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Abstract

Background: Erythrocyte glucose—6—phosphate dehydrogenase (G6PD) activity is highly associated with free radical
production. G6PD deficiency can increase the sensitivity of erythrocytes to oxidative stress resulting in hemolytic
anemia. Aim: to study the main effect of progressive aerobic exercise on G6PD activity in active and sedentary men.
Material and Methods: the study comprised 10 active men and 10 sedentary men. The protocol, started with running
at approximately %75 of their maximal oxygen uptake for 30 min x times a week for y weeks. Venous blood samples
(5ml) were collected prior to, immediately after, 2 hours and 24 hours after exercise. G6PD activity was evaluated with
auto-Analyzer Method. Result: G6PD was not significantly higher in the active men in comparison with the sedentary
men at baseline (10.5 = 1.2 (IU/gHb) VS 9.5 + 1.0 (IU/gHb), P < 0.05). G6PD activity was increased significantly in
both groups immediately after exercise but was not considerably different between the groups (11.6 = 2.7 (IU/gHb) VS
9.9 £ 1.1 (IU/gHD), for active and sedentary men, respectively; P < 0.05). GO6PD returned to the baseline levels 2 hours
after exercise in active men but remained high in sedentary men (10.5 £+ 1.4 (IU/gHb) VS 10.1 £ 1.1 (IU/gHb, P < 0.05).
Also, G6PD levels showed a significant increase 24 hours after exercise in the active men in comparison with the
sedentary men (11.8 £ 2.5 (IU/gHb) VS 9.5 + 1.5 (IU/gHDb), P < 0.05). Conclusion: In this regard, it can be concluded
that, progressive aerobic exercise may be an effective factor affecting the levels of G6PD significantly, and as a home
message it is useful for controlling the hemolytic anemia among sedentary population.
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1. Introduction

Glucose-6-phosphatedehydrogenase (G6PD) is a crucial enzyme in pentose phosphate pathway, because it provides
nucleotide precursors and NADPH for the cell (Wamelink, Struys, & Jakobs, 2008). Glucose-6-phosphate
dehydrogenase (G6PD) deficiency is considered a prevalent genetic disorder (it affects roughly 7% of world population)
that can lead to increased sensitivity of erythrocytes to oxidative stress resulting in hemolytic anemia (Allahverdiyev et
al., 2012; Nikolaidis et al., 2006). Its major function is reducing nicotinamide adenine dinucleotide phosphate (NADP)
to NADPH (Bommareddy, Chen, Rappert, & Zeng, 2014; Petrat, Pindiur, Kirsch, & de Groot, 2003). NADPH is
necessary as a cofactor in reducing oxidized glutathione (GSSG) to its reduced condition (GSH) and for reducing mixed
disulfides of glutathione and cellular proteins (Masella, Di Benedetto, Vari, Filesi, & Giovannini, 2005; Schafer &
Buettner, 2001). GSH serves as protection against oxidative attack. It is used by the Selenium-Glutathione Peroxidase
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(Se-GSH-Px) system for detoxifying hydrogen peroxide and organic peroxides, as long as enough GSH is available
(Naziroglu, 2009) (Fig.1).
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Figure 1. Pentose phosphate pathway (Nikolaidis et al., 2006).

In fact, the reason for the acute hemolytic anemia prompted by hydrogen peroxidase and organic peroxidase is that
G6PD deficient erythrocytes are not able to sustain normal levels of GSH (Jamurtas et al., 2006). It is well-known that
daily physical exercise and sport performance are helpful. Yet, it has been proved that physical exercise enhances the
generation of reactive oxygen species (ROS) in exercising muscles (Niess & Simon, 2007; Sahlin et al., 2010). In case
the production of free radicals is sufficient for overcoming antioxidant defense systems, oxidative stress will occur.
Heightened levels of oxidative damage end products are observed in blood and tissues following intense exercise. This
seems to be incompatible with the useful effects of exercise (Bloomer, Goldfarb, Wideman, Mckenzie, & Consitt, 2005;
Fisher-Wellman & Bloomer, 2009).
During exercise, if the generation of ROS increases; erythrocytes will be at a higher risk of oxidative damage (Oztasan
et al., 2004).
Cells of G6PD-deficient persons, as a result of their lower levels of GSH and lower potential ability to transform GSSG
into GSH, fall short of one of the major radical scavenger molecules against oxidative stress at the time of exercise.
Provided that the only way GSH can be recycled is through the pentose phosphate pathway, a crucial step is to catalyze
it by erythrocytes and the G6PD enzyme (and other cells to a lesser degree) from G6PD-deficient persons may have
defective ability to eliminate lipid peroxides and hydrogen peroxides. The mentioned compounds can trigger oxidation
of sulfhydryl groups in proteins as well as peroxidation of lipids in membrane (i.e., hemolysis). If some of the
sulthydryl groups of hemoglobin are oxidized, the protein precipitates within the erythrocyte and forms Heinz bodies
(Allahverdiyev et al., 2012; Nikolaidis et al., 2006).

The aim of the present study was to determine the effect of progressive aerobic exercise on G6PD activity in active
and sedentary men.
2. Materials and Methods
2.1 Subjects
Ten men (n =10) with established activity and ten sedentary men with non-activity (n =10) (active subjects were
separated from sedentary subjects with maximal oxygen consumption; VO,,,,,) participated in the present study. Active
men practiced for two hours every day. Sedentary men did not do any physical activity during the day. A written
informed consent to take part in the research was provided by each of the participants after they were informed of all
risks, discomforts, and benefits of the study. All experimental procedures were approved by University of Mohaghegh
Ardabili.
2.2 Anthropometric measurements
Subjects in any group reported to the laboratory twice. Each subject reported to the lab in the morning after at least 9
hours of fasting and abstaining from alcohol and caffeine for 48 h. In the first visit, the participants’ body mass was
measured to the nearest 0.5 kg (Seca, Model 220, Germany). Subjects were lightly dressed and were not wearing shoes.
Standing height (cm) was measured with a 0.1 cm precision by using a stadiometer (Seca, Mode 1220, Germany).
Percentage body fat was estimated from three skinfold measures (average of 3 measurements of each site), using a
Harpenden caliper (John Bull, UK), according to Jackson and Pollok equation (Nikolaidis et al., 2006). The
anthropometric the subjects’ characteristics are presented in Table 1.

Table 1.Characteristics of active and sedentary men (mean + SD)

Sedentary men (A) Active men (B)
Age (yr) 19.5 +.08 20.2 £1.5
Weight (kg) 72.0 £12.3 66.3 +6.8
Height (cm) 176.2 £7.4 175.0 £3.6
BMI (kg/m?2) 23.2 +£3.7 21.6 +1.9
Body fat (%) 8.8 +5.8 5.7 +2.3

Vozmax (ml.kgimin1) 42.0 £5.0 58.5 £5.1
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2.3 Short-duration exercise protocol

To confirm that subjects of active and sedentary groups did not have similar fitness levels, VO,,,,x was measured by
using a treadmill test to exhaustion. Modified Bruce protocol on a treadmill (Technogym, Italy) was used to achieve
VO, test in volunteers (Nikolaidis et al., 2006). Subjects’ VO, is shown in Table 1. Henceforth, this VO, test is
referred to as short-duration exercise protocol.

2.4 Long-duration exercise protocol

Seven days after the short-duration exercise protocol, for a second time, the subjects visited the lab to perform a single
30 min bout aerobic exercise at approximately 75% of their maximal oxygen uptake. Speed alterations were made
during exercise to ensure that the participants were exercising within 75% VO, (Nikolaidis et al., 2006).

2.5 Dietary condition

In order to control the impact of previous diet on the outcome measures of the research, and confirm that subjects in
both groups had similar macro and micro nutrients intake levels, their food was controlled by a dietarian before and
after the study. Meanwhile, they were instructed to follow a normal pattern of eating containing 55% CHO, 20% Pro, 25
% Fat and around 8 Lit water daily without any affective supplements (Shariat, Kargarfard, Tamrin, Danaee, & Karimi,
2014).

2.6 Evaluation of G6PD activity

Before long-duration exercise protocol, a blood sample (5 ml) was obtained from a forearm vein. Then, blood samples
were collected immediately after, 2 hours and 24 hours after exercise. After that, blood samples were poured into a tube
which contained ethylenediamine tetra-acetic acid and to determine G6PD activity were placed immediately at 4°C.
Next, fifty micro liter of the sample was rinsed with serum physiology and after that, one micro liter of the lysis solution
was added and placed in a refrigerator at 4°C for 5 min. Then, hemolyzed blood samples were centrifuged for 5 min.
The supernatants were used for determination of G6PD activity. Finally, samples were placed within auto analyzer
(Hitachi Autoanalyser) to determine G6PD activity (Ainoon et al., 2003; Huang et al., 2005). The following formula
was used to calculate enzyme activity.

actiwity of the enzyme (reading from the metrument)

G6PD activity (IU/gHb) - Hemoglobin concentration (g/dLlyx 10

2.7 Statistical analysis

Data are shown as mean + SD. The distribution of all dependent variables was studied by using the Kolmogorov-
Smirnov test and it was found that it did not significantly different from normal. Differences in physical characteristics
and G6PD activity between the active and sedentary groups were examined by independent sample t-test. Repeated
measures also were utilized for measuring G6PD activity changes in different times within each group. If an important
main effect was obtained, Bonferroni method of adjustment was conducted through analyzing simple main effect.
Statistical significance level was set at a = 0.05. For all analyses, the SPSS version 19.0 was used (SPSS Inc.).

3. Results

As table 2 shows, there are no considerable differences between the two groups in any of the physical characteristics (P
< 0.05). As table 3 shows, G6PD was not considerably higher in the active men compared to the sedentary men at
baseline (10.5 + 1.2 (IU/gHb) VS 9.5 + 1.0 (IU/gHDb)).

G6PD activity was found to have increased in both groups immediately after long-duration exercise but was not
significantly different between the groups (11.6 + 2.7 (IU/gHb) VS 9.9 + 1.1 (IU/gHb), for active and sedentary men,
respectively; P < 0.05). G6PD returned to the baseline levels 2 hours after long-duration exercise in active men but
remained high in sedentary men (10.5 + 1.4 (IU/gHb) VS 10.1 + 1.1 (IU/gHb), for active and sedentary men,
respectively; P < 0.05). Also, G6PD levels showed a significant elevation 24 hours after long-duration exercise in the
active men compared with the sedentary men (11.8 + 2.5 (IU/gHb) VS 9.5 + 1.5 (IU/gHb), for active and sedentary
men, respectively; P < 0.05). As table 3 shows, G6PD activity was found to have increased immediately and 2 hours
after long-duration exercise in sedentary men. The increase immediately and 2 hours after long-duration exercise in
G6PD activity did not attain statistical significance (P < 0.05).

As it was expected, GOPD activity was not significantly increased immediately after long-duration in active men. G6PD
levels returned at rest 2 hours after long-duration exercise as compared with immediately after long-duration in active
men. Also, G6PD levels showed a significant elevation 24 hours after long-duration exercise in active men (P < 0.05).
The results of repeated measurements test are presented in table 4.

Table 2. Results of independent sample t-test on characteristics of active and sedentary men (mean + SD)

Sedentary men (A) Active men (B) Significant Level (P<0.05)
Age (yr) 19.5 +.084 20.20 +£1.47 210
Weight (kg) 72.01 +£12.30 66.28 +6.77 213
Height (cm) 176.2 +7.47 175.01 +3.55 .652
BMI (kg/m?) 23.2 £3.67 21.58 +1.93 234
Body fat (%) 8.8 +5.75 5.72 +2.33 126

V0smax (mLkgmin-1) 42.03 +5.03 58.51 +5.09 .000
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Table 3. Results of independent sample t-test on GO6PD activity of active and sedentary men (mean + SD)

Time G6PD activity (IU/gHb)
Sedentary men (A) Active men (B) df t Significant Level
Pre-exercise 9.49 + 1.04 10.51 £ 1.20 18 -2.018 0.059
Post-exercise 9.89 +1.10 11.62£2.70 18 -1.872 0.086
2hours after exercise 10.05+1.14 10.51 £ 1.39 18 -0.808 0.430
24hours after exercise 9.50+1.54 11.75 + 2.48* 15.031 -2.431 0.028

Table 4. Results of repeated measurements test for G6PD activity changes in different times within each group (mean = SD)

Different Mean Standard Error Significant Level
Time Sedentary Active Sedentary  Active Sedentary Active
Pre-Post exercise -0.400 -1.110 0.297 0.792 0.210 0.195
Pre-2hours after exercise -0.560 1.77E-15 0.354 0.622 0.148 1.000
Pre-24hours after exercise -0.010 -1.240 0.509 0.924 0.985 0.212
Post-2hours after exercise -0.160 1.110 0.389 0.893 0.690 0.245
Post-24hours after exercise 0.390 -1.130 0.366 0.809 0.314 0.876
2hours-24hours after exercise 0.550 -1.240 0.330 0.691 0.130 0.106
Osedentary men Oactive men
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Figure 2. The effect of exercise on G6PD activity in active and sedentary men (mean + SD). *Significantly different
from respective value in active men.

4. Discussion

Physical exercise is marked by an increase in oxygen consumption by the entire body, especially by the muscle tissue.
This increase in oxygen consumption is associated with an increase in generation of reactive oxygen species (ROS)
(Gomes, Silva, & Oliveira, 2012). The high production of ROS might be responsible for a series of physiological and
biochemical changes which happen at the time of exercise. It has been reported that exhausting exercise leads to a
decrease in the levels of antioxidant as well as an increase in the marker of lipid peroxidation in blood lipoprotein and
target tissues (Powers & Jackson, 2008).In addition, the increase in cellular metabolism and hemoglobin turnover, as a
result of physical exercise, may increase ROS generation by the erythrocytes, which primarily depend on the pentose
phosphate pathway as their only sources of NADPH. Yet, erythrocytes, due to their highly limited biosynthetic capacity
and low repair mechanism, whenever are exposed to extraordinary oxidative stress may acquire physical or molecular
alteration. Indeed, ROS can modify the chemical cell membranes by altering the composition, distribution and
packaging of their lipids (Groussard et al., 2003; Machefer et al., 2004). This lead to construct Ural modification of the
cell membrane demonstrated by a decrease in membrane fluidity, which could alter the activity of certain membrane
proteins and may inhibit accelerated senescence or even premature removal (Jamurtas et al., 2006; Tsakiris, Reclos, et
al., 2006).

Our hypothesis suggested that exercise would lead to higher G6PD activity in active men at rest and after exercise.
However, we found that G6PD activity was not significantly higher in active men compared with sedentary men at
baseline. We realized that only in some of the investigations regular exercise affected G6PD activity. For instance,
James et al reported that after performing a 12 week aerobic training program, G6PD activity increased significantly
compared to baseline value in Down syndrome individuals (James et al., 2004). Also, in studies by Spodaryk et al
carried out on male Wistar rats which had been subjected to running in an electric rotating drum, showed that training
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induced an improvement of G6PD activity. Each training session lasted thirty days (Spodaryk, Szyguta, Dabrowski, &
Miszta, 1985). Thus, we realized that physical activity had an effect on G6PD activity, as reported by Ordonez et al,
Spodaryk et al and other researchers (James et al., 2004; Spodaryk et al., 1985). In this way, we generalized that G6PD
activity is higher in active men at baseline. This agrees with our findings. The activity of antioxidant enzymes depends
on the rate of radical generation; for example, an increase in superoxide formation stimulates superoxide dismutase
expression and activity. Therefore, it is generally accepted that regular exercise increases the activity of the antioxidant
enzyme system (Berzosa et al., 2011; Gomes et al., 2012; Radak, Chung, & Goto, 2008).

G6PD activity was found to have increased in both groups immediately after exercise but was not significantly different
between the groups (P<0.05), as reported (see table 3) by (Ohno, Yahata, Sato, Yamamura, & Taniguchi, 1988;
Spodaryk, 2001; Vesovic, Borjanovic, Markovic, & Vidakovic, 2001)l. The aim of Vesovic et al and Spodaryk et al
studies was to determine the activity of antioxidant enzymes in erythrocytes during exhausting short-duration exercise.
Also, the aim of Ohno et al study was to observe the effect of short-duration physical exercise on free radical
scavenging system enzymes of the erythrocytes. Schulpis et al, Tsakiris et al and Georgakouli et al have not obtained
the same findings (Georgakouli et al., 2013; Schulpis et al., 2006; Tsakiris, Parthimos, Parthimos, Tsakiris, & Schulpis,
20006). In Schulpis et al study, G6PD activity was found remarkably decreased pre versus post ultra-distance foot race
"Spartathlon". This discrepancy may be due to the difference in the intensity and duration of the exercise and age of the
participants. Schulpis et al used individuals median aged 36.5 year, whereas other studies used teenagers. In all the
studies by Tsakiris et al, Schulpis et al and Brady et al, supplementation of antioxidants was used. Studies indicate that
supplementation of antioxidants in the diet has protective impact on oxidative stress induced by exercise (Georgakouli
et al., 2013; Jamurtas et al., 2006). Because G6PD enzyme is a supplementation of antioxidants, it seems very probable
that supplementations of antioxidants lead to G6PD activity reduction. This idea is supported by the positive correlation
of G6PD activity with supplementation of antioxidants, as found in studies (Brady, Brady, & Ullrey, 1979; Schulpis et
al., 2006; Tsakiris, Reclos, et al., 2006; Tsakiris, Schulpis, Marinou, & Behrakis, 2004).

There is not agreement among researchers about production of antioxidant enzymes as a result of exercise (Banerjee,
Mandal, Chanda, & Chakraborti, 2003; Sen, 1995; Urso & Clarkson, 2003). At the time of physical activity, it could be
assumed that tissues are protected by a positive regulation of antioxidant. In humans, a greater antioxidant enzyme
activity was reported to correlate with VO, and trained athletes were shown to have higher antioxidant enzymes
activity in skeletal muscles (Theodorou et al., 2010). According to these statements, G6PD activity immediately after
long-duration exercise in active subjects could be explained. After 2 hours, G6PD activity was higher in active men
than in sedentary men. It should be noted that in available investigations, there is no blood sample obtained from the 2
hours post-exercise phase. Increase in GO6PD activity after 2 hours might be due to increased oxidative stress during
exercise.

After 24 hours of exercise, G6PD activity was remarkably higher in active men compared with sedentary men. Within
this context, it must be mentioned that in previous studies there is no blood sample obtained for 24 hours after exercise.
As reported in humans, a higher antioxidant enzyme activity was reported to correlate with VO, (Theodorou et al.,
2010). Thus, as a long-term strategy, the cells in active individuals might trigger de novo synthesis of antioxidant
enzymes in order to deal with stress (Berzosa et al., 2011; Gomes et al., 2012; Radak et al., 2008). The mechanisms
involved in the increased antioxidant enzyme activity during exercise are still unknown. Although evidence is emerging
that mammalian tissues can up-regulate gene expression of antioxidant enzymes in response to acute oxidative stress,
the signal transduction pathway is still unknown (Gomes et al., 2012; Radak et al., 2008).

In sedentary men, G6PD activity amount was increased immediately and 2 hours after exercise. As expected, this
increase in GO6PD is primarily due to increased number of free radicals. In contrast, 24 hours after exercise, G6PD level
returns at rest, but is not significantly different from other times. Because G6PD enzyme is an antioxidant, increasing
the levels of antioxidant enzymes by exercise training would prevent or attenuate damaging lipid peroxidation during
exercise.

In active men, G6PD activity amount was increased immediately after exercise but returned at rest 2 hours after
exercise in this group. Interestingly, G6PD activity amount was remarkably increased 24 hours after exercise in this
group. Growing evidence suggests that physical endurance training up-regulates the level of antioxidant enzymes in
tissues actively involved in exercise (Fisher, 2010; Gonchar & Mankovska, 2010; Ji, Gomez-Cabrera, & Vina, 2009;
Margaritis, Rousseau, Marini, & Chopard, 2009; Vina, Borras, Gomez-Cabrera, & Orr, 2006), and that this may
decrease susceptibility to oxidative stress. In other words, the observed increase in G6PD activity 24 hours after
exercise in active men may also be due to compatibility with exercise.

5. Conclusion

In this regard, it can be concluded that progressive aerobic exercise may be an effective factor affecting the levels of
Go6PD significantly, and as a home message it is useful for controlling the hemolytic anemia among sedentary
population.
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