
ORIGINAL ARTICLE

Separate and combined effects of heat stress and exercise
on circulatory markers of oxidative stress in euhydrated humans

Orlando Laitano • Kameljit Kaur Kalsi •

Mark Pook • Alvaro Reischak Oliveira •
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Abstract Combined heat stress, dehydration, and exer-

cise is associated with enhanced oxidative stress in

humans, but the separate and combined effects of heat

stress and exercise on circulatory markers of oxidative

stress without the influence of dehydration remain uncer-

tain. The purpose of this study was to determine the effects

of whole body heat stress alone and in combination with

exercise on blood markers of oxidative stress in euhydrated

humans. Eight males wore a water-perfused suit at rest and

during 6 min of one-legged knee extensor exercise under

control and heat stress conditions while maintaining

euhydration. Following the control trial and a 15 min

resting period, hot water was perfused through the suit in

order to increase core, skin, and mean body temperatures

by *1, *6, and *2�C, respectively. Blood samples were

taken to measure reduced glutathione (GSH), oxidized

glutathione (GSSG), superoxide dismutase (SOD) and

plasma isoprostanes. Heat stress alone did not alter GSH,

SOD activity, or plasma isoprostanes, but increased GSSG

leading to a reduction in the GSH/GSSG ratio. No changes

in these variables were observed with exercise alone.

Conversely, combined heat stress and exercise increased

both GSH and GSSG, decreased SOD activity, but did not

alter GSH/GSSG ratio or isoprostanes. In conclusion, these

findings suggest that heat stress, independently of dehy-

dration, induces non-radical oxidative stress at rest but not

during moderate exercise because an increase in antioxi-

dant defense compensates the heat stress-induced non-

radical oxidative stress.

Keywords Hyperthermia � Isoprostanes � Glutathione �
Superoxide dismutase � Hydration

Introduction

The combination of heat stress, dehydration, and exercise

imposes a severe stress in multiple physiological and reg-

ulatory systems (MacDougall et al. 1974; Kozlowski et al.

1985; González-Alonso et al. 1999, 2008; Racinais et al.

2008), which includes the equilibrium between oxidants

and antioxidants cellular agents (McAnulty et al. 2005;

Paik et al. 2009). An imbalance between pro and anti

oxidant towards a more oxidizing environment is known as

oxidative stress, which is thought to be involved in muscle

soreness and damage during exercise (Finaud et al. 2006).

Heat stress-induced reactive oxygen species (ROS)

formation may be an additional factor that induces

molecular changes in DNA, proteins, lipids and other

biological molecules, which contribute to oxidative stress

Communicated by Narihiko Kondo.

O. Laitano � K. K. Kalsi � J. González-Alonso (&)
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(Bruskov et al. 2002; Grasso et al. 2003; Zhao et al. 2006).

Several studies have attempted to determine whether heat

stress enhances oxidative stress in humans (McAnulty et al.

2005; Morton et al. 2007; Ohtsuka et al. 1994). Unfortu-

nately, the results of these investigations cannot be exam-

ined solely in the context of heat stress because their

research design did not control the participant’s hydration

level. In a recent study that manipulated the hydration

status of exercising individuals it was shown that dehy-

dration augmented oxidative damage (Paik et al. 2009).

Although speculative, the mechanism by which dehydra-

tion enhances oxidative stress may involve alterations

in shear stress caused by the increased blood viscosity

(El-Sayed et al. 2005) and/or reduced peripheral blood flow

including that to active skeletal muscle (González-Alonso

et al. 1998). Furthermore, the study by McAnulty et al.

(2005) showed that hyperthermia (rectal temperature of

39.5�C) also enhances oxidative stress in subjects exer-

cising on a treadmill for 50 min in the heat, however, at the

end of this protocol subjects were dehydrated by *3% of

the initial body mass. Therefore, it is difficult to assess

whether heat stress alone increases oxidative stress during

exercise. On the other hand, Morton et al. (2007) found that

elevated core (38.9�C) and muscle temperature (39.5�C)

did not cause oxidative stress in resting humans. This

disparity of results may be due to the difficulty of isolating

heat stress from dehydration, differences in the magnitude

of heat stress, dehydration and experimental model as well

as different markers of oxidative stress analyzed.

Aerobic cells possess two distinct types of antioxi-

dants, preventative and free-radical chain breaking (Gohil

et al. 1988). The antioxidant free-radical chain breaking

enzyme superoxide dismutase (SOD) catalyzes the dis-

mutation of superoxide into oxygen and hydrogen per-

oxide (H2O2) and may aid recovery after exposure to

oxidative stress (Halliwell and Gutteridge 2006). How-

ever, it is an important antioxidant defense mechanism in

aerobic organisms it may be affected by increased body

temperature (Oztürk and Gümüslü 2004). The primary

preventative antioxidant pathway for hydroperoxide

removal involves the action of glutathione peroxidase that

oxidizes glutathione (GSH) into glutathione disulfide

(GSSG) in the cytosol and mitochondria (Jones 2008).

However, in human erythrocytes which contain no mito-

chondria, these antioxidant enzymes are present in the

cytoplasm and work in concert to remove inorganic and

organic hydroperoxides (Inayama et al. 2002). In addition,

erythrocytes are continuously exposed to high concentra-

tions of oxygen and iron in hemoglobin and these factors

make erythrocytes very sensitive to oxidative injury

(Bernabucci et al. 2002) making them an appropriate

model to study oxidative stress (Kusmic et al. 2000).

Recently, a study (Veskoukis et al. 2009) showed that

GSH and GSSG measured in erythrocytes correlate well

with the concentration found in skeletal muscle. Reduc-

tions in the GSH/GSSG ratio indicate non-radical induced

oxidative stress as the stress is caused by redox imbalance

rather than structural damage such as lipid peroxidation,

DNA and/or protein damage (Ferreira and Reid 2008;

Jones 2008). Another marker of exercise-induced oxida-

tive stress is the presence of isoprostanes, which are

products of the free radicals-induced peroxidation of

phospholipids and reflect the extent of oxidative stress

induced lipid peroxidation (Nieman et al. 2002). None-

theless, the separate and combined effects of heat stress

and exercise on these circulatory markers of oxidative

stress in euhydrated humans have never been systemati-

cally evaluated.

Therefore, the aim of this study was to determine the

effects of heat stress alone and in combination with exer-

cise upon oxidative stress in euhydrated humans by mea-

suring whole blood glutathione (GSH and GSSG)

metabolism, erythrocyte SOD activity, and plasma iso-

prostanes as markers of oxidative stress at rest and during

submaximal one-legged knee extensor exercise.

Materials and methods

Participants

Eight healthy recreationally active males (age 26 ±

2 years, height 176 ± 0.8 cm and body weight 78 ± 3 kg)

were recruited. Participants visited the laboratory twice.

The study protocol was approved by the Brunel University

Research Ethics Committee and all participants gave

informed consent after being informed about the risks

and benefits involved in the experiment. All procedures

conformed to the code of Ethics of the Medical Association

(Declaration of Helsinki).

Preliminary visit

During the first visit, height and weight were recorded and

a familiarization session was undertaken on the one legged

knee-extensor ergometer with a light workload of 5 W for

6 min. Thereafter, an incremental one-legged knee exten-

sor exercise test until exhaustion was performed to deter-

mine the exercise intensity for the main experimental visit.

The exercise intensity was determined to ensure that all

participants performed the same relative work during the

main trial. Initial work rate was set at 10 W and increased

10 W/min (at a cadence of 70–80 rpm) resulting in a

WRmax of 50 ± 3 W. Participants were not under any

type of antioxidants supplementation and were advised to

refrain from heavy exercise, ingestion of caffeine or
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alcohol for at least 12 h before the main trial and the intake

of antioxidants 1 week before the experiment.

Main trial

On the second visit, upon arrival, participants self inserted a

rectal probe, which was placed 10 cm in the rectal passage.

Thereafter, pre-body mass was recorded (SECA Ltd,

Birmingham, UK), surface skin thermistor probes were

attached to the skin surface at six locations (chest, upper

back, lower back, abdomen, thigh, calf) and connected to a

Squirrel Data Logger acquisition system (Grant Instruments,

Cambridge, UK) to determine weighted mean skin temper-

ature (Ramanathan 1964). Mean body temperature (MBT)

was estimated using the following formula: MBT = 0.8 9

TCore ? 0.29 TSkin (Hardy and Dubois 1937). A heart

rate telemetry band (Polar Inc, Washington, NY, USA) was

positioned around the participant’s chest. Participants were

dressed in a custom built water-perfused suit that was

interwoven with silicone tubing and connected to a water

circulator (Julabo F34, Seelbach, Germany). The water

circulator was fitted with an auxiliary pump and a temper-

ature control unit capable of controlling the temperature of

the water in the suit, which covered the subject’s entire body

except their head, hands and feet. A cannula was inserted

into an antecubital vein while the participants rested for

15 min. A baseline blood sample (rest control) was taken

before subjects performed a 6-min one-legged knee extensor

exercise at 50% of their pre-determined maximal workload.

A second blood sample was taken at the fifth minute of

exercise (exercise control). Following 15 min recovery,

water was perfused through the suit at *48�C. To minimize

heat loss during the heating protocol, the torso was covered

with a thermal foil blanket, socks covered both feet and a

woollen hat was worn on the head. Subjects underwent a

passive heat stress protocol to elevate core and skin tem-

peratures by *1 and *6�C, respectively. After reaching the

target increase in body temperature (*75 min), a blood

sample was taken (rest heat stress) and participants per-

formed a second bout of 6-min one-legged knee extensor

exercise and another blood sample was taken after

fifth minute of exercise (exercise heat stress). Heart rate,

rectal temperature and skin temperature were recorded

throughout the whole protocol. To isolate the effects of heat

stress (without dehydration), subjects were kept euhydrated

by ingesting *1.5 L of warm (*38�C) water throughout

the heat stress protocol.

Blood preparation

Blood samples (10 mL) were drawn into a syringe, divided

into five 2 mL aliquots in K2-EDTA tubes and kept on ice.

One aliquot was kept as whole blood for further

determination of reduced and oxidized glutathione ratio

(GSH/GSSG). For GSH, 50 lL of whole blood was added

to the bottom of a centrifuge tube and frozen for later

analysis. For GSSG, 100 lL of the whole blood was

added to a centrifuge tube containing 10 lL of 1-methyl-

2-vinylpyridinium trifluoromethane-sulfonate (M2VP) to

prevent the participation of the reduced form in the enzy-

matic assay without inhibiting glutathione reductase

activity, and immediately placed in liquid nitrogen. The

remaining aliquot of the whole blood was centrifuged at

1,000g for 10 min at 4�C for plasma separation. One mL of

plasma was added to a centrifuge tube containing 10 lL of

0.005% butylated hydroxytoluene (BHT) for further anal-

ysis of isoprostanes. The buffy coat separating the eryth-

rocytes from the plasma containing mainly white blood

cells was removed and discarded. An aliquot of red blood

cells for the determination of SOD activity was lysed with

1:4 (v/v) ice-cold ultra pure water and centrifuged at

10,000g for 15 min at 4�C. The supernatant (erythrocyte

lysate) was removed and stored for further determination of

total erythrocyte SOD activity. The remaining 2 mL of

blood was used to analyse hemoglobin in duplicate using

the cyanmethemoglobin method, and packed-cell volume

was determined in quadruplicate by microcentrifugation to

estimate changes in plasma volume, as described by Dill

and Costill (1974).

Indexes of oxidative stress

GSH was determined using 5,50-dithiobis-2-nitrobenzoic

acid (DTNB), which reacts with GSH to form a spectro-

photometrically detectable product at 412 nm (Calbiochem,

Nottingham, UK). The assay kit was developed for the

whole blood determination of reduced and oxidised gluta-

thione. GSSG was determined by the reduction of GSSG to

GSH using DTNB. SOD activity was measured using

tetrazolium salt for the detection of superoxide radicals

generated by xanthine oxidase and hypoxanthine, the

absorbance was read at 450 nm after a 20 min incubation

period (Calbiochem, Nottingham, UK). One unit of SOD

was defined as the amount of enzyme needed to exhibit 50%

dismutation of the superoxide radical. Free plasma iso-

prostanes were measured by an enzyme immunoassay kit

(Cayman Chemical, Estonia). Briefly, the assay is based on

the competition between 8-isoprostane and an 8-iso-

prostane-acetylcholinesterase conjugate for a limited num-

ber of 8-isoprostane-specific rabbit antiserum binding sites.

Statistical analysis

Normality of data was first assessed using the Shapiro–

Wilk test. Data are presented as mean ± SEM unless

otherwise stated. To identify differences in normally
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distributed results, two-way repeated measures analyses of

variance were employed. Where a significant interaction

was apparent, pairwise differences were evaluated using

Tukey’s post hoc procedure and paired t tests with Holm–

Bonferroni adjustment for multiple comparisons. When-

ever data were found to be non-parametric, the pairwise

differences were assessed using the Wilcoxon matched-pair

signed-rank test. For the purpose of hypothesis testing, the

95% level of confidence was predetermined as the mini-

mum criterion to denote a statistical difference (p \ 0.05).

All data analyses were undertaken using SPSS 17.0 for

Windows (SPSS Inc., Chicago, IL, USA).

Results

Body temperatures and hydration status

In control condition, rectal and skin temperature remained

unchanged during exercise compared to rest (Table 1).

With heat stress, resting rectal and skin temperatures

increased by *1 and *6�C, respectively, compared to

control rest (p \ 0.05) and remained unchanged during

exercise. Thus, mean body temperature was 1.9–2.0�C

higher during heat stress compared to control conditions

both at rest and during exercise. Body mass did not change

throughout the trial (75.8 ± 3.5 vs. 75.8 ± 3.5 kg,

p = 0.736). Although hematocrit (Htc) (p = 0.092) and

hemoglobin (Hb) (p = 0.298) were not affected throughout

the protocol, estimated changes in plasma and blood vol-

umes were detected (Table 1). Exercise alone increased

heart rate by 29 ± 5.5 bpm (p = 0.030) whereas heat

stress increased it by 47 ± 7.3 bpm at rest (p \ 0.001) and

59 ± 7.3 bpm (p \ 0.001) during exercise (Table 1).

Effect of exercise alone

The one-legged knee extensor exercise performed without

heat stress did not change either GSH or GSSG, as a result

GSH/GSSG ratio did not change (rest = 127 ± 32; exer-

cise = 108 ± 27, p = 0.334). Erythrocyte SOD activity

(rest = 0.0679 ± 0.009; exercise = 0.0811 ± 0.009 U/mL,

p = 0.208) and free plasma isoprostanes (rest = 13.0 ± 3.5;

exercise = 12.6 ± 3.4 pg/mL, p = 0.674) also remained

unchanged. Plasma and blood volumes did not decline sig-

nificantly with exercise alone (p [ 0.05) (Table 1).

Effect of heat stress alone

At rest, heat stress did not alter GSH (620 ± 109 vs.

693 ± 143 lM, p = 0.093), but increased GSSG (5.7 ± 1.3

vs. 12.3 ± 3.2 lM, p = 0.012 compared to rest control),

thereby leading to a significant reduction in the GSH/GSSG

ratio (127 ± 31.6 vs. 64 ± 19.2 lM, p = 0.017). Neither

erythrocyte SOD activity (0.068 ± 0.009 vs. 0.076 ±

0.006 U/mL, p = 0.205) nor free plasma isoprostanes

(13 ± 3.5 vs. 14.4 ± 3.9 pg/mL, p = 0.161) were affected

by heat stress at rest. Heat stress alone induced reductions in

plasma and blood volumes (p \ 0.05) when compared to rest

control but were not different from exercise control (p [ 0.05)

(Table 1).

Effect of combined heat stress and exercise

When combined with exercise, heat stress increased both

GSH (569 ± 118 vs. 821 ± 166 lM, p = 0.036) and

GSSG (6 ± 1.1 vs. 16 ± 6.6 lM, p = 0.012) compared to

exercise control. Consequently, GSH/GSSG ratio did not

change (108 ± 27 vs. 88 ± 25, p = 0.208) (Fig. 1).

Table 1 Hemodynamic, hydration, and temperatures response to heat stress and exercise

Control Heat Stress

Rest Exercise Rest Exercise

Heart rate (bpm) 57.6 ± 3.8 86.4 ± 5.5# 104.8 ± 7.3# 145.8 ± 7.3*

Htc (%) 42.4 ± 0.7 42.9 ± 0.7 43.5 ± 0.7 44.8 ± 0.6

Hb (g/dL) 13.9 ± 0.2 14.3 ± 0.4 14.8 ± 0.1 14.8 ± 0.3

Plasma volume (%) 0 ± 0 -3.4 ± 1.7 -7.9 ± 1.7# -9.8 ± 1.6#*

Blood volume (%) 0 ± 0 -2.4 ± 1.4 -5.9 ± 1.4# -5.8 ± 1.0#

Skin temperature (�C) 33.1 ± 0.5 33.1 ± 0.5 39.0 ± 0.3#* 38.7 ± 0.3#*

Rectal temperature (�C) 37.0 ± 0.1 37.0 ± 0.1 38.1 ± 0.1#* 38.3 ± 0.2#*

Mean body temperature (�C) 36.3 ± 0.1 36.3 ± 0.1 38.2 ± 0.1#* 38.3 ± 0.2#*

Body mass (kg) 75.8 ± 3.5 – – 75.8 ± 3.5

Heart rate, hematocrit (Hct), hemoglobin (Hb), plasma and blood volumes at rest and exercise under control condition and with heat stress.

Exercise values were recorded at the fifth minute after the onset of the one-legged knee-extensor exercise bouts. Values are mean ± SEM for

eight subjects

* Significantly different from exercise control
# Significantly different from rest control
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Erythrocyte SOD activity decreased during exercise with

heat stress (0.081 ± 0.009 vs. 0.070 ± 0.007, p = 0.036)

(Fig. 2) whereas free plasma isoprostanes did not change

(12.5 ± 3.4 vs. 15 ± 3.7 pg/mL, p = 0.327). Combined

heat stress and exercise also induced reductions in plasma

volume when compared to both rest and exercise control

(p \ 0.05) but was not different from heat stress at rest

(p [ 0.05). Reduction in blood volume was only different

from rest control (p \ 0.05) when heat stress and exercise

were combined (Table 1).

Discussion

The main finding of the present study was that whole body

heat stress, independent of dehydration, induced non-

radical oxidative stress at rest but not during moderate

intensity isolated muscle mass exercise because a parallel

increase in antioxidant defense compensates for the heat

stress induced oxidative stress. To our knowledge this is

the first study to measure the effects of heat stress, inde-

pendent of dehydration, on circulatory markers of oxidative

stress in resting and exercising humans. Previous studies

have reported the effects of heat stress on oxidative stress

in animal models (Mitchell and Russo 1983; Bernabucci

et al. 2002; Oztürk and Gümüslü 2004; Zhao et al. 2006).

However, studies that have determined these effects in

humans either had the confounding factor of dehydration

(Ohtsuka et al. 1994; McAnulty et al. 2005) or did not

measure oxidative stress during exercise (Ohtsuka et al.

1994; Morton et al. 2007).

The redox state present within cells has been suggested

as a key component of gene expression, as well as cell

function, and that chronic deregulation of such a balance in

favor of a more oxidizing environment is associated with

non-radical induced oxidative stress (Fisher-Wellman and

Bloomer 2009; Jones 2008). GSSG accumulates as a result

of GSH oxidation due to the removal of hydroperoxides by

the activity of the enzyme glutathione peroxidase (Gohil

et al. 1988). In the present study, heat stress increased

blood GSSG both at rest and during exercise. One possible

explanation for the increase in GSSG at rest might be the

enhanced catecholamine autoxidation, as heat stress at rest

is associated with an increase in noradrenalin spillover into

the circulation (González-Alonso and Calbet 2003) and its

oxidation may form free radicals (Supinski et al. 1996). In

contrast, exercise is also related with an increase in cate-

cholamine release (Bailey et al. 2004) but exercise alone in

the present study did not cause GSH oxidation. A study

using the one-legged knee extensor exercise at 70% of peak

power output resulted in a noradrenalin concentration of

2.73 nmol/L (Bailey et al. 2004) whereas heat stress at rest

in another study resulted in a concentration of 5.4 nmol/L

Fig. 1 The effect of whole body heat stress on blood GSH (a), GSSG

(b), and ratio (c) at rest and during exercise. Data are mean ± SEM

values for eight subjects. *Significantly different from exercise

control. #Significantly different from rest control (p \ 0.05)

Fig. 2 The effect of whole body heat stress on erythrocyte SOD

activity at rest and during exercise. Data are mean ± SEM values

for eight subjects. *Significantly different from exercise control

(p \ 0.05)
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(González-Alonso and Calbet 2003). One could speculate

that the exercise type (isolated leg kicking) and intensity

(50% of maximal peak power output) was not sufficient to

induce significant release of catecholamine in the absence

of heat stress and, therefore, oxidation of GSH was not

observed. Furthermore, during exercise, our results are

supported by other studies that provided evidence that

combined submaximal exercise and heat stress induce GSH

oxidation (Gohil et al. 1988; Inayama et al. 2002; Ohtsuka

et al. 1994).

With regards to GSH, heat stress did not affect blood GSH

concentration at rest, but increased GSH concentration

during exercise. An increase in GSH content is associated

with a greater preventative antioxidant defense as it serves as

a substrate to the enzyme glutathione peroxidase in order to

scavenge organics and inorganics hydroperoxides (Halliwell

and Gutteridge 2006). Evidence for this is provided by a heat

stress study in humans where subjects were immersed in a

hot bath (42�C) induced oxidative stress by increasing total

GSH concentration and glutathione peroxidase activity

(Ohtsuka et al. 1994). However, in the aforementioned study

(Ohtsuka et al. 1994), no exercise was performed and core

temperature was not reported. Therefore, the mechanism by

which a combination of exercise and heat stress increases

GSH concentration remains unclear. However, it is likely

that exercise performed at higher body temperatures would

increase the enzyme glutathione reductase activity and,

therefore, contribute to the increased formation of GSH by

the inter-conversion between GSH and GSSG to confer

transient thermal protection (Mitchell and Russo 1983).

Also, another explanation could be the interorgan transport

of GSH as it is known to be exported in large quantities by

the liver and released into blood during oxidative stress

where they are transported by the erythrocytes (Meister

1988). Organs that use GSH such as the liver normally break

GSH by a c-glutamyl transpeptidase reaction and transport

the precursor amino acids into the cells for resynthesis of

GSH (Ji and Fu 1992) resulting in an increased concentration

of GSH.

The exercise protocol alone (e.g. without heat stress) did

not affect the redox balance. There is a lack of studies

reporting the effects of one-legged knee extensor exercise

upon GSH metabolism and there may be issues regarding

whether this is a good exercise model to study oxidative

stress. However, one study (Bailey et al. 2004) used the

one-legged knee extensor exercise and measured free rad-

ical adducts using the spin trap technique. Although they

found that one-legged knee extensor enhanced free radical

formation, they did not measure GSH metabolism. It,

therefore, seems that even though free radicals may be

generated acutely during this type of exercise, the redox

balance remains unchanged at least when heat stress is

absent. The one-legged knee extensor exercise uses the

quadriceps which is a large muscle group capable of

inducing marked elevation in the cardiovascular demand

(Andersen et al. 1985). In the present study, heart rate was

elevated by *30 bpm with exercise alone and by

*40 bpm when heat stress was combined with exercise.

This roughly corresponds to 75% of participants’ maximal

predicted heart rate and this intensity is comparable to a

moderate intensity exercise. A more stressful exercise

model (e.g. treadmill running or intense cycling) may have

been used instead of one legged knee extensor exercise.

However, for the present study design where participants

performed both conditions on the same day, a more

stressful exercise model would have caused considerable

carry-over effect between the control and heat stress con-

ditions. Moreover, there are many studies demonstrating

the oxidative response to more stressful types of exercise

on oxidative stress, whereas only a few studies use mod-

erate intensity exercise. It, therefore, reinforces an inter-

esting finding of the present study which was that in spite

of the moderate intensity and short duration of the exercise

performed, when heat stress was superimposed, important

changes in the antioxidant status took place and avoided

the heat stress-induced blood redox imbalance.

Considering our results, heat stress decreased the GSH/

GSSG ratio at rest but not during exercise. Reductions in

the GSH/GSSG ratio indicate non-radical induced oxida-

tive stress as the stress is caused by redox imbalance rather

than structural damage such as, lipid peroxidation, DNA

and/or protein damage (Ferreira and Reid 2008; Jones

2008) which is in agreement with our findings of unchan-

ged plasma isoprostanes concentration. Notwithstanding,

during exercise, the skeletal muscle is thought to be the

main source of free radicals generation (Bailey et al. 2004)

and, therefore, measuring the oxidative status within the

muscle would provide a more sensitive background about

the intramuscular redox balance. However, in the present

study, GSH and GSSG were measured in the whole blood.

As the amount of GSH and GSSG in plasma is negligible

(Gohil et al. 1988) the results herein described are from

erythrocyte cells and has been shown to be strongly cor-

related to the redox balance of skeletal muscle (Veskoukis

et al. 2009). Nevertheless, in this aforementioned study this

correlation was not tested in humans during exercise and

the results showed that GSH and GSSG concentration in

blood correlate well with the skeletal muscle content but

the GSH/GSSG ratio does not and the explanation for this

surprising finding is not provided. Therefore, a more

invasive technique involving muscle biopsies would have

to be carried out to certify this relationship.

To ensure that the present GSH and GSSG findings were

not the result of a residual effect of exercise per se, two

participants performed a time course trial on a separate

occasion where blood samples were taken before exercise,
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during the fifth minute of one legged knee extensor exer-

cise then 15, 30 and every 30 min for 2 h followed by

every 60 min for up to 4 h of passive recovery. The results

showed that there was a slight decrease in GSH and

increase in GSSG values during the first 15 min of

recovery which returned to baseline levels 30 min after

exercise and remained constant for the remaining 3.5 h.

Since the heat stress condition was performed 90 min after

the exercise control condition, it is reasonable to conclude

that the changes in glutathione metabolism observed in the

present study are largely the result of heat stress rather than

a carry-over effect from the exercise (control).

Even though body mass was tightly controlled by pro-

viding plain water during the experiment resulting in no

significant change to hematocrit and hemoglobin, reduc-

tions in plasma volume were observed as a result of heat

stress alone and in combination with exercise. These

reductions in intravascular fluids are likely the result of

fluid shifts to interstitial and intracellular fluid compart-

ments due to exercise as well as the ingestion of plain water

during heat stress exposure. In support of this, we found in

a parallel study from our group (unpublished data) that

plasma and blood volumes were well maintained when

ingesting a carbohydrate–electrolyte solution throughout

the heat stress protocol. We chose not to use a carbohy-

drate–electrolyte solution in the present study because it

has been shown to affect the antioxidant defense and thus

could have had an impact on our findings (Fernández et al.

2009). Although a study directly assessing the effects of

heat stress and exercise on oxidative stress in subjects kept

euhydrated and normovolemic by ingesting an isotonic

solution containing no carbohydrate is warranted, our

estimates indicate that the reductions in plasma volume in

the present study only accounted for a small part (B10%)

of the observed increases in GSH and GSSG concentrations

with heat stress alone and with the combination of heat

stress and exercise. While the observed reductions in

plasma volume do not alter the conclusions of the study,

we acknowledge that lower plasma volume may be

involved in the mechanism underlying the elevations in

GSSG and GSH with combined heat stress and exercise.

Our results suggest that heat stress does not change SOD

enzyme activity at rest but reduces SOD activity during

exercise. The activation of SOD is usually caused by

increased superoxide radical formation (Ji 1993). SOD is a

free radical-chain breaking enzyme that catalyzes the dis-

mutation of superoxide radical into oxygen and H2O2

(Halliwell and Chirico 1993), and while it is an important

antioxidant defense mechanism in aerobic organisms it can

be affected by changes in temperature, as demonstrated by

previous studies using animal models (Oztürk and

Gümüslü 2004; Morrison et al. 2005). In the present study,

SOD activity was not affected by heat stress at rest but was

reduced when heat stress was superimposed with exercise.

This would reflect a decreased free radical chain-breaking

antioxidant defense due to the inactivation of SOD activity

induced by the combination of heat stress and exercise.

With exercise alone there was a tendency for the activity of

SOD to be increased, although this was not statistically

significant because of the great inter-subject variability in

the control trial, as a result the decrease in SOD activity

seen with the combination of exercise and heat stress was

probably an attenuation of the increase in the enzyme

activity induced by exercise. However, the precise mech-

anism by which SOD activity is attenuated by heat stress

during exercise in heat stressed euhydrated subjects war-

rants further investigation.

In the present study, plasma isoprostanes were not

affected by heat stress both at rest and during exercise.

However, a previous study has reported increased plasma

isoprostanes concentration in humans exercising on a

treadmill (50% of VO2max) in the heat (McAnulty et al.

2005). The reasons for this conflicting result could be the

type and duration of exercise, the hydration status and the

degree of increase in core temperature observed in the

studies. Also, the increased preventative antioxidant

defense provided by GSH observed in the present study

when heat stress and exercise were superimposed could

protect the cells from lipid peroxidation and, therefore,

would result in no changes in plasma isoprostanes.

In summary, this study showed that heat stress alone,

independent of dehydration, induces non-radical oxidative

stress at rest but not during moderate short-duration exer-

cise because an increase in GSH compensates for the

hyperthermia induced oxidative stress in euhydrated

humans. These findings imply that heat stress alone may be

a stimulus for oxidative stress at rest whereas in combi-

nation with moderate short duration exercise it enhances

the antioxidant defense avoiding the redox imbalance and

probably preventing cellular structural damage.
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González-Alonso J, Calbet JA, Nielsen B (1998) Muscle blood flow is

reduced with dehydration during prolonged exercise in humans.

J Physiol 15(513):895–905
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González-Alonso J, Crandall CG, Johnson JM (2008) The cardiovas-

cular challenge of exercising in the heat. J Physiol 586(1):45–53

Grasso S, Scifo C, Cardile V, Gulino R, Renis M (2003) Adaptive

responses to the stress induced by hyperthermia or hydrogen

peroxide in human fibroblasts. Exp Biol Med (Maywood)

228(5):491–498

Halliwell B, Chirico S (1993) Lipid peroxidation: its mechanism,

measurement, and significance. Am J Clin Nutr 57(5 Sup-

pl):715S–724S

Halliwell B, Gutteridge J (2006) Free radicals in biology and

medicine, 4th edn. Oxford Bioscience, Boston

Hardy JD, Dubois EF (1937) Regulation of heat loss from the human

body. Proc Natl Acad Sci USA 23(12):624–631

Inayama T, Oka J, Kashiba M, Saito M, Higuchi M, Umegaki K,

Yamamoto Y, Matsuda M (2002) Moderate physical exercise

induces the oxidation of human blood protein thiols. Life Sci

70(17):2039–2046

Ji LL (1993) Antioxidant enzyme response to exercise and aging.

Med Sci Sports Exerc 25(2):225–231

Ji LL, Fu R (1992) Responses of glutathione system and antioxidant

enzymes to exhaustive exercise and hydroperoxide. J Appl

Physiol 72(2):549–554

Jones DP (2008) Radical-free biology of oxidative stress. Am J

Physiol Cell Physiol 295(4):C849–C868
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