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Hypoxia-mediated prior induction of monocyte-expressed HSP72
and HSP32 provides protection to the disturbances to redox
balance associated with human sub-maximal aerobic exercise
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Abstract HSP72 is rapidly expressed in response to a
variety of stressors in vitro and in vivo (including hypoxia).
This project sought a hypoxic stimulus to elicit increases in
HSP72 and HSP32 in attempts to confer protection to the
sub-maximal aerobic exercise-induced disturbances to
redox balance. Eight healthy recreationally active male
subjects were exposed to five consecutive days of once-daily
hypoxia (2,980 m, 75 min). Seven days prior to the hypoxic
acclimation period, subjects performed 60 min of cycling on
a cycle ergometer (exercise bout I—EXB1), and this exer-
cise bout was repeated 1 day post-cessation of the hypoxic
period (exercise bout 2—EXB?2). Blood samples were taken
immediately pre- and post-exercise and 1, 4 and 8 h post-
exercise for HSP72 and immediately pre, post and 1 h post-
exercise for HSP32, TBARS and glutathione [reduced
(GSH), oxidised (GSSG) and total (TGSH)], with additional
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blood samples obtained immediately pre-day 1 and post-day
5 of the hypoxic acclimation period for the same indices.
Monocyte-expressed HSP32 and HSP72 were analysed by
flow cytometry, with measures of oxidative stress accessed
by commercially available kits. There were significant
increases in HSP72 (P < 0.001), HSP32 (P = 0.03), GSSG
(t=9.5, P <0.001) and TBARS (¢t = 5.6, P = 0.001) in
response to the 5-day hypoxic intervention, whereas no
significant changes were observed for GSH (P = 0.22) and
TGSH (P = 0.25). Exercise-induced significant increases in
HSP72 (P < 0.001) and HSP32 (P = 0.003) post-exercise
in EXBI1; this response was absent for HSP72 (P > 0.79)
and HSP32 (P > 0.99) post-EXB2. The hypoxia-mediated
increased bio-available HSP32 and HSP72 and favourable
alterations in glutathione redox, prior to exercise com-
mencing in EXB2 compared to EXB1, may acquiesce the
disturbances to redox balance encountered during the sec-
ond physiologically identical exercise bout.

Keywords Stress protein - Oxidative stress - Glutathione -
TBARS - Exercise - Heat shock proteins (HSP) -
Oxidative stress - Hypoxia - Redox balance - Human

Abbreviations

EXB1 Exercise bout 1

EXB2 Exercise bout 2

GSH Reduced glutathione

GSSG Oxidised glutathione

HSP Heat shock protein

HSP32 Heme oxygenase

iHSP Intracellular heat shock protein
LT Lactate threshold

Maximal oxygen VO, .«

consumption

mHSP72 Monocyte heat shock protein
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PHER Prolonged hypoxic exposure at rest

PO Power output

RONS Reactive oxygen and/or nitrogen
species

TGSH Total glutathione

WBGT Wet bulb globe temperature

\\4 Watts

Introduction

In vivo hypoxia reduces the partial pressure of oxygen within
the arterial blood, thus disturbing whole body homoeostasis
(Taylor and Pouyssegur 2007). Hypoxia and exercise-med-
iated stress can alter in vivo redox balance (Bailey et al.
2000), which can lead to increased oxidative stress within the
skeletal muscle (Powers et al. 2010a) and the blood (Niko-
laidis and Jamurtas 2009). Hypoxia-mediated disturbances
to redox balance within the blood have been postulated as a
stimulus for increases in inducible heat shock protein 70
(HSP72) in vivo (Taylor et al. 2010b, 2011a).

Increases in intracellular HSPs (iHSP), including HSP72
(Morton et al. 2009; Yamada et al. 2008) and heme oxy-
genase-1 (iHSP32) (Fehrenbach et al. 2003), play central
roles resisting the in vivo exercise-induced disturbances to
whole body homoeostasis (thermal, Magalhaes et al. 2010;
mechanical, Vissing et al. 2009; substrate depletion Feb-
braio et al. 2004; oxidative stress, Morton et al. 2009, etc.).
These increases in iHSP concentration during and post-
exercise stress function to maintain cellular integrity and
functioning (Fehrenbach et al. 2003; Magalhdes et al. 2010;
Selkirk et al. 2009).

Such stress-induced increases in HSPs have been utilised
within various successful preconditioning strategies in vitro
(Madden et al. 2008a) and in vivo (Yogaratnam et al. 2010).
In vitro, thermal (Lepore et al. 2000) and pharmacological
(Kume et al. 2000) stimuli have been used to increase basal
iHSP72 levels, which, in light of further cellular stress,
demonstrate enhanced cellular survival/resistance, 1i.e.
conferred cellular tolerance (Lepore et al. 2000; Madden
et al. 2008a). In vivo, clinical preconditioning has seen
hyperbaric oxygen delivery (Yogaratnam et al. 2010), and
pharmaceutical (Pignatelli et al. 2011) and ischaemic pre-
conditioning (Pasupathy and Homer-Vanniasinkam 2005)
utilised to augment resistance to ischaemic reperfusion
injury and oxidative stress during and post-surgery (e.g.
coronary artery bypass graft surgery)—some of which has
been attributable to HSP72 (Yogaratnam et al. 2007). Many
of these approaches have statistically and clinically relevant
experimental outcomes such as reduced pain, improved
clinical result and reduced time spent within high depen-
dency wards (Pasupathy and Homer-Vanniasinkam 2005;
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Yogaratnam et al. 2010). Similarly, in vivo in rodents
(Shima et al. 2008), a thermal preconditioning stimulus
conferred tolerance to exercise-induced challenges to redox
balance. However, to the authors’ knowledge, there is no in
vivo human empirical data investigating the efficacy of
similar preconditioning strategies (i.e. those that increase
basal iHSP72 expression, or other stress proteins) in pro-
viding protection to the redox balance disturbances asso-
ciated with prolonged aerobic exercise performance
(Fisher-Wellman and Bloomer 2009).

The foremost endogenous non-enzymatic antioxidant in
the body is glutathione. During exercise and exposure to
hypoxia, reduced glutathione (GSH) protects against stress-
induced reactive oxygen and nitrogen species (RONS)
formation, actively detoxifying components of the various
RONS cascades such as hydroxyl radicals, hydrogen per-
oxide and lipid peroxides (Nikolaidis and Jamurtas 2009;
Powers and Jackson 2008). This cyclic process constantly
occurs during homoeostasis and is accelerated in response
to disturbances in redox balance, such as that which occurs
with exercise (Fisher-Wellman and Bloomer 2009) and
during in vivo (Taylor et al. 2010b, 2011a) and in vitro
(Kiang and Tsen 2006) hypoxia.

This increased production and concentration of RONS
during and post-exercise are negatively related to cellular
function and homoeostasis, particularly during recovery
from exercise when high levels can inhibit the onset of
recovery (Ascensao et al. 2008, 2011). However, when
maximum physiological exercise adaptation is sought
within a tissue (muscle or blood), it is acknowledged that
oxidative stress is likely central to mediate such remodel-
ling of the tissue in question, and thus provides the stimulus
for enhanced cellular tolerance to develop (Nikolaidis and
Jamurtas 2009; Powers et al. 2010a). Therefore, the pres-
ence and function of exercise-mediated pro-radical pro-
duction and thus disturbances in redox balance within the
tissues (muscle and blood originated) evidently have both
positive (Powers et al. 2010a; Nikolaidis and Jamurtas
2009) and negative (Ascensao et al. 2008; Powers et al.
2007) cellular effects, dependent on type, duration and
location of origin. Thus, a preconditioning strategy, which
could reduce such exercise-induced disturbances to redox
balance, may be advantageous in an applied exercise set-
ting, whereby recovery and return to optimal performance
(i.e. repeated match play) is sought (Ascensao et al. 2008,
2011) rather than maximal physiological adaptation
(Nikolaidis and Jamurtas 2009; Powers et al. 2010a).
Additionally, many surgical procedures disturb redox bal-
ance (increase oxidative stress) (Arsalani-Zadeh et al. 2011;
Tsuchiya et al. 2008); so, a preconditioning strategy which
could reduce oxidative stress and thus improve recovery
time from surgery would be advantageous (Pasupathy
and Homer-Vanniasinkam 2005; Pignatelli et al. 2011).
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Therefore, a preconditioning strategy that elevates basal
values of HSP32, HSP72 (Kalmar and Greensmith 2009)
and GSH (Fisher-Wellman and Bloomer 2009) may aug-
ment the body’s antioxidant capacity and widen the defence
network, and thus could be beneficial in reducing the neg-
ative redox balance-associated effects on recovery from
exercise and surgery.

It is hypothesised that the hypoxic acclimation period
will increase basal iHSP72 and iHSP32 expression in
addition to favourable alterations in blood redox balance
status, which will blunt aerobic exercise-induced distur-
bances to redox balance and the HSP response within the
blood. The aims of the present study were to investigate the
effect of: (1) once-daily hypoxia for five consecutive days
on basal HSP32 expression; (2) prior induction of HSP32
and HSP72 on the exercise-induced stress protein response;
(3) prior induction of HSP32 and HSP72 on exercise-
induced disturbances in redox balance.

Methods
Ethical approval

The protocol was approved by the University of Hull Sport,
Health and Exercise Science Departmental Human Ethics
Committee and all subjects signed informed consent fol-
lowing the principles outlined in the Declaration of Helsinki.

Experimental overview

Simplistically, an exercise bout was performed before and
after 5 days of once-daily normobaric hypoxia (75 min,
2,980 m). The blood-borne variables to be assessed in
response to both exercise bouts and the hypoxic acclima-
tion period were iHSP72, iHSP32, glutathione and TBARS.
Such an approach was used to assess the influence of the
hypoxic acclimation period on exercise-induced distur-
bances to redox balance and basal HSP expression. Typical
exercise physiology measures were assessed throughout
both exercise bouts. Additionally, heart rate and oxyhe-
moglobin saturation were monitored during the daily
hypoxic exposures.

Subjects and general experimental controls

Eight healthy recreationally active male subjects [mean +
SD 20.8 £ 3.2 years, 1.77 &£ 157 cm, 72.1 &+ 11.0 kg,
physical activity 6.8 £+ 1.8 h/week and power output (PO)
at lactate threshold (LT) 184 + 37 Watts (W)] volunteered
to participate in the study. The confounding variables of
smoking (Anbarasi et al. 2006), caffeine (Lu et al. 2008),
glutamine (Singleton et al. 2004), generic supplementation

(Hillman et al. 2011), thermal exposures (Selkirk et al.
2009), hypoxic exposures (Taylor et al. 2010b), hyperbaric
exposures (Taylor et al. 2011b) and alcohol (Taylor et al.
2010a) were all controlled in line with previous work in the
field (Taylor et al. 2011a). Compliance for all the afore-
mentioned potential confounding variables, if not excluded
during subject recruitment, was monitored via a question-
naire administered before, during and post the extended
13-day study period and was 100 % in all subjects.
Subjects remained within the temperature-controlled
laboratory during the hypoxic exposures and exercise bout
1 (EXB1) and exercise bout 2 (EXB2; mean & SD: WBGT
21.2 £ 0.2 °C, humidity 47 &+ 4 %). Subjects did not sleep
within the laboratory, but within a nearby university-owned
accommodation block for the night prior to and during all
days of the study. Subjects gained 9.8 & 2.2 h of sleep
prior to study commencement and repeated this sleep cycle
on all study nights (10.7 & 1.5 h). Methods, procedures
and restrictions replicated those used previously to gain
serial data for mHSP72 (Taylor et al. 2010a, b, 2011a, b)
and other physiological markers of homoeostasis (Madden
et al. 2008b; Vince et al. 2009) to control the influence of
confounding factors aside from the hypoxic exposures and
the two exercise bouts on the blood-borne markers to be
assessed. Due to experimental limitations (equipment and
subject availability), a double-blind crossover design with a
control normoxic intervention was unable to be employed.

Preliminary measurements

All subjects underwent initial LT testing on an SRM cycle
ergometer (Schoberer Rad Mebtechnik, Konigskamp,
Germany) using an incremental protocol starting at 125 W,
increasing 20 W every 4 min until exhaustion. Capillary
blood samples were collected every 2 and 4 min into
lithium heparinised microvettes (Microvette CB300, Sar-
stedt, Niimbrecht, Germany) and analysed using a blood
lactate analyser (YSI 2300 STAT, YSI Inc, Yellow
Springs, OH). LT was calculated using the Dmax method
(Cheng et al. 1992). All tests were conducted at sea level
within a temperature-controlled laboratory. Upon comple-
tion of the LT test, subjects completed 30 min of cycling
(familiarisation) at 90 % of their LT, on the cycle ergom-
eter to be used for both exercise bouts. Subjects were also
familiarised to the physiological data collection battery to
be used (RPE, finger prick blood sampling, etc.) and the
“medical type” of environment both exercise bouts would
take place within.

Hypoxic protocol and blood sampling

Hypoxia was generated and delivered via a hypoxicator
(HYP123 Hypoxicator, Hypoxico, New York, USA) which
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utilises oxygen filtration to generate the necessary hypoxic
load. The hypoxic exposure consisted of 75 min at a sim-
ulated altitude of 2,980 m, which equates to an oxygen
concentration of 14.5 % at a barometric pressure of
775 mmHg, with the intervention commencing and ceasing
at 0930 and 1045 hours, respectively. Heart rate and oxy-
gen saturation were recorded every 5 min during the hyp-
oxic exposure via a finger pulse oximeter (Nonin 9550
Onyx II Finger Pulse Oximeter, Nonin Medical Inc,
Plymouth, USA).

Subjects were thoroughly habituated to the hypoxic
protocol; such a protocol has been used previously (Taylor
et al. 2010b, 2011a). The exposure was administered daily
for five consecutive days at rest. In light of previous work
(Taylor et al. 2011a) utilising a 10-day acclimation period,
the current project employed only 5 days of exposures, due
to the previous project (Taylor et al. 2011a) demonstrating
an initial rapid phase of mHSP72 accumulation in response
to hypoxia within the first 5 days of exposures. The
physiological response (mean oxyhaemoglobin saturation
and heart rate) to an identical hypoxic exposure has been
detailed elsewhere (Taylor et al. 2010b, 2011a), with the
results within the present study in line with these previous
observations.

Venous blood samples were taken immediately prior to
the first hypoxic exposure (hypoxic day 1) and 30 min
post-final hypoxic exposure (hypoxic day 5). The day-
to-day changes in hypoxia-induced mHSP72 expression
and other haematological markers during repeated daily
PHER have been demonstrated elsewhere in detail (Taylor
et al. 2011a). All blood samples were drawn from the
antecubital vein into potassium EDTA Vacuette tubes
(HSPs and TBARS; Vacuette®, Greiner BIO-one, UK) or
sodium citrate Vacuette tubes (glutathione; Vacuette®,
Greiner BIO-one, UK) in both the exercise and hypoxic
experimental periods.

Exercise protocol and blood sampling

Seven days prior to the hypoxic acclimation period, sub-
jects performed 60 min of cycling on an SRM cycle
ergometer at 90 % of their power output at LT (EXBI).
This exercise bout was repeated 1 day post-cessation of the
hypoxic period (EXB2). LT-determined exercise intensities
are recognised as a more rigorously controlled exercise
stress, than for example percentages of maximal oxygen
consumption (VO3 max), With this approach used previously
in other HSP-related exercise studies (Morton et al. 2006,
2008). Exercise was conducted at sea level and within a
temperature-controlled laboratory. Exercise commenced at
0930 hours on each exercise day; this consistent timing of
blood sample collection was important to account for

@ Springer

diurnal and circadian variations in basal mHSP72 (Sand-
strom et al. 2009; Taylor et al. 2010a), especially as basal
values can dictate the magnitude of stressor-mediated
changes in HSP72, both in vivo (Gjovaag and Dahl 2006)
and in vitro (Vince et al. 2010). Physiological measures of
exercise performance (heart rate, ratings of perceived
exertion, blood lactate) in EXB1 and EXB2 were recorded
throughout to ensure any changes in the biochemical
measures of stress protein expression (mHSP72 and
mHSP32), and alterations in redox balance (plasma
TBARS and whole blood glutathione) were not associated
with variations in performance intensity between bouts.
Venous blood samples were taken immediately pre-, post-
and 1, 4 and 8 h post-exercise for mHSP72 and immedi-
ately pre-, post- and 1 h post-exercise for mHSP32, plasma
TBARS and glutathione. The sampling was conducted in
this time-dependant manner due to previous literature
demonstrating HSP32, plasma TBARS and glutathione
returning to values approximate to control between 30 min
and 1 h post-exercise (Fisher-Wellman and Bloomer
2009).

Prior to reporting to the laboratory, subjects were
instructed to drink 500 ml of water 2 h prior to all
(including preliminary testing) exercise bouts and hypoxic
exposures, in accordance with the ACSM position stand
(Sawka et al. 2007). Hydration status prior to physical
activity was assessed by plasma osmolarity utilising the
freeze point depression method (Advanced Instruments
Model 3320, Advanced Instruments Inc, Norwood, Mas-
sachusetts, USA). If subjects’ plasma osmolarity was
>279 mOsm/1, it was deemed that subjects were/or were
approaching a hypohydrated state. This experimental con-
trol was not violated for any subjects for any experimental
procedure or intervention.

Measurement of oxidative stress
Whole blood glutathione

It is important to note that sodium citrate-treated blood was
collected for analysis of glutathione. Immediately after
collection, a 2-ml aliquot of fresh blood was mixed with
8 ml of freshly prepared 5 % meta-phosphoric acid
(Sigma-Aldrich Company Ltd., Dorset, England). This
mixture was transferred to 1.5-ml eppendorf tubes, stored
on ice for 15 min, and then centrifuged at 13,000xg and
4 °C for 15 min. The supernatant was collected and stored
at —80 °C for later analysis of total glutathione (TGSH)
and GSSG. This immediate preparation of glutathione-
specific blood samples is important to ensure that gluta-
thione reductase activity is limited to an absolute minimum
and thus glutathione ratios are a true reflection of the
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exercise and hypoxic intervention. The risk of artifactual
alterations in redox balance as a consequence of inappro-
priate tissue handling is something which the present study
has actively sought to neutralise (therefore, removing it as
a potential confounding factor) in line with recent guide-
lines (Powers et al. 2010Db).

TGSH and GSSG were analysed using a commercially
available kit (Total Glutathione Detection Kit, Assay
Designs, Ann Arbor, MI). Briefly, for determination of
TGSH, previously prepared blood (described above) was
diluted to 1:40 in a 1 x assay buffer solution and transferred
to a 96-well plate. A standard curve was produced from
serially diluting 50 pl 1x assay buffer and 50 pl GSSG. A
reaction mixture containing 20 pl of glutathione reductase
was added to all wells on the plate, which was subsequently
read at 405 nm every minute for 10 min in a microplate
reader. All standards and samples were analysed in tripli-
cate. TGSH laboratory (2.54 %; 2.41 %) and project-
specific (1.87 %; 1.91 %) intra- and inter-assay coefficient
of variation, respectively, were acceptable.

For determination of GSSG 1 pl of 2 M 4-vinylpyridine
(Sigma-Aldrich Company Ltd., Dorset, England) solution
was added to 50 pl of previously prepared blood samples
(described previously). At the same time, 3 pl of 2 M
4-vinylpyridine solution was added to 150 pul GSSG for
standard curve determination. Samples were incubated at
room temperature for 1 h, after which 5 pl of 4-vinylpyr-
idine-treated blood samples was added to 45 pl of assay
buffer in a 96-well plate. To create a standard curve, 50 pl
of the standard curve solution was added to 50 pl of assay
buffer and serially diluted. All standards and samples were
analysed in triplicate. GSSG laboratory (1.77 %; 1.76 %)
and project-specific (1.76 %; 1.74 %) intra- and inter-assay
coefficient of variation, respectively, were acceptable.

Plasma TBARS

An EDTA Vacuette tube (Vacuette®, Greiner BIO One,
UK) filled with venous blood was mixed and then centri-
fuged at 1,500xg for 10 min, with the resulting EDTA
plasma removed and stored at —80 °C. This plasma was, at
a later date, analysed for lipid peroxidation using a com-
mercially available kit following manufacturer’s instruc-
tions (ZeptoMetrix, USA) as used previously elsewhere
(Peart et al. 2011; Taylor et al. 2010a, b, 2011b; Hillman
et al. 2011). Previously frozen plasma samples, obtained
via centrifugation on their first thaw, were brought to room
temperature. An aliquot (100 pl) was added to 100 pl of
sodium dodecyl sulphate (SDS) solution and 500 pl of
thiobarbituric acid solution. Samples were incubated for
1 h at 95 °C, after which time they were cooled to room
temperature and centrifuged at 3,000x g for 15 min. Sam-
ples were added to a 96-well plate and read at 532 nm in a

microplate reader (Biotek Synergy HT-R, Biotek Instru-
ments, Vermont, USA). Results are expressed in mal-
ondialdehyde (MDA) equivalents. All standards and
samples were analysed in triplicate. TBARS laboratory
(1.96 %; 1.99 %) and project-specific (2.02 %; 1.98 %)
intra- and inter-assay coefficient of variation, respectively,
were acceptable.

Monocyte HSP72 and HSP32 assay

The choice, justification and measurement of mHSP72
have previously been discussed in detail (Sandstrom et al.
2009; Taylor et al. 2010a). The assay has been extensively
used within in vivo interventional experimental designs
exploring exercise and environmental stress (hypoxia,
hyperbaria) HSP responses (Hillman et al. 2011; Peart et al.
2011; Sandstrom et al. 2009; Taylor et al. 2010a, b, 201 1a,
b; Vince et al. 2010, 2011). An IgG1 (HSP72) or I1gG2
(HSP32) isotype and concentration-matched FITC-conju-
gated negative control was used to asses non-specific
binding. Briefly, cells obtained after red cell lysis were
fixed and permeabilised (AbD Serotec, UK) and a negative
control (FITC, AbD Serotec, UK) or anti-HSP72 antibody
(SPA-810, Assay Designs, USA) or anti HSP32 antibody
(OSA-111, Assay Designs, USA) was added to a final
concentration of 100 pg/ml. This was used to label
1 x 10° cells according to the manufacturer’s instructions
and then incubated for 30 min in the dark. Samples were
then analysed on a BDFACSCalibur (BD Biosciences) by
flow cytometry with monocytes gated by forward/side
scatter properties and further discriminated by CD14
expression. Mean fluorescence intensity (MFI) was then
calculated using CELLQuest software (BD Biosciences)
with a total of 50,000 cells counted.

Statistical analyses

All statistical analyses were completed using IBM SPSS
Statistics 18 (SPSS Inc., Chicago, IL). Statistical assump-
tions were checked using conventional graphic methods
and were deemed plausible unless stated otherwise. Central
tendency and dispersion are reported as the mean (SD). The
effect of exercise bout and time on mHSP72, mHSP32,
GSSG, GSH, TGSH, plasma TBARS, lactate and heart rate
were investigated using linear mixed models. The effect of
the hypoxic intervention on mHSP72, mHSP72, GSSG,
GSH, TGSH and plasma TBARS was investigated using
paired ¢ tests. The mHSP72 and mHSP32 expression were
expressed as a percentage of the first measurement, which
was in accordance with previous literature (Hillman et al.
2011; Morton et al. 2006; Peart et al. 2011; Taylor et al.
2010a, b, 2011a, b). The GSSG, GSH and TGSH data were
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also expressed as a percentage of the first measurement in
accordance with previous literature (Hillman et al. 2011).
Relationships between the changes in mHSP32 and
mHSP72 and markers of oxidative stress (GSH, GSSG and
plasma TBARS) were investigated using Pearson’s corre-
lations. Two-tailed statistical significance was accepted as
P < 0.05.

Results

There were significant mean increases of 67.2 % in
mHSP72 (95 % CI 52.9-81.4 %; t = 11.1, P < 0.001),
254 % in mHSP32 (95 % CI 3.2-47.6 %; t= 2.,
P =0.03), 7.1 % in GSSG (95 % CI 5.1-9.1 %; t = 9.5,
P < 0.001) and 2.6 malondialdehyde equivalents in plasma
TBARS (95 % CI 1.5-3.6 malondialdehyde equivalents;
t=5.6, P=0.001) in response to the 5-day hypoxic
intervention, whereas no significant changes were observed
for GSH (t=13, P=022) and TGSH (t= 1.2,
P = 0.25) (see insets of Figs. 1, 2, 3, 4, 5, 6).

There were significant exercise bout x time interaction
effects for mHSP72 (F = 10.4, P < 0.001) and mHSP32
(F =39, P=0.034) (Figs. 1, 2). For the first exercise
bout, a pronounced 105.5 % increase in mHSP72 was
observed from pre- to immediately post-exercise (95 % CI
54.2-156.9 %; P < 0.001), thereafter decreasing to about
150 % of the pre-exercise value and remaining relatively
stable for the remainder of the post-exercise period.

300

Hypoxic exposure
N Bout 1

3801 £ Bout2 200 I

mHSP72 (% of control level)

Pre Post 0 hr

Post 1 hr
Time

Post 4 hr Post 8 hr

Fig. 1 Mean (SD) mHSP72 expression immediately pre and post,
and 1, 4 and 8 h post-exercise. Bout 1 and bout 2 refer to two bouts of
60 min of exercise at 90 % of lactate threshold, separated by 5-day
hypoxic intervention period. The inset graph shows the mean (SD)
mHSP72 expression before and after the 5-day hypoxic intervention
period. The mHSP72 is expressed as a percentage of the first
measurement. Like letters represent significant differences between
mean values. Post significantly higher than pre (*P < 0.05)
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Fig. 2 Mean (SD) mHSP32 expression immediately pre and post,
and 1, 4, and 8 h post-exercise. Bout 1 and bout 2 refer to two bouts
of 60 min of exercise at 90 % of lactate threshold, separated by the
5-day hypoxic intervention period. The inset graph shows the mean
(SD) mHSP32 expression before and after the 5-day hypoxic
intervention period. The mHSP32 is expressed as a percentage of
the first measurement. Like letters represent significant differences
between mean values. Post significantly higher than pre (*P < 0.05)
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Fig. 3 Mean (SD) whole blood GSSG expression immediately pre,
post and 1 h post-exercise. Bout 1 and bout 2 refer to two bouts of
60 min of exercise at 90 % of lactate threshold, separated by the
5-day hypoxic intervention. The inset graph shows the mean (SD)
GSSG before and after the 5-day hypoxic intervention period. Like
letters represent significant differences between mean values. Post
significantly higher than pre (*P < 0.05)

A similar response also was observed for mHSP32
(P =0.003). In contrast, no significant changes were
observed in response to the second exercise bout for
mHSP72 (P > 0.79) or mHSP32 (P > 0.99). When com-
paring across exercise bouts, only the pre-exercise values
were significantly different for mHSP72 (P < 0.001) and
mHSP32 (P = 0.024), with higher values in EXB2 com-
pared to EXBI1.
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Fig. 4 Mean (SD) whole blood GSH expression immediately pre,
post and 1 h post-exercise. Bout 1 and bout 2 refer to two bouts of
60 min of exercise at 90 % of lactate threshold, separated by the
5-day hypoxic intervention period. The inset graph shows the mean
(SD) GSSG before and after the 5-day hypoxic intervention period.
Like letters represent significant differences between mean values
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Fig. 5 Mean (SD) whole blood TGSH expression immediately pre,
post and 1 h post-exercise. Bout 1 and bout 2 refer to two bouts of
60 min of exercise at 90 % of lactate threshold, separated by the
5-day hypoxic intervention. The inset graph shows the mean (SD)
TGSH before and after the 5-day hypoxic intervention period

Significant main effects for exercise bout (F = 23.4,
P = 0.001) and time (F = 12.9, P = 0.001), and a sig-
nificant exercise bout x time interaction (F = 21.5,
P < 0.001) were observed for GSSG (Fig. 3). The GSSG
was 16.5 % lower pre-exercise (95 % CI 3.5-29.5 %;
P = 0.018) and 39.9 % lower immediately post-exercise
(95 % CI 27.2-52.6 %; P < 0.001) for the second exercise
bout compared to the first. Furthermore, a significant
32.5 % increase in GSSG was observed from pre-exercise
to immediately post-exercise for the first exercise bout
(95 % CI 19.0-45.9 %; P < 0.001), whereas no significant
change was observed for the second (P = 0.26).
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Fig. 6 Mean (SD) plasma TBARS expression immediately pre, post
and 1 h post-exercise. BOUT 1 and bout 2 refer to two bouts of
60 min exercise at 90 % of lactate threshold, separated by the 5-day
hypoxic intervention period. The inset graph shows the mean (SD)
plasma TBARS before and after the 5-day hypoxic intervention
period. Like letters represent significant differences across time (main
effect). Post significantly higher than pre (*P < 0.05)

There was a significant main effect for time (F = 7.0,
P = 0.005) and a significant exercise bout x time inter-
action (F = 4.9, P = 0.02) for GSH (Fig. 4), but the main
effects for exercise bout failed marginally to reach statis-
tical significance (F = 4.0, P = 0.064). The GSH was
significantly higher for the second exercise bout compared
to the first, only immediately post-exercise. This was
because GSH decreased from pre-exercise to post-exercise
and then significantly increased from immediately post-
exercise to 1 h post-exercise for the first exercise bout, but
no significant changes were observed for the second.

No statistically significant main effects of exercise bout
(F =0.02, P=0.89) and time (F = 0.1, P = 0.90) or
exercise bout x time interaction (F = 0.01, P = 0.99)
were observed for TGSH (Fig. 5).

There was a significant main effect for time for plasma
TBARS (F = 10.3, P < 0.001), where plasma TBARS
increased significantly from pre- to post-exercise
(P =0.001) and then decreased from immediately post-
exercise to 1 h post-exercise (P = 0.002) (Fig. 6). How-
ever, the main effect for exercise bout (F = 0.5, P = 0.50)
and the exercise bout x time interaction (F = 1.2,
P = 0.32) were not statistically significant.

No significant relationships were observed between the
change in HSP32 and the changes in GSH (r = 0.06,
P = 0.88), GSSG (r = 0.03, P = 0.94) or plasma TBARS
(r = 0.46, P = 0.25). Similarly, no significant relation-
ships were observed between the change in HSP72 and the
changes in GSH (r = 0.09, P = 0.83), GSSG (r = 0.28,
P = 0.50) or plasma TBARS (r = —0.37, P = 0.36).
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There were significant differences across time for blood
lactate during 60 min exercise periods (F = 79.1, P <
0.001), rising from 1.1 mM at rest to 2.6 mM after 30 min
(mean difference = 1.5 mM; 95 % CI 1.2-1.8 mM;
P < 0.001), and remaining stable for the last 30 min. No
significant main effect for exercise bout (F = 0.01,
P = 0.91) and no significant exercise bout x time inter-
action (F = 0.003, P = 1.0) were observed. No main
effects for exercise bout (F = 0.02, P = 0.88) and time
(F =0.2, P=0.90), and no exercise bout x time inter-
action (F = 0.06, P = 0.98), were observed for heart rate.
Due to the small range in RPE data (2-3 units), it was not
appropriate to report formal statistics on the data. However,
it was clear by visually scrutinising the data that there were
negligible differences between exercise bouts.

The change in oxyhaemoglobin saturation and heart rate
during the 75 min of hypoxic exposure, for each of the
5 days of the hypoxic exposure period, has been presented
elsewhere (Taylor et al. 2010b, 2011a), with the physio-
logical responses within the present study in line with these
prior observations. Oxyhaemoglobin saturation dropped
from 99 % before each hypoxic exposure to around
90-91 % 15 min into hypoxic exposure and remained
depressed for the remainder of the hypoxic exposure,
before returning to baseline 10 min after exposure. Heart
rate increased from around 70 beats/min 10 min before
hypoxic exposure to around 81 beats/min during the first
5 min of exposure. Apart from a small initial decrease,
heart rate remained relatively constant for the remainder of
the hypoxic exposure, almost returning to baseline within
10 min after exposure.

Discussion

The principal finding of the present study was that a 5-day
hypoxic acclimation period was sufficient to reduce the
disturbance to redox balance of 60 min of prolonged aer-
obic exercise at 90 % of LT. This reduction was evident by
the significant increase (32.5 %; 95 % CI 19.0-45.9 %;
P < 0.001) in GSSG post-EXB1 being absent post-EXB2
(P = 0.26). Such a reduction in disturbance to redox bal-
ance post-exercise is likely attributable to the prior
induction (increased content of pre-EXB2 compared to pre-
EXB1) and thus bio-availability of the potently antioxidant
stress protein mHSP32 (P = 0.024) and the highly stress-
inducible mHSP72 (P < 0.001), in addition to favourable
alterations in glutathione ratios.

It is likely that the increased co-bioavailability of
mHSP72 (Kalmar and Greensmith 2009), mHSP32 (Roth-
fuss et al. 2001; Gozzelino et al. 2010) and GSH (Niko-
laidis and Jamurtas 2009) may augment the antioxidant
capacity of the blood. This augmentation may allow
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exercise-mediated increases in oxidant production (skeletal
muscle, Powers et al. 2010a and blood originated, Niko-
laidis and Jamurtas 2009), and thus disturbances to redox
balance to be more readily dealt with post-hypoxic accli-
mation period. Despite these observations, establishment of
cause and effect mechanistic evidence cannot be claimed,
with such evidence requiring further, likely in vitro,
experimentation.

HSP72

Within the present study, EXB1 demonstrated an increase
of approximately 100 % in mHSP72 immediately post-
exercise, with values remaining elevated by approximately
50 % 1, 4, and 8 h post-exercise (Fig. 1), in line with
previous increases seen in iHSP72 post-exercise (Fehren-
bach et al. 2000). Seven days post-EXBI1, before the
commencement of the hypoxic acclimation period, basal
mHSP72 values returned to concentrations approximate to
control (pre-EXB1 values). This return to baseline is per-
tinent within the study design, as basal values are known to
be indicative of the magnitude of stress-mediated HSP72
response both in vivo (Gjovaag and Dahl 2006; McClung
et al. 2008) and in vitro (Vince et al. 2010). The hypoxia-
mediated increases (approximately, 60 %) in basal
mHSP72 remain elevated (approximately, 50 % higher
compared to control and pre-EXB1) before the com-
mencement of EXB2 (inset of Fig. 1). The expression
kinetics in EXB2, compared to EXB1 did not demonstrate
a significant increase in mHSP72 immediately or 1, 4, or
8 h post-exercise. This difference is likely attributable to
the prior induction and thus bio-availability of mHSP72
conferring protection to the subsequent nonlethal stressor,
as shown in vitro (Lepore et al. 2000; Madden et al.
2008a). However, in vivo, this is the first demonstration of
prior induction of HSP72 via a non-thermal non-mechan-
ical stressor likely conveying protection to one of the bio-
chemical rigours (challenges to redox balance) associated
with aerobic exercise.

Experimental data exist in support of HSP72-mediated
tolerance to oxidative and ischaemic stress (Shima et al.
2008). It has been established that functional impairment,
whether that be in regulation or efficacy in HSP synthesis,
is present in various diseases and pathological conditions,
such as those affiliated with chronic oxidative stress
pathology, i.e. in neurodegeneration and cardiovascular
disease (Kalmar and Greensmith 2009). Mouse models
with transgenic upregulation of HSP72 have demonstrated
resistance to the biochemical rigours of oxidative/ischae-
mic stress compared to control animals (Marber et al. 1995;
Plumier et al. 1995). Furthermore, within exercising
rodents, animals demonstrating enhanced HSP72 expres-
sion also display augmented RONS scavenging capacity
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and reduced muscle injury post-downhill running com-
pared to those animals with low HSP72 expression (Shima
et al. 2008). The authors (Shima et al. 2008) postulated that
elevations of HSP72 may protect the antioxidant defence
system in skeletal muscle by enhancing the adaptive
HSP72 mRNA response. Mechanistically, in vitro, evi-
dence exists that elevations in oxidative stress are a trigger
for increases in HSP72 concentration (Ahn and Thiele
2003; Kukreja et al. 1994) with similar findings recently
shown in vivo to acute (Taylor et al. 2010b) and repeated
daily hypoxic exposures (Taylor et al. 2011a). Therefore, it
is likely that the repeated disturbance to redox balance
from the daily hypoxic exposure (Taylor et al. 2011a) may
be acting as a stimulus for elevated HSP72 expression and
as a potential stimulus for hormesis (conveyed cellular
protection to exercise-mediated disturbances to redox bal-
ance) to occur in preparation for EXB2 (Radak et al. 2008a,
b). However, caution is required when making such pos-
tulations based on plasma TBARS and whole blood glu-
tathione data, without supporting data specifically reporting
measures of protein oxidation (e.g. protein carbonyls).
Such limitations of plasma TBARS are subsequently dis-
cussed in the glutathione and plasma TBARS section of the
present discussion.

HSP32

Similarly to HSP72, the inducible isoform of HSP32 has
been shown to increase in concentration under in vitro
experimental conditions of ischaemia, hypoxia and
inflammation within cell and tissue lines (Gozzelino et al.
2010; Rothfuss et al. 2001). A rodent exercise model
demonstrated 700 and 400 % increases in HSP32 mRNA 1
and 3 h post-exercise, respectively (Essig et al. 1997).
However, these conditions lack specificity to those expe-
rienced during in vivo exercise or sojourn to altitude within
humans.

Within humans, post-half marathon completion, signif-
icant elevations in HSP32 have been shown in leukocytes,
monocytes and granulocytes, as measured by flow cytom-
etry (Niess et al. 1999). Findings within the current study
demonstrate comparable findings to previous work
(Fehrenbach et al. 2003; Niess et al. 1999), with significant
increases in mHSP32 seen immediately post (approxi-
mately 50 %) and 1 h post (approximately 30 %) EXBI.
Interestingly, this increase in EXB1 (pre to post and 1 h
post) is absent from EXB2. This absence of an increase
(EXB1 compared to EXB2) post-exercise is likely attrib-
utable to the hypoxic intervention significantly increasing
(approximately 30 %) basal mHSP32 content (see inset of
Fig. 2), with these elevations sustained (significantly
increased pre-EXB2 compared to pre-EXB1) at compara-
ble levels prior to commencement of EXB2 compared to

pre-EXB1 (Fig. 2). This increase in bio-available mHSP32
may likely ameliorate the disturbance in redox balance
experienced during the exercise bout via the potent anti-
oxidant capacity of HSP32 (Gozzelino et al. 2010; Roth-
fuss et al. 2001).

Glutathione and plasma TBARS

Measures of oxidative stress through indirect quantification
of lipid peroxidation via plasma TBARS have been exten-
sively used within the literature (Fisher-Wellman and
Bloomer 2009). Most research has demonstrated elevations
in plasma TBARS post-maximal (Bloomer and Goldfarb
2004) and sub-maximal exercise (Fisher-Wellman and
Bloomer 2009), which return to baseline values within 1 h
post-exercise (Bloomer and Goldfarb 2004; Fisher-Well-
man and Bloomer 2009). However, the utilisation of plasma
TBARS to measure exercise-induced changes in oxidative
stress is not without limitations. The literature has reported
concerns about the specificity of the TBARS assay and
these considerations have been discussed in recent reviews
(Fisher-Wellman and Bloomer 2009; Powers et al. 2010b).
The present study demonstrated a significant increase in
plasma TBARS post-EXB1 and EXB2, which returned to
values approximate to baseline 1 h post-exercise. These
results are in line with previous research for sub-maximal
exercise (Fisher-Wellman and Bloomer 2009). However, no
significant differences were evident in plasma TBARS data
between the two exercise bouts within the present study.
This may be attributable to the lack of specificity of the
plasma TBARS assay in assessment of the exercise-medi-
ated changes in oxidative stress (Powers et al. 2010b). The
author has attempted to alleviate the problems associated
with plasma TBARS analysis, via utilisation of measures of
whole blood glutathione redox balance, which have been
shown to be a more sensitive and specific measure of
disturbances to redox balance in response to exercise, in
comparison to plasma TBARS (Fisher-Wellman and
Bloomer 2009; Powers et al. 2010b).

Within EXB1 post-exercise, there was a significant
increase in GSSG, a decrease in GSH and no change in
TGSH, with these exercise-induced permutations in GSSG
returning to baseline 1 h post-exercise in both EXB1 and
EXB2. These findings are in line with previous literature,
whereby a multitude (Fisher-Wellman and Bloomer 2009)
of non-eccentric aerobic exercise protocols elicit decreases
in GSH, increases in GSSG and no change in TGSH.
Interestingly in EXB2, despite comparable physiological
performance data, the significant increase in GSSG is
absent compared to EXB1 (Fig. 3). This may likely be
attributable to the hypoxia-mediated changes in basal
GSSG, whereby pre-exercise values are significantly lower
within EXB2 compared to EXB1 (see inset Fig. 3). This
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reduction in GSSG is seen in tandem with an elevation in
basal GSH values pre-exercise in EXB1 compared to
EXB2 (Fig. 4), although not statistically significant. Such
alterations in GSH:GSSG are indicative of a more
favourable basal antioxidant capacity (Ilhan et al. 2004).
Therefore, the increase in bio-available GSH (failed mar-
ginally to reach significance) may present augmented
resistance to exercise-induced disturbances to redox bal-
ance during EXB2. Previously, it has been shown in ani-
mals (Leeuwenburgh and Ji 1995) and humans (Sen et al.
1994a, b) the importance of GSH in protecting against
resting and exercise-induced oxidative stress, with reduced
availability of GSH correlated to the decreased ability of an
organism to survive an oxidative cellular insult. The
hypoxia-mediated changes in glutathione ratios, i.e.
decreased GSSG and increased GSH, may provide a more
favourable blood glutathione environment for the acqui-
escence of exercise-induced oxidative stress and thus dis-
turbances to redox balance (Ilhan et al. 2004).

However, as discussed elsewhere (Fisher-Wellman and
Bloomer 2009; Powers et al. 2010b), the TBARS assay has
several fundamental issues regarding specificity and,
although recognised as an inexpensive and simple bio-
marker of oxidative stress, TBARS, as discussed, does
have some technical problems and these must be consid-
ered when interpreting the literature and any experimental
findings (Powers et al. 2010b). The technical limitations of
TBARS were sought to be minimised via the inclusion of
whole blood glutathione measures, which is in line with
recent recommendations to assess more than one bio-
measure of oxidative stress when examining exercise-
induced changes in redox balance (Powers et al. 2010b).

Experimental limitations

Future work should employ measures of protein oxidation
(e.g. protein carbonyls) to more securely investigate the
cause and effect mechanistic relationship between hypoxia-
mediated disruptions in redox balance and mHSP72/
mHSP32 expression in both the blood and muscle in vitro
and in vivo. Additionally, the study design could be
improved via the incorporation of a double-blind crossover
design with a control normoxic intervention. Such
improvements would securely attempt to establish clear
cause and effect mechanistic evidence for the novel find-
ings within the present small novel human study.

Summary: HSP32, HSP72 and glutathione
The combination of increased bio-available mHSP32 and
mHSP72 prior to exercise commencing in EXB2 compared

to EXB1 may acquiesce the disturbance to redox balance
during the second, physiologically identical exercise bout.
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Furthermore, the favourable alterations in whole blood
glutathione redox balance, before commencement of EXB2
compared to EXB1 (i.e. a reduction in GSSG and increase
in GSH) may, in tandem with elevated basal stress protein
levels (mHSP32 and mHSP72), or independently, poten-
tially augment the body’s ability to deal with exercise-
induced disturbances to redox balance. This highlights a
current topic of interest within the literature, whereby
maximising oxidative stress is viewed as a positive phys-
iological cascade to procure maximal physiological adap-
tation (Nikolaidis and Jamurtas 2009; Powers et al. 2010a).
However, using a practical example, within a competitive
season, i.e. a soccer season, limitation of the disturbance to
redox balance from a match may be desirable, as this
exercise-induced disturbance in redox balance is known to
limit the time taken for full recovery (Ascensao et al. 2007,
2008, 2011), and thus reduction in such disturbances may
ensure that players return to optimal performance with the
lowest decrement in repeat performance (i.e. repeated
match performance). Additionally, reductions in distur-
bances to redox balance are desirable in various surgical
procedures (Arsalani-Zadeh et al. 2011) and thus the results
presented here may be of use in such fields, as postulated
elsewhere (Pignatelli et al. 2011). This dichotomy in the
physiological in vivo effects of oxidative stress is a point of
interest within the current literature and has been addressed
in recent reviews (Nikolaidis and Jamurtas 2009; Powers
et al. 2007, 2010a).

To the authors’ knowledge, this is the first human in
vivo study to demonstrate prior hypoxia-mediated eleva-
tion/induction of basal mHSP32 and mHSP72 and favour-
able adaptations in whole blood glutathione redox
potentially conferring tolerance to sub-maximal aerobic
exercise-induced disturbances to redox balance.
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