vitro compared to in vivo.

Further selection of samples, based on the Hsp70 levels
as measured live resulted in samples allocated into three
groups, those with no detectable Hsp70 and those with a
low and a high amount. It is clear from the data obtained
that the degree of response to heat stress is dependent upon
the amount present prior to the stress, in agreement with
previous studies (Maloyan et al. 1999; McClung et al.
2008). The findings reported here also clearly show that
monocytes are highly sensitive to changes in temperature
and the magnitude of the heat shock response is time-
of-day dependent.

The implications of these findings would be primarily
for those undertaking exercise but also for scheduling of
surgery where Hsp70 has been shown to confer protection
in, for example, cardiac surgery (Alex et al. 2005). Previ-
ously, Waterhouse et al. (2004) have shown that under-
taking exercise at times of low core temperature and
therefore low monocyte Hsp70 expression results in a
significantly increased rate of perceived exhaustion in
comparison to exercise at different times of the day and
therefore of the circadian rhythm. This was accompanied
by the most rapid rise in core temperature (Waterhouse
et al. 2004) and presumably therefore increased expression
of Hsp70.

Elite athletes crossing time zones should therefore allow
enough time to adjust the natural circadian rhythm other-
wise a high stress response may be seen. Although no
evidence linking Hsp70 expression and exercise perfor-
mance exists, due to difficulties in defining increases in
performance and, in particular, interpreting any perfor-
mance advantage in relation to Hsp70 expression, more
likely a disruption to homeostasis occurs following exer-
cise at times when the body is not prepared and heat shock
proteins are a measure of the degree of this shift. Therefore,
strategies aimed at increasing basal Hsp70 expression are
most probably valid. The data also suggest that the stress
response would be minimal when undertaking intense
exercise, especially when a rise in core temperature is
expected, when basal Hsp70 is at its highest, i.e. 9 am or
9 pm. Conversely, the stress response could also be
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affected when undertaking mild exercise in harsh envi-
ronments, e.g. extreme cold or in cold water (SCUBA or
commercial diving), where core temperature may be
expected to decrease.

McClung et al. (2008) reported a similar response based
on a heat acclimation (HA) protocol and western blot anal-
ysis, where Hsp70 expression in PBMC after in vitro heat
shock at 43°C was blunted in humans displaying the highest
basal levels following HA. This extreme heat shock was
outside the homoeothermic range and may not fully reflect
PBMC response to an in vivo raise in core temperature.
Classical heat stroke occurs with a core temperature of 41°C
and above (Parsons 2003) and exercise regimes in our lab-
oratory are ceased when a core temperature of 40°C is
reached. Furthermore, Hsp70 has been suggested to play a
role in prevention of heat stroke (Ruell et al. 2009). Small
increases in Hsp70 expression have been previously reported
in response to heat shock and high basal levels at the sam-
pling times could explain these findings (Shastry et al. 2002;
Liu et al. 2004; Watkins et al. 2007).

This study is the first to characterise the monocyte
response to in vitro heat shock within a normal circadian
rhythm in healthy humans, using a non-lethal heat stress. In
conclusion, the data presented in this study corroborate
previous findings and clearly defines a direct proportional
response within the blood to heat shock and further adds to
the view that monocytes are highly sensitive to heat
changes and can be a model cell type for assessment of the
stress response in vivo and in vitro.
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