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Abstract
Heat acclimation (HA) in humans promotes thermoregulatory adaptations that support management of core temperature in hot
environments and reduces the likelihood of heat related illness. Another adaptation to HA is thermotolerance through induction
of the heat shock protein (HSP) stress system, which provides protection against thermal insult. However, whether or not HA
leads to upregulation of the intracellular HSP system, namely intracellular HSP70 (HSP70), is unclear in humans. Therefore, the
purposes of this meta-analysis were to determine if HA leads to HSP70 induction among humans and to evaluate how method-
ological differences among HA studies influence findings regarding HA-induced HSP70 accumulation. Several databases were
searched to identify studies that measured HSP70 (protein and mRNA) changes in response to HA among humans. The effect of
HA onHSP70was analyzed. Differences in the effect of HAwere assessed between protein andmRNA. Themoderating effect of
several independent variables (HA frequency, HA duration, core temperature, exercise intensity) on HSP70 was also evaluated.
Data were extracted from 12 studies including 118 participants (mean age 24 years, 98% male). There was a significant effect of
HA onHSP70 expression, g = 0.97 (95%CI, 0.08–1.89). The effect of HAwas different between subgroups (protein vs. mRNA),
g = 1.51 (95% CI, 0.71–2.31), and g = − 0.39 (95% CI, − 1.36), respectively. The frequency of HA (in days) moderated HSP70
protein expression. There was a significant effect of heat acclimation on HSP70 induction in humans. The only factor among
identified studies that may moderate this response was the frequency (number of days) of heat exposure.
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Introduction

Repeated elevations in core temperature resulting from either
passive heat exposure (Beaudin et al. 2009) or facilitated by
exercise in hot conditions (Nadel et al. 2017) induce various
physiological adaptations collectively referred to as heat ac-
climation (HA) (Sawka et al. 2011) or heat acclimatization
(HAC) (Robinson et al. 1943). HAC is the result of repeated
exposure to natural environmental heat stress (Robinson et al.
1943) while HA is induced through manipulation of ambient

conditions in a laboratory setting (Sawka et al. 2011). HA
improves physical performance in hot conditions (Lorenzo
et al. 2010) and reduces susceptibility to heat-related illnesses
(see Sawka et al. 2011 for review) through improvements in
thermoregulation (Lorenzo and Minson 2010) and a decrease
in cardiovascular strain (Garrett et al. 2009, 2011; Gibson
et al. 2015b; Fox et al. 2017). The thermoregulatory adapta-
tions of HA include an earlier onset of cutaneous vasodilation,
higher sweat rates, and increases in plasma volume (Taylor
2014). The latter is thought to decrease cardiovascular strain
(evidenced by reductions in heart rate at a given workload) by
maintaining stroke volume and consequently cardiac output
during prolonged periods of sweat loss (Nielsen et al. 1993;
Rowell et al. 2017).

Considering these improvements in thermoregulation, HA
is recommended for those in various occupations (e.g., sol-
diers, field workers) and competitive athletes that perform
strenuous exercise in hot environments in order to decrease
the incidence of heat-related illness such as heat syncope and
exertional heat stroke (Carter et al. 2005; Garrett et al. 2011).
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Exertional heat stroke is a life-threatening condition resulting
from severe hyperthermia (core temperature ≥ 40 °C) and is
characterized by impaired central nervous system function
and organ damage (Leon and Bouchama 2015). The incidence
of exertional heat stroke among firefighters, military person-
nel, and endurance athletes has been well documented, and
safety guidelines have been established to prevent its occur-
rence (Carter et al. 2005; Casa et al. 2005; Murakoshi and
Sekine 2012; Armed Forces Health Surveillance Branch
2019). The decline in mortality related to heat stroke among
US military members has been attributed to the implementa-
tion of heat acclimation protocols by the US military (Carter
et al. 2005). Despite the decline in mortality, the number of
heat stroke-related hospitalizations has increased, suggesting
that current countermeasures reduce fatalities but not the inci-
dence of heat stroke. This report highlights the importance of
heat acclimation for preventing heat illness in workers who
are frequently exposed to heat stress. The thermoregulatory
adaptations to HA allow for the preservation of core temper-
ature during environmental heat exposure; however, another
key assimilation is thermotolerance, a phenomenon in which
animals or cultured cells acutely exposed to nonlethal heat
stress survive a subsequent, otherwise lethal heat stress dose
(Amorim et al. 2015).

The accumulation of the heat stress-inducible chaper-
one, heat shock protein 72 (HSP72/70) within cells (intra-
cellular HSP70; hereafter referred to as HSP70), is a hall-
mark of thermotolerance in animal and cell models and
protects against cell death via proteasomal maintenance
(Beckham et al. 2008). Interestingly, HA has been found
to increase basal HSP70 levels in humans (Yamada et al.
2007; Magalhães et al. 2010; Amorim et al. 2011; Gibson
et al. 2015b). There is also evidence to suggest that heat
acclimation influences levels of extracellular HSP70
(Sandström et al. 2008), though this response is not well
established. Both intracellular and extracellular HSP70
play important, yet different roles in the body’s response
to stress. An increase in extracellular HSP70 acts as a
“warning signal,” stimulating an immune response by trig-
gering the release of proinflammatory cytokines (Campisi
et al. 2003). In contrast, HSP70 suppresses inflammatory
signaling (Chen et al. 2005) and maintains cell integrity by
refolding damaged proteins and preventing protein aggre-
gation (Bittencourt and Porto 2017). Thus, HSP70 plays an
important role in mediating cell damage following heat
stress by maintaining protein integrity during hyperthermia
and refolding denatured proteins to their native states
(Parsell and Lindquist 1993; Craig et al. 1994). The pro-
tective role of HSP70 in response to heat stress is exempli-
fied by the finding that supplementation with glutamine, an
HSP70 activator, prevents endotoxin leakage from the
small intestine following exercise in hot conditions (Zuhl
et al. 2015). Protection of intestinal cells from heat damage

results from HSP-70-mediated maintenance of occludin, a
protein integral to tight junctions (Dokladny et al. 2006a)
and suppression of proinflammatory cytokines that damage
the small intestine (Malago et al. 2002; Papamichael and
Tiligada 2008). Increases in HSP70 within peripheral
blood mononuclear cells (PBMCs) following glutamine
supplementation are similar to those shown after HA, sug-
gesting that HA may confer thermotolerance in humans
and thus prevent the release of inflammatory agents and
suppresses pro-inflammatory signaling. Therefore, HA
may prevent heat illness in occupational and competitive
athletes not only through improvements in thermoregula-
tion but also increasing the responsiveness of the protec-
tive intracellular heat shock protein system.

For obvious reasons, direct investigation of thermotolerance
in humans is unfeasible, and it is important to mention that
cellular HSP70 induction is a cellular adaption and may not
reflect systemic benefits of HA. However, Kuennen et al.
(2011) showed that suppression of the heat shock protein re-
sponse through supplementation with quercetin inhibited the
cytoprotective effect of HA in healthy men. Furthermore,
Xiao et al. (2003) showed differential levels of basal HSP70
between individuals susceptible to heat illness and those who
were resistant to it. This indicates that human thermotolerance
may be mediated through the upregulation of the HSP system
and identifies a key attribute of heat acclimation for those ex-
posed to harsh environments (e.g., soldiers, field workers, ath-
letes). However, despite the apparent role of HSP70 in confer-
ring thermotolerance in humans, its accumulation is not consis-
tently found in HA studies. We speculate that these inconsis-
tencies may be due to differences in HA protocols, which vary
in number of days, time spent in the heat, and intensity of heat
stress. Further, detection of changes in HSP70 may be influ-
enced by the cell type being studied and betweenmeasurements
of protein or mRNA expression. Given the invasive nature of
HA studies, investigations into the effect of HA on HSP70 are
often conducted on few individuals and without nonexercise
and exercise-only controls, making it difficult to determine
whether findings are truly representative. Therefore, the pur-
poses of this meta-analysis were to determine if HA leads to
HSP70 induction among humans and to evaluate how method-
ological differences among HA studies influence findings re-
garding HA-induced HSP70 accumulation. The rationale to
only study HSP70 induction rather than extracellular HSP70
in humans was based on the logic that upregulation of the
HSP70 family is a proposed mechanism that explains the ben-
efits of heat acclimation-mediated thermotolerance among
workers and athletes (Périard et al. 2015). If so, efforts should
be made to evaluate HA studies to determine methodological
factors (e.g., heat exposure, core temperature) that facilitate the
HSP response. In doing so, researchers, coaches, and trainers
may implement more effective HA protocols to achieve the
desired benefits.
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Methods

Search strategy and selection criteria

A systemic literature review was performed following the
Preferred Reporting Items for Systematic Reviews and
Meta -Ana lyses (PRISMA) s t a t emen t . PubMed ,
ScienceDirect, Cochrane Library, and Google Scholar were
searched using the key words “heat acclimation,” ‘heat shock
protein,” “HSP,” and “HSP70/72” in various combinations.
Studies published between 1984 and 2019 were included in
the original search. In addition, reference lists of original and
review articles were analyzed manually for studies not identi-
fied in the original search. After initial screening of titles and
abstracts, studies were assessed for inclusion and quality for
meta-analysis (Fig. 1).

Studies were included if they met the following criteria: (1)
measured intracellular (leukocytes or skeletal muscle) HSP70/
72 protein or mRNA expression and (2) human participants
completed a heat acclimation protocol (either consecutive or
nonconsecutive days). Exclusion criteria included (1) no post-
PBMC HSP72 mRNA and post-heat acclimation measure-
ment for HSP70was performed and (2) no specific description
of the heat acclimation protocol.

Data extraction and outcome assessment

Data were extracted from 14 studies. Two reviewers indepen-
dently reviewed and extracted data. The primary outcome was

HSP70 induction in skeletal muscle or immune cells from pre
to post-heat acclimation among healthy men and women. For
each study, participant characteristics (sample size, age), study
characteristics (publication year), mean core temperature,
HSP70 change (both protein and mRNA measures), and heat
acclimation protocol (length, duration, environment, exercise
intensity) were recorded.

The expression of HSP70 protein or mRNAwas reported
for each study by inputting the pre-heat acclimation and post
heat acclimation values. In 10 studies, HSP70 was expressed
as fold change from pre-heat acclimation, and 2 studies report-
ed absolute values. Values for HSP70 not reported in the main
text were extracted from representative figures using Plot
Digitizer (http://plotdigitizer.sourceforge.net/).

The frequency of each heat acclimation protocol was
reported in number of days. Total duration for each
study was calculated by multiplying the number of heat
acclimation days by the minutes of each exercise ses-
sion and recorded in minutes. Average exercise intensity
was primarily reported as a percentage of peak oxygen
consumption (%VO2peak). There were differences be-
tween articles in the way maximal aerobic capacity
was identified and reported. Some authors reported
VO2peak (Yamada et al. 2007; Marshall et al. 2007;
Watkins et al. 2008; Magalhães et al. 2010; Amorim
et al. 2011; Gibson et al. 2015a, b; Lee et al. 2015,
2016) while others reported VO2max (Yamada et al.
2007; Kuennen et al. 2011; Hom et al. 2012).
However, those that reported exercise intensity as
%VO2max either did not report VO2max attainment
criteria (Yamada et al. 2007) or used the attainment of
VO2 plateau (change of < 150 ml/min in VO2 despite an
increase in workload) and/or secondary criteria (achieve-
ment of > 90–95% of age-predicted maximal heart rate
and respiratory exchange ratio > 1.1). Though there is
some debate whether these secondary criteria can be
used interchangeably with VO2 plateau to identify the
attainment of VO2max, it was decided that in the ab-
sence of strict VO2max criteria using only VO2 plateau,
the term VO2peak would be used to describe exercise
intensities for all studies. However, whether the authors
reported exercise intensity as a percentage of VO2peak
or VO2max is specified in Table 1.

Bias and limitations

A bias assessment was performed using the Cochrane
Collaboration’s tool for assessing risk of bias (Higgins et al.
2011). We assessed the included studies for selection bias
(sequence generation and allocation sequence concealment),
performance bias (blinding of participants), detection bias
(blinding of outcome assessors), attrition bias (incomplete

Fig. 1 Flow diagram of literature search according to Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
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outcome data), reporting bias (selective outcome reporting),
and other biases.

Statistical analysis

Using a random-effects model, a meta-analysis was conducted
using Meta-Essentials for Microsoft Excel (Van Rhee et al.
2018). Effect size for change in HSP70 was determined as
mean difference of pre- and post-heat acclimation divided by
pooled standard deviation. Each mean effect size was calcu-
lated as a weighted mean difference with 95% CIs. As the
difference in pre- and post-heat acclimation means reflect
within-subject effects, Hedges’ g was adjusted to account for
the dependence between scores. For lack of correlation coef-
ficients for included studies, a conservative estimate of r = 0.7
was used, as recommended by Metcalfe and Rosenthal
(2006). A combined effect size was then calculated (Hedges’
g), weighting studies using a random effects model consistent
with the pre–post-analysis. One subgroup analysis was per-
formed to determine the difference in effect of heat acclima-
tion on HSP70 protein versus HSP mRNA expression.
Comparison was attempted within the cell type subgroup
(PBMC vs. skeletal muscle), but only one study reported
HSP70 expression in skeletal muscle (Watkins et al. 2008);
therefore, the analysis could not be completed. Meta-
regression analysis was performed using total duration of heat
acclimation (minutes), protocol frequency (days), and exer-
cise intensity (%VO2peak) as moderators (i.e., independent
variables) with the change in HSP70 protein expression. The
moderating effect of average core temperature (°C) was
attempted but could not be completed because only one study
measuring HSP70 reported average core temperature during
heat acclimation (ref). Heterogeneity was assessed using the I2

test and was used for significant heterogeneity (I2 > 50%).
Meta-regression analysis was performed within each sub-
group independently using study duration (in weeks) as a
moderator (i.e., independent variable). Statistical significance
was set at p < 0.05.

Results

Literature search and publication Bias

A total of 12 studies involving 118 participants were included
in the review (Fig. 1). The study characteristics are summa-
rized in Table 1. The mean age was 24 ± 2 years, and 98% of
subjects were males. Average heat acclimation protocol fre-
quency was 8 ± 2 days, and duration per session was 83 ±
24 min. Ten studies reported HSP70 protein change while
two reported HSP70 mRNA (one study reported both). Nine
studies reported an average exercise intensity of 52 ± 11% of

VO2peak, and among the HSP70 protein expression studies,
seven reported exercise intensity.

Overall, the inferences from the included studies may be
undermined by methodological flaws, and resulted in an over-
or underestimation (e.g., bias) of the effect. Only two studies
(Gibson et al. 2015b; Lee et al. 2015) included an exercise
match control and randomization techniques were not de-
tailed. Allocation concealment could not be assessed based
on lack of control groups across the majority of studies (n =
10). Due to the nature of the exercise intervention, the partic-
ipants and researchers were unblinded to the intervention in all
the included studies; however, it is unlikely that the lack of
blinding influenced the outcomes. There was no blinding of
the outcome assessment (HSP70 expression), but again, it is
unlikely that this caused bias. All included studies reported
primary outcome, but two did not report attrition (McClung
et al. 2007; Watkins et al. 2008). In addition, risk for selective
reporting was found as several studies did not include expect-
ed key outcomes (e.g., mean core temperature; exercise inten-
sity). We also found significant other bias due to small sample
size, and only two studies included female participants
(Yamada et al. 2007; Amorim et al. 2011). The likelihood of
publication bias was also assessed using Egger regression test
(p = 0.024).

The effect of heat acclimation on HSP70

All studies reported both pre and post-heat acclimation HSP70
values. A total of fourteen mean, weighted ESs were derived
from twelve studies. Ten studies measured HSP70 protein
expression (Fig. 2), and four studies measured HSP70
mRNA (Fig. 3). Overall, heat acclimation induced a signifi-
cant increase HSP70 (g = 0.97; 95% CI, 0.08–1.86; p = 0.018,
combined data not shown). Significant heterogeneity (I2 =
89%) was identified, and reflects differences identified in
samples.

Subgroup analysis of expression

A subgroup analysis was performed to determine if the effect
heat acclimation was different between HSP70 protein and
mRNA. There was a significant difference in effect size be-
tween studies that measuredmRNA, Hedges’ g = − 0.39 (95%
CI, − 1.36–0.58, k = 3; Fig. 3) and studies that measured pro-
tein, Hedges’ g = 1.51 (95% CI, 0.71–2.31, k = 10; Fig. 2).
The protein group demonstrated high heterogeneity (I2 = 80),
while the mRNA group was homogenous (I2 = 0%).

Moderator analyses

Meta-regression analyses suggested that a greater number of
heat acclimation days (frequency) was associated with a larger
improvement in HSP70 protein (N = 10, n = 88, Z = 2.23, p =

Heat acclimation-induced intracellular HSP70 in humans: a meta-analysis 39



0.02). Total duration (in minutes) of heat exposure trended
with HSP70 protein expression but was nonsignificant (N =
10, n = 88, Z = 1.76, p = 0.07). Average exercise intensity dur-
ing heat acclimation was not associated with HSP70 protein
expression (Fig. 4).

Discussion

The purpose of this meta-analysis was to determine the effect
of heat acclimation on HSP70 protein and mRNA expression
as well as the methodological variables that contribute to dif-
ferences in the heat shock response among heat acclimation
studies. According to these data, heat acclimation has a large

and significantly positive effect on HSP70 (protein and
mRNA combined) expression (Hedges’ g = 0.97). This in-
crease is not reflected by HSP70mRNA levels as these appear
to decrease following heat acclimation (Hedges’ g = − 0.39).
Increases in HSP70 protein expression following heat accli-
mation are moderated by the number of heat acclimation days
and possibly the total duration of exposure, although the mod-
erating effect of duration did not reach statistical significance
(p = 0.07). Exercise intensity, however, did not appear contrib-
ute to heat acclimation-induced changes in HSP70 protein
expression.

The large, positive effect of heat acclimation on HSP70
protein expression was consistent across most included stud-
ies, as effect sizes calculated from the results of all but two

Fig. 2 Forest plot of studies
investigating the effect of heat
acclimation on intracellular heat
shock protein 70/72 (HSP70)
protein expression in humans.
Effect sizes calculated from
weighted means are listed on the
right. The combined effect size is
listed on the bottom right.
Overall, heat acclimation induced
a significant increase in HSP70
protein expression (p < 0.05). CI
confidence interval

Fig. 3 Forest plot of studies
investigating the effect of heat
acclimation on intracellular heat
shock protein 70/72 (HSP70)
mRNA. Effect sizes calculated
fromweightedmeans are listed on
the right. The combined effect
size is listed on the bottom right.
There was no overall significant
effect of heat acclimation on
HSP70 mRNA
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articles (Yamada et al. 2007; Watkins et al. 2008) were greater
than 0.8. These heat acclimation-induced increases in human
HSP70 protein substantiate those shown in cell (Li 1985;
Laszlo 1988; Koishi et al. 1992; Dokladny et al. 2006b) and
animal models (Maloyan and Horowitz 2002; Lee et al. 2006)
in which the heat shock protein response may be necessary for
acquired thermotolerance. The role of HSP70 in conferring
resistance to heat illness in humans is perhaps best illustrated
by the findings of Kuennen et al. (2011), who showed that
inhibition of the heat shock response with quercetin during
7 days of heat acclimation resulted in increased

gastrointestinal permeability and endotoxin leakage following
acute heat stress (Kuennen et al. 2011). These markers of heat
injury remained unchanged in the placebo group, suggesting
that the heat shock response may be necessary for heat
acclimation-mediated thermotolerance against gastrointestinal
damage and cytokine production (Kuennen et al. 2011). This
finding supports those displayed in transgenic animal models
in which HSP70 null mice have lower survival rates than
controls while overexpression of HSP70 increases survival
rates above control mice (Lee et al. 2006). While the role of
HSP70 is dependent on cell type, its role in protecting against
exertional heat stroke via thermotolerance is associated with
its regulation of inflammation (Dokladny et al. 2010) and
protection against intestinal epithelial injury, both of which
are characteristic of exertional heat stroke (Dokladny et al.
2006b; Armstrong et al. 2007).

The HSP70 system serves an immunoregulatory function by
modulating the release of pro-inflammatory agents. HSP70
suppresses leukocyte release of inflammatory cytokines such
as interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α)
through activation of IκB-α and inhibition of NF-κB in rats
(Dokladny et al. 2010). Inducing HSP70 expression in humans
via glutamine supplementation also increases IκB-α expression
and suppressed inflammatory signaling in humans while also
blunting the increase in gastrointestinal permeability otherwise
shown following running (Zuhl et al. 2015) and simulated
firefighting (Nava et al. 2019) in hot conditions. These findings
highlight the protective role of HSP70 for workers and athletes
exposed to heat stress. However, it is important to mention that
the decrease in gastrointestinal permeability by HSP70 is attrib-
uted to maintenance of tight junction integrity by HSP70 in the
small intestine (Zuhl et al. 2014), whereas the increased HSP70
reported in eleven of the twelve studies included in this analysis
were measured in immune cells. While it is impossible to de-
termine whether heat acclimation improves tight junction per-
meability by increasing HSP70 levels in human epithelium
without invasive sampling of intestinal tissues, we previously
showed that upregulation of HSP70 in human epithelial cells
(Caco-2) increased occludin levels (a protein involved in tight
junction integrity) (Zuhl et al. 2013) and decreased permeabil-
ity in vivo (Dokladny et al. 2006a). These findings suggest that
heat acclimation-induced increases in HSP70 may not be lim-
ited to immune cells but rather protect against heat illness in
several cell types and at various stages of inflammatory re-
sponse to heat stress. Again, this interpretation must be made
with caution as the bulk of human research resides within cir-
culation leukocytes (i.e., peripheral blood mononuclear cells).

Because expression of HSP70 has been reported to increase
following heat stress in various cell types, we were interested
in whether heat acclimation-induced HSP70 differed between
immune cells and skeletal muscle. Unfortunately, only one
included study (Watkins et al. 2008) measured the HSP70

Fig. 4 Moderating effects of exercise intensity (a), total duration of heat
acclimation (HA) protocol inminutes (b), and number of heat acclimation
days (c) on intracellular heat shock protein 70/72 (HSP70) protein ex-
pression. Meta-regression analysis suggested a significant association be-
tween the number of HA days and HSP70 expression (p < 0.05). Total
duration and exercise intensity were not significantly associated with
HSP70 expression (p > 0.05)
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protein in skeletal muscle while all others studied monocytes
and thus this subgroup analysis was not possible.

The results from the subgroup analysis of HSP70 between
mRNA and protein measurements suggest that the accumula-
tion of HSP70 protein following heat acclimation may not be
reflected by HSP70 mRNA levels. This discrepancy between
protein and mRNA results is not surprising, as accumulation
of HSP70 protein likely activates a negative feedback mech-
anism that inhibits further transcriptional activation of HSP70
mRNA. The induction of the heat shock response is regulated
by activation of heat shock factor-1 (HSF1), a cytosolic-
housed transcriptional factor (Morimoto 1998). Under normal
conditions (nonstress), HSF1 is bound to several HSP chaper-
ones within the cell cytoplasm (Zou et al. 1998). Upon expo-
sure to heat stress, the chaperone complex dissociates from
HSF1, allowing its trimerization, nuclear accumulation, and
interaction with heat shock elements of various inducible
HSPs such as HSP70 (Anckar and Sistonen 2011). Once the
refolding requirements of HSPs are fulfilled, the HSP70 pro-
tein (and other HSP chaperones) interacts with HSF-1 in a
manner that suppresses its trans-activating capacity and thus
further HSP transcription is inhibited (Shi et al. 1998; Gómez
et al. 2008). Because the increases in HSP70 protein expres-
sion reported here were measured at rest and therefore in the
absence of immediate heat stress, the accumulation of HSP70
from the prior days of heat exposure likely inhibited further
transcriptional activation of HSP70. Although HSF-1 was not
measured in the included studies, the lack of change in HSP70
mRNA may be evidence of this negative feedback mecha-
nism. Considering these data, researchers interested in the role
of heat acclimation of HSP70 should consider measuring
HSP70 protein expression as these measurements represent
functional changes to cell function. Because only 3 studies
(four effect sizes) reported mRNA data, researchers should
also consider measuring HSP70 mRNA before and after HA
protocols to further elucidate how HA may influence tran-
scriptional regulation of the heat shock response.

The moderating effect of frequency on the degree of
HSP70 expression is an interesting finding as short-term heat
acclimation protocols have recently gained popularity among
researchers. While HSP70 has been reported to be elevated up
to 7 days following an acute bout of exercise in skeletal mus-
cle (Morton et al. 2006), the time course of HSP70 induction
and decay in immune cells is unknown. Here, it appears that
short-term heat acclimation (3 days) has a large effect on
HSP70 although not to the same degree as longer protocols
(7–10 days).

It has been suggested that the physiological adaptations in-
duced by HA are partially dependent on the exercise intensity
employed (Périard et al. 2015). For example, Houmard et al.
(1990) showed that a moderate intensity, short-duration HA
protocol (35 min/day at 75% VO2peak) elicited similar reduc-
tions in heart rate and core temperature as a low intensity, long

duration HA protocol (60 min/day at 50%VO2peak) where the
number of days and environmental conditions remained equal.
Despite the potential influence of exercise intensity on these
physiological parameters, the results from the present analysis
did not show a moderating effect of exercise intensity on HA-
induced HSP70 protein. Although there were differences in
exercise intensity between the studies included, the variability
among the 9 studies that reported exercise intensity may be
considered low (52 ± 11% of VO2peak). This finding, along
with the moderating effect of number of days and potential
moderating effect of exercise duration, may suggest that the
induction and accumulation of HSP70 protein as a result of
HA may depend on the length of time and number of days that
core temperature is elevated rather than exercise intensity per
se. It is worth mentioning that some authors reported VO2peak
while others reported VO2max. The attainment of VO2max
versus VO2peak could theoretically influence the absolute ex-
ercise intensity prescribed to individual participants within each
study. However, we believe this difference would be negligible
consideringVO2peak values are statistically similar to VO2max
values (Day et al. 2003).

Although the effect of core temperature on HA-induced
HSP70 could not be included in this analysis due to the lack
of available data, the greatest increase in HSP70, reported by
Magalhães et al. (2010), was shown following a controlled
hyperthermia protocol where the core temperature was guar-
anteed to remain ≥ 1 °C above baseline for a minimum of
30 min during each HA session. Two other groups
(Kuennen et al. 2011; Gibson et al. 2015a) also employed
similar controlled hyperthermia protocols but required fewer
sessions than Magalhães’ group, which is consistent with the
significant effect of the number of HA days on HSP70 report-
ed here. From this perspective, the exercise intensity of a HA
session may be arbitrary as long as it elicits a sustained in-
crease in core temperature. If the induction of the heat shock
response during HA is indeed dependent on these sustained
and repeated increases in core temperature, perhaps exercise is
not necessary, but rather facilitates a rise in core temperature.
Furthermore, acute exercise alone has been shown to increase
HSP70 in human skeletal muscle (Tupling et al. 2007) and
luekocytes (Shin et al. 2004) and thus may independently
contribute to the induction of the heat shock response during
HA. Interestingly, Beaudin et al. (2009) and Brazaitis and
Skurvydas (2010) showed that HA (confirmed by a decrease
in resting and exercising core temperature) could be attained
using passive heating protocols. Though there is no available
evidence regarding passive HA-induced HSP70 in humans,
passive HA increases HSP70 ubiquitously in rat tissues
(Maloyan et al. 1999; Maloyan and Horowitz 2002; Sareh
et al. 2011). Future researchers could isolate the effect of
HA in humans on HSP70 by inducing increases in core tem-
perature by only manipulating ambient temperature and hu-
midity. This would elucidate whether the passive heat
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acclimation protocols employed in animal models have simi-
lar effects on the heat shock response in humans. Ideally, such
experiments would be coupled with existing HA protocols
and exercise-only controls to further determine that the rela-
tive contribution of each factor to HA and acquired
thermotolerance.

There are number of potential limitations. First, there were
limited studies that measured HSP70 expression in response
to exercise-induced heat acclimation (n = 12). Due to the small
number of studies identified, all results should be interpreted
with caution. Second, only two (Gibson et al. 2015b; Lee et al.
2015) studies compared heat acclimation to a thermoneutral
control group, and therefore, the results reported herein are
from a single-arm analysis. Third, there was evidence of high
levels of statistical heterogeneity (I2 = 80%) within several
analyses among the included trials. This may be explained
by heat acclimation protocols chosen in the included studies
(e.g., duration, frequency, exercise intensity). Only the mRNA
subgroup reported low heterogeneity (I2 = 0%), but only three
studies were included. Fourth, the studies were moderately
biased based on lack of randomization, allocation conceal-
ment, and selected reporting. Lastly, it is important to mention
that the heat acclimation-induced increases in HSP70 protein
levels described in these articles were found in immune cells,
whereas the process of heat acclimation involves a host of
systemic adaptations to heat exposure (e.g., decreased resting
and exertion core temperature, earlier onset of sweating, and
improved electrolyte balance) that may not depend on the
upregulation of HSP70. Instead, increases in HSP70 within
immune cells may indicate an increase in cellular tolerance
to cellular stress and damage. Specifically, increases in
HSP70 in immune cells correspond with decreases in
hyperthermia-related gastrointestinal cell damage (Dokladny
et al. 2010; Kuennen et al. 2011; Zuhl et al. 2015), which may
prevent endotoxemia and suppresses inflammation following
heat stress. However, it is important to interpret heat-
acclimation mediated increases in HSP70 protein levels with
caution as these only reflect changes within immune cells and
not necessarily at the organismal level.

This study also highlights several emphasis areas for future
research efforts. Only two studies included female partici-
pants, and when combining both studies, the total number of
female participants was 2. Therefore, little is known about the
differing HSP70 signaling in response to HA between men
and women. The average age of research participants was ~
25 and reveals a lack of effort placed on understanding the
effect of HA among older humans. Also, the average core
temperature for heat acclimation sessions was only reported
in three studies. This information would provide insight into
whether or not a daily core temperature threshold during ac-
climation is required to promote an HSP70 response. Further
and surprisingly, HSP70 regulation in human skeletal muscle
in response to heat acclimation is limited (only one study

identified). Taken together, these factors highlight gaps in
the literature related to HSP70 induction in response to HA.
It is the opinion of the authors that initial steps should be made
to develop or test already establish acclimation protocols
using thorough measurement techniques (e.g., measuring
and reporting core temperature, exercise intensity, and envi-
ronmental conditions). Achieving consistent results from a
standard protocol will then allow researchers to study differing
HSP70 regulation between genders and age of participants.

In summary, there was a significant effect of heat acclima-
tion on HSP70 induction in humans, although this appears
specific to HSP70 protein expression and not mRNA expres-
sion. This finding is consistent with the transcriptional regu-
lation of HSP70. The only factor among identified studies that
may moderate this response was the frequency (number of
days) of heat exposure. Though average core temperature data
for individual heat acclimation sessions was not reported in all
studies, it is possible that the accumulation of HSP70 during
the HA is dependent on sustained and repeated elevations in
core temperature. Identifying such threshold will require more
detailed reporting of core temperature changes during individ-
ual HA session and will be useful to researchers interested in
human thermotolerance.
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