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Effects of severe whole-body hyperthermia on ovarian hormone and
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ABSTRACT
Background: Although acute thermal stress appears to be one of the most effective stressors that
increase the intra- and extracellular concentrations of heat shock protein 72 (Hsp72), 17b-estradiol has
been shown to inhibit heat-induced Hsp72 expression.
Materials and Methods: To determine whether severe whole-body hyperthermia (increase in rectal
temperature up to 39.5 �C) induced by lower-body heating is a sufficient stimulus to modulate hormo-
nal (17b-estradiol, progesterone, prolactin, epinephrine, and norepinephrine) and extracellular Hsp72
responses, we investigated young adult women (21±1 yr).
Results and Conclusions: In the present study, we show that a severe whole-body hyperthermia
(increase in rectal temperature of approximately 2.6 �C and heart rate of approximately 80 bpm from
baseline) was sufficient to increase 17b-estradiol, progesterone, and prolactin and catecholamine nor-
epinephrine concentration. Moreover, we show that the concentration of extracellular Hsp72 and cat-
echolamine epinephrine were not affected by severe whole-body hyperthermia in young adult
women. From the functional point of view, expression of ovarian hormones induced by passive heat
stress may have therapeutic potential for young adult women in, for example, estrogen treatment and
overall women’s health.
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Introduction

It has become increasingly clear that reproductive hormones
play an essential role in systematic homeostasis across a
woman’s lifespan. Estrogen receptors are localized in several
hypothalamic structures that are involved in temperature
regulation [1], and estrogen exposure in rat brain slice prepa-
rations has been shown to increase the firing rate of warm-
sensitive neurons in the preoptic area of the anterior hypo-
thalamus [2]. This, in fact, promotes cutaneous vasodilation
and sweating in humans and results in augmented heat dis-
sipation and lower body temperature [3]. Therefore, this
effect of estradiol may decrease the risk of overheating by
shifting the overall regulation of body temperature to lower
levels and may decrease the risk of heat illness or heat
stroke. Although the specific influences of progesterone on
central neurons controlling body temperature are less clear,
existing data suggest that estradiol and progesterone may
have opposite effects on temperature regulation [4].
Moreover, there is increasing evidence that estradiol medi-
ates upregulation of progesterone receptors that are
involved in temperature control. This suggests that proges-
terone does not predominate over estrogen with regard to
thermoregulatory effector responses when the two are con-
comitantly increased [4,5].

To investigate the impact of these ovarian hormones on
temperature regulation in humans, a variety of approaches
have been used to alter estradiol and progesterone expos-
ure, most notably (i) administration of oral contraceptives
during different phases of the menstrual cycle [6], (ii) use of
ovarian hormone suppression combined with hormone
administration [7], and (iii) use of hormone therapy in post-
menopausal women [8]. However, the question remains
whether passively induced severe whole-body hyperthermia
(WBH) (defined as a rectal temperature (Tre) of �39.5 �C) in
the absence of exercise (mechanical and/or metabolic) or
other stresses (e.g., psychological) is a sufficient thermal
stimulus to trigger expression of natural 17b-estradiol and
progesterone, as these two are strongly involved in women’s
thermoregulation control.

Extracellular (e) heat shock protein 72 (Hsp72) is a pro-
tective chaperone, and thermal stress appears to be one of
the most effective stressors to increase eHsp72 concentra-
tions [9,10]. In humans, catecholamine epinephrine rather
than catecholamine norepinephrine mediates the release of
Hsp72 to provide cytoprotection in response to heat stress
[11]. Intriguingly, however, 17b-estradiol inhibits hyperther-
mia-induced expression of Hsp72 [12]. In addition to these
hormonal and protective chaperone responses, it has been
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shown that increases in core temperature are the key stimu-
lus for the release of the stress hormone prolactin [13].
Estrogen stimulates the secretion of prolactin, and progester-
one can, for example, partially inhibit the effect of estrogen
on prolactin secretion [14–16]. The extent to which severe
WBH per se triggers a systematic cascade of these blood
marker responses has not been studied in young adult
women. Therefore, the purpose of our study was to deter-
mine whether severe WBH induced by lower-body heating in
young adult women is a sufficient stimulus to modulate hor-
monal (17b-estradiol, progesterone, prolactin, epinephrine,
and norepinephrine) and eHsp72 responses.

Methods

Participants

Twenty participants were assessed for eligibility. Subjects
with conditions (e.g., neurological pathology and/or cardio-
vascular pathology) that could worsen by exposure to hot
water were excluded from this study. The criteria for inclu-
sion were (a) female sex, (b) age 18–24 yr, (c) no excessive
sport activities (i.e., less than three times per week), (d) regu-
lar menstrual cycle, (e) nonuse of oral contraceptives during
the previous six months, (f) no involvement in any tempera-
ture-manipulation program or extreme temperature exposure
for equal or more than three months, and (g) no medications
that could affect natural thermoregulation. In total, 14 young
apparently healthy women met the inclusion criteria and
agreed to participate in this study. Participants’ physical char-
acteristics are presented in Table 1. Written informed consent
was obtained from all subjects after being fully informed
about the investigation and possible related risks and dis-
comforts. All procedures were approved by the Human
Research Ethics Committee and were conducted according
to the guidelines of the Declaration of Helsinki. Subjects
were in self-reported good health, which was confirmed by
medical history and physical examination. Women were
studied during the follicular phase, five to seven days
counted from the beginning of the onset of menses, at the
lowest circulating 17b-estradiol and progesterone concentra-
tions of the menstrual cycle.

Experimental design

The experiment was performed at environment temperature
23 �C and 55% relative humidity. To control for circadian fluc-
tuations in blood marker levels and body temperature, all
experiments began at 07:30. Subjects were instructed to

sleep for > 8 h the night before the experiment and to
refrain from alcohol, heavy exercise, and caffeine for at least
24 h before the experiment. To avoid an effect of diet-
induced thermogenesis, the subjects fasted for 12 h before
the start of the experiment until its end. To standardize the
state of hydration and the feeling of thirst, subjects were
allowed to drink noncarbonated water as desired until
60min before the body mass measurement. The participants’
anthropometric parameters were assessed at their arrival at
the laboratory, and then, they were asked to rest in a semire-
cumbent posture for 10min dressed in a T-shirt, swimming
shorts, and socks. After this rest (before hot water immer-
sion), control measurements of the skin temperature (Tsk)
and Tre were made, and venous blood samples were col-
lected and stored for later analysis. Then, the participants
began the water immersion warming protocol. The water
bath temperature was approximately 44 �C, and the partici-
pants were immersed to the waistline. The immersion contin-
ued until the Tre increased to 39.5 �C, and the exposure time
required to achieve this Tre was recorded [17]. Ratings of
heat perception, heart rate (HR), and Tre were recorded every
5min throughout the warming procedure. Before leaving the
bath, blood samples were taken. Within 1min after leaving
the bath, the participants were towel-dried, and Tsk and Tre
were measured.

Preliminary measurements

The subject’s weight (Wt) (in kg), fat-free mass (FFM) (in kg),
and body fat (BF) (in %) were measured using a TBF-300
body composition scale (Tanita, UK Ltd., West Drayton, UK).
Height (in cm) was assessed at their arrival at the laboratory.
The subject’s body surface area (BSA) (in m2) was estimated
using the following best-fit equation for women:

BSA¼ 0.01474�weight0.47 � height0.55 [18]. The body
mass index (BMI) (in kg m�2) and the BSA/Wt ratio (in %)
were calculated. Skinfold thickness (in mm) was measured
using a skinfold caliper (SH5020; Saehan, Masan, Korea) at 10
sites: chin, subscapular, pectoral, suprailium, midaxillary,
abdomen, triceps, anterior thigh, medial collateral ligament,
and medial calf, and the mean skinfold thickness was calcu-
lated [19].

Temperature and heart rate measurement

Tre was measured throughout the experimental trial using a
thermocouple rectal probe (Ellab, Hvidovre, Denmark) with
an accuracy of ±0.01 �C. The probe was inserted to a depth
of 12 cm past the anal sphincter by the subject. Tsk was
measured before and at the end of the water immersion. Tsk
was measured using thermistors (DM852; Ellab) that were
taped at three sites: calf (i.e., the needle insertion site), back,
and forearm with an accuracy of ±0.01 �C. HR was measured
throughout the heating protocol with an HR monitor (RCX5;
Polar Electro, Kempele, Finland). HR was recorded before (at
rest) and at the end of lower-body hot water immersion.

Table 1. Baseline characteristics of study participants.

Age, yr 21 ± 1
Height, cm 171.14 ± 1.89
Mass, kg 64.11 ± 2.45
Body fat, % 27.41 ± 1.61
Body mass index, kg/m2 21.91 ± 0.78
Body surface area, m2 1.75 ± 0.04
Mean skinfold thickness, mm 16.91 ± 1.35
Surface-to-mass ratio, % 2.75 ± 0.05

Values are expressed as means and SEM.
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Physiological strain index

The physiological strain index (PSI) was measured as
described by Moran et al. [20] and the following formula was
used to normalize PSI:

PSI ¼ 5ðTret � Tre0Þ � ð39:5�Tre0Þ�1

þ 5ðHRt � HR0Þ � ð180�HR0Þ�1

PSI measurements were taken before (Tre0 and HR0) and at
the end (Tret and HRt) of passive warming. Tre and HR were
assigned the same weight constant of 5. The index ranged
from 0 to 10: 1–2 (no/little heat strain), 3–4 (low heat strain),
5–6 (moderate heat strain), 7–8 (high heat strain), and 9–10
(very high heat strain). The limits were within the following
values: 36.5� Tre � end Tre of 39.5 �C and 60�HR �
180 beats�min�1.

Measurement of perception

Subjective heat perception for the whole body was meas-
ured as described by Brazaitis et al. [21]. Briefly, the rating of
thermal sensation ranged from 5 (neutral) to 9 (very hot).
Thermal comfort sensation ranged from 1 (comfortable) to 5
(extremely uncomfortable).

Blood analysis

To evaluate catecholamines, sex hormones, and eHsp72, ven-
ous blood samples were obtained before and immediately
after passive lower-body warming. Venous blood samples for
epinephrine and norepinephrine measurements were col-
lected in vacuum tubes using EDTA as an anticoagulant
(EDTA-K3, 3ml), mixed gently by inverting 8–10 times, and
kept at 2–8 �C until centrifugation. Blood samples were cen-
trifuged at 1200� g for 15min within 30min of blood collec-
tion. Plasma samples were separated from the red cells as
soon as possible after centrifugation (maximum lapse of
time: 10–15min) and kept at –80 �C until analysis.
Norepinephrine and epinephrine concentrations were meas-
ured using a CatCombi enzyme-linked immunosorbent assay
(ELISA) kit (Gemini Analyzer; Stratec Biomedical GmbH,
Birkenfeld, Germany).

Blood samples for prolactin, eHsp72, 17b-estradiol, and
progesterone determination were collected by venipuncture
in vacuum tubes for serum, containing a gel separator (5ml).
Blood samples were allowed to clot for 30min and sera were
separated by centrifugation (1200�g, 15min.) at 4 �C. The
serum samples were aliquoted and stored at –80 �C until
analysis. An automated enzyme immunoassay analyzer AIA-
2000 (Tosoh Corporation, Tokyo, Japan) was used for prolac-
tin, 17b-estradiol, and progesterone analysis.

Serum eHsp72 was measured using a commercially avail-
able high-sensitivity sandwich ELISA kit (Assay Designs EKS-
715; Ann Arbor, MI). Briefly, samples and standards were
added to wells coated with a mouse monoclonal antibody.
eHsp72 was captured by this antibody and detected by add-
ing a rabbit polyclonal antibody. Both antibodies are specific

for inducible eHsp72 and do not react with other members
of the HSP70 family such as Hsc73, Grp78, Dnak, or Hsp71. A
horseradish peroxidase-conjugated antibody was used for
detection and color development was accomplished by the
addition of tetramethylbenzidine substrate and stopped with
an acid stop solution. The optical density of the samples was
read at 450 nm using a Gemini Analyzer (Stratec Biomedical
GmbH), and they were compared to a standard curve gener-
ated from known concentrations of recombinant Hsp72 rang-
ing from 0.1 to 12.5 ng�mL�1 (r2¼ 0.989). The sensitivity of
the assay was 0.09 ng�mL�1 as described by the
manufacturer.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
software (v. 22; IBM Corp., Armonk, NY). Data are presented
as means ± SEM, and p� .05 was considered to be significant.
Differences in blood marker concentrations, body tempera-
ture, and HR before and after lower-body heating were
assessed via one-way repeated-measures ANOVA using
Tukey’s adjustment for within-subject factors. Calculations of
observed power (OP), expressed as percentage, were per-
formed, and the partial eta squared (gp

2) was estimated as a
measure of severe WBH effect size.

Results

Effects of lower-body warming on thermal strain

By using a passive lower-body warming technique in the
present study, the time to warm the body from Tre
36.91 ± 0.05 �C before warming to 39.5 �C at the end of the
warming was 54.64 ± 4.23min. In addition to the Tre
change, Tsk increased from a resting 31.72 ± 0.22 �C to
36.59 ± 0.21 �C (p< .001; gp

2¼ 0.47; OP¼ 100%) at the end
of the warming, and the HR increased from 70.14 ± 2.50 at
resting to 148.07 ± 5.11 bpm (p< .001; gp

2¼ 0.51;
OP¼ 100%) at the end of the warming. Passive lower-body
warming resulted in a PSI of 8.51 ± 0.25, which corresponds
to “high heat strain”. At the end of the lower-body warm-
ing, the subjects felt “hot” (8.00 ± 0.10 points) and
“uncomfortable” (3.33 ± 0.21 points).

Effects of severe WBH on blood markers

Passive lower-body warming that resulted in severe WBH
increased the concentrations of circulating progesterone
(p< .05; gp

2¼ 0.36; OP¼ 96%; Figure 1(A)), 17b-estradiol
(p< .05; gp

2¼ 0.32; OP¼ 91%; Figure 1(B)), prolactin
(p< .001; gp

2¼ 0.66; OP¼ 100%; Figure 1(D)), and norepin-
ephrine (p< .001; gp

2¼ 0.52; OP¼ 100%; Figure 1(F)).
However, there was no effect of severe WBH on eHsp72
(Figure 1(C)) and epinephrine (Figure 1(E)) concentra-
tions (p> .05).
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Discussion

In the present study, we investigated whether severe WBH
induced by lower-body warming in young adult women who
were studied during their follicular phase (i.e., at the lowest
circulating 17b-estradiol and progesterone concentrations) of
the menstrual cycle is a sufficient stimulus to modulate hor-
monal (17b-estradiol, progesterone, prolactin, epinephrine,
and norepinephrine) and eHsp72 responses. We increased
the whole-body temperature up to severe hyperthermia (Tre
increase from normal �1.5 �C) [22] in the absence of any
exercise. Considering that at the peak of Tre and HR (at the
end of the heating) the participants did not rate their per-
ception as maximally hot and uncomfortable may indicate
that whole-body heat stress induced by passive lower-body
warming was well tolerated by young, nonheat-acclimated
women. To our knowledge, only one study has investigated

the effect of passive whole-body warming on eHsp72, prolac-
tin, and catecholamine concentrations in six young adult
women who were compared with seven young adult men
[10]. Although that study reported that an overall low heat
dose (0.8 �C increase in Tre) was associated with an increase
in circulating eHsp72, prolactin, and norepinephrine, it failed
to show this explicitly in female subjects. To date, however,
despite current knowledge of sex-specific mechanisms of
human thermoregulation to heat stress [3–5,23,24], most
thermal research has been conducted in men; thus, our gen-
eral understanding of the eHsp72 and hormonal responses
to severe WBH is based on data obtained from
male subjects.

Existing evidence indicates that circulating eHsp72 is
highly stress-inducible and normally responds to hyperther-
mia, exercise, oxidative stress, osmotic stress, infection or
inflammation, protein damage, and many other stimuli in a

Figure 1. Mean and individual values of progesterone (A), 17b-estradiol (B), eHsp72 (C), prolactin (D), epinephrine (E), and norepinephrine (F) before and after
lower-body warming. #p<.05, compared between before and after warming. Values are expressed as means and SEM.
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systemic, dose-dependent manner [25–29]. In response to
heat stress, eHsp72 expression is upregulated via a specific
exocytotic pathway by the neuroendocrine hormone epi-
nephrine in humans [11], or by norepinephrine in animals
[25]. It may be released, for example, from hepatosplanchnic
organs [25]. Functionally, eHsp72 can bind to cells, penetrate
the plasma membrane, and protect cells from cytotoxicity
[30,31] by improving cell survival in the face of a broad array
of cellular stressors [32,33]. Intriguingly, however, in the pre-
sent study, we showed that eHsp72 and epinephrine were
not affected by severe WBH in young adult women. This
result might be partly explained by the heat-induced
increase in serum 17b-estradiol expression. As shown, estro-
gen protects a variety of tissues from structural damage by
interacting with Hsp [34]. Existing evidence indicates that
17b-estradiol inhibits heat-induced Hsp72 expression at the
transcriptional level by suppressing the activation of heat
shock factor-1 [12], and this may be mediated through its
indirect antioxidant properties by stabilizing cellular mem-
branes [35].

Research data also suggest that estradiol and progester-
one may have opposite effects on temperature regulation
[4]. Here, we observed that both of the most studied ovarian
hormones (17b-estradiol and progesterone) were increased
by severe WBH in young adult women. As estradiol mediates
the upregulation of progesterone receptors involved in the
control of temperature and increases the firing rate of warm-
sensitive neurons in the preoptic area of the anterior hypo-
thalamus [2], this may suggest that progesterone does not
predominate over estrogen in thermoregulatory effector
responses when the two are concomitantly increased [4,5]. In
addition to those hormonal thermoregulatory responses,
estrogen has also been shown to stimulate the secretion of
prolactin, an indirect marker of central serotonergic and
dopaminergic activity in the brain that is implicated in the
thermoregulatory control of body temperature, changes in
behavior, motor control, motivation, and immune system
regulation [36,37]. Thus, consistent with previous research
[10,38], our results show a fivefold increase in severe WBH-
induced prolactin response in young adult women. Taken
together, the findings of our study suggest that severe WBH
per se is a sufficient stimulus to induce the expression of
ovarian hormones and that this may have therapeutic poten-
tial for young adult women in, for example, estrogen treat-
ment and overall women’s health.

Conclusion

To our knowledge, this study is the first to show in young
adult women that severe whole-body hyperthermia (increase
in Tre of approximately 2.6 �C and increase in HR of approxi-
mately 80 bpm from baseline) is sufficient to increase 17b-
estradiol, progesterone, and prolactin, and catecholamine
norepinephrine concentrations. In addition, our data show
that the concentration of extracellular Hsp72 and catechol-
amine epinephrine were not affected by severe whole-body
hyperthermia in young adult women.
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