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ABSTRACT 
The importance of supplements used with exercise is increasing day by day. This study 
was aimed at evaluating the effects of creatine monohydrate (CrM) supplementation, 
during different intensities of exercise, on oxidative stress through dynamic thiol 
disulfide homeostasis. Forty-two BALB/c mice were used and randomly divided into six 
groups: control (C), low-intensity exercise (LIE), high-intensity exercise (HIE), C+CrM 
(4% of daily diet), LIE+CrM, and HIE+CrM groups. The groups performed low-intensity 
(8m/min/30min/day) and high-intensity (24m/min/30min/day) exercise on a mouse 
treadmill for eight weeks. At the end of the experimental period, the thiol disulfide 
homeostasis levels were analyzed by using a new automated measurement technique. 
When the native thiol and total thiol values were examined, the difference between the 
groups was statistically significant (p = 0.029, p = 0.035, respectively). Creatine intake 
with exercise decreased native thiol and total thiol levels. However, serum disulfide levels 
were lower in LIE+CrM compared to other study groups, but there was no statistically 
significant difference. It is thought that creatine supplementation with exercise reduces 
the thiol-disulfide homeostasis burden of the organism, and that after the depletion of 
creatine stores, the sustainability of oxidant-antioxidant homeostasis can be extended, 
thus prolonging the duration of antioxidant resistance. 
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1. INTRODUCTION 
         Creatine is an ergogenic molecule that contributes significantly to cellular 
energy metabolism. It can be produced endogenously in body systems, or it can 
be taken into the body through diet. Cells with high energy requirements use 
creatine in the form of phosphocreatine (PCr) Havenetidis (2016). 
Phosphocreatine serves as a source of phosphate to produce adenosine 
triphosphate (ATP) from adenosine diphosphate (ADP). In particular, skeletal 
muscle cells store enough ATP and phosphocreatine for approximately 10 
seconds of high-intensity activity. Short-term creatine supplementation 
increases PCr stores by 10% to 40%, resulting in a 10% to 30% total creatine 
increase Kreider (2003), Momaya et al. (2015). Creatine, which is widely used 
among athletes, increases intramuscular storage phosphocreatine levels and 
causes an increase in exercise performance, post-exercise recovery, and muscle 
mass Poortmans et al. (2010), Harris et al. (1992), Antonio et al.  (2021). The use 
of creatine is not only limited to sports, but is also a nutritional supplement with 
positive therapeutic effects in various diseases. It has been shown to prevent 
disease-related muscle atrophy, improve cognitive functions, and have  
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antioxidant activity Wallimann et al. (2011). The creatine-phosphocreatine-ATP 
cycle (alactic anaerobic), the most potent anaerobic energy pathway, together with 
the anaerobic lactic acid cycle, are the main anaerobic energy providers Gastin 
(2001), Moghetti et al. (2016). 

The aerobic energy system, also known as the oxygen energy system, is the 
long-term ATP provider of metabolism, interconnected by biochemical junctions 
and with the electron transport chain (ETC) at its center Moghetti et al. (2016). 
Exercise, which is an activator of aerobic energy pathways Hargreaves and Spriet  
(2020), is also the most powerful modulator of metabolism Moghetti et al. (2016). 
Increased metabolic activities during exercise cause changes in the cellular energy 
cycle, disrupting the redox balance, and free radicals are released Hargreaves and 
Spriet(2020), Brunetta et al. (2020), Murphy (2009). Free radicals are usually 
derived from nitrogen, oxygen, and sulfur molecules Lü et al. (2010). Reactive 
oxygen species (ROS), which are oxygen-derived free radicals, are produced during 
cellular metabolism and functional activities and have important roles in cell 
signaling and apoptosis Cao et al. (2017). However, excessive amounts of ROS have 
harmful effects on many biomolecules, including protein, lipid, RNA, and DNA, as 
they are very small and highly reactive Waris and Ahsan (2006). Theoretically, 
exercise-induced ROS production is like a double-edged sword. Moderate ROS 
production during exercise promotes positive physiological adaptations in active 
skeletal muscles, while high ROS production damages macromolecular structures 
Vargas-Mendoza et al. (2019). 

Aerobic and anaerobic energy systems work simultaneously, not 
independently of each other, to provide the energy needed for exercise. In the face 
of increasing energy demand, it is aimed at refilling the intracellular ATP pools by 
increasing the activity of all energy systems. However, the anaerobic energy system 
(from milliseconds to seconds) activates much faster than the aerobic system (from 
seconds to minutes). The energy obtained from the creatine phosphate and 
glycolytic system in the first moments at the beginning of the exercise compensates 
for the energy deficit caused by the delay in the aerobic system. For this reason, PCr 
is especially important as a valuable storage energy source in anaerobic energy 
systems Bediz (2020). The presence of ATP is critical for skeletal muscle 
contraction, both in explosive power and in sprinting activities that last seconds or 
minutes and in endurance exercises that last for hours. Since the increase in 
metabolic rate during the transition from rest to exercise can be more than 100 
times greater, the rapid supply of ATP and preservation of ATP content in muscle 
cells are critical for maintaining activity Hargreaves and Spriet (2020). 

Despite the many beneficial effects of exercise, its potential to create oxidative 
stress in relation to its intensity and duration is one of its most important 
limitations. Increased muscle phosphocreatine levels with exercise may contribute 
to an increase in exercise performance, regulation of energy conversions, and 
maintenance of oxidant-antioxidant homeostasis. In this study, thiol-disulfide levels, 
which indicate systemic oxidant-antioxidant homeostasis levels, were investigated 
in mice that underwent low-intensity and high-intensity exercise with creatine 
monohydrate supplementation. 

 
2. MATERIALS AND METHODS 
Animals 
The experimental protocol was approved by the Animal Ethics Committee of 

the University (No: 2019/004) and was conducted under the National Institute of 
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Health’s Guidelines for the Care and Use of Laboratory Animals and the Declaration 
of Helsinki. Forty-two male BALB/c mice aged 8-10 weeks from our animal facility 
were maintained in conditions that were controlled for temperature (22 ± 1 °C), 
humidity (50-60%), and 12 h dark/light cycle with food and water ad libitum. The 
mice were divided into 6 groups, with 7 animals in each group, as follows: control 
(C), low-intensity exercise (LIE), high-intensity exercise (HIE), C + creatine 
monohydrate (CrM) (C+CrM), low-intensity exercise + CrM (LIE+CrM), and high-
intensity exercise + CrM (HIE+CrM). In the CrM group, the mice were fed on a diet 
supplemented with 4% creatine monohydrate, while other groups were fed on a 
standard rodent diet for 8 weeks Leem et al. (2018).  

Exercise Protocol 
The mice in the exercise groups performed running exercises on a 5-lane rodent 

motor-driven treadmill (Ugo Basile, Animal Treadmill, ITALY) for 5 days/week and 
8 weeks. The exercise groups performed training exercises at a speed of 4 m/min 
for 5 minutes for a week before starting the experiment The LIE group was run at a 
speed of 8 m/min at a 0° incline for 30 min until the end of the eighth week after a 
one-week exercise adaptation period. The HIE group was run at a speed of 8-12-18-
21 m/min at a 0° incline until the fifth week, when the running speed were gradually 
increased. In the last four weeks, the HIE group were run at a speed of 24 m/min at 
a 0° incline for 30 min. Exercise programme completed. The treadmill speed was 
gradually increased so as not to increase the stress on the experimental animals 
(Figure 1). The exercise protocol was prepared by modifying previous studies Chen 
et al. (2016), Kayacan et al. (2019a). 

Sample Collection 
Forty-eight hours after the last exercise session (eighth week), the mice were 

sacrificed under deep anesthesia. Blood samples were taken from the hearts and 
then centrifuged at 1500 g for 10 min, and the separated serum samples were 
collected and stored at -86 °C for analysis. All biochemical examinations were 
carried out at the physiology laboratories of the Medical Faculty of Harran 
University in Sanliurfa, Turkey. 

Analysis of Thiol Disulfide Hemostasis Parameters 
The thiol disulfide homeostasis parameters in the serum samples of mice were 

identified by using an automated method, newly developed by Erel and Neselioglu 
Erel and Neselioglu (2014). According to the basic working principle of the method, 
dynamic disulfide bonds (-S-S) in the serum sample are reduced to functional thiol 
groups (-SH) by sodium borohydride (NaBH4). The residual NaBH4 was removed 
using formaldehyde to prevent the reduction of DTNB (5,5’-dithiobis-(2-
nitrobenzoic) acid); all thiol groups, including the reduced and native thiol groups, 
were determined after the reaction with DTNB (Ellman reagent) Ellman and Lysko 
(1979). The formulas used to calculate the dynamic disulfide bond level and other 
parameters are as follows: Dynamic disulfide bond (-S-S) is equal to half of the 
difference between total and native thiols, reduced thiol ratio as [(native thiol/total 
thiol) X100], oxidized thiol ratio as [(disulfide/total thiol) X100], and thiol oxidation 
reduction ratio as [(disulfide/native thiol) X100]. 
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Figure 1 Experimental procedures carried out in the present study 

 
Statistical Analyses 
The minimum necessary sample size (n: 42) was determined by power analysis 

(with an effect size of 0.60, an α error probability of 0.05, and an actual power of 
0.80) using the GPower program (Version 3.1.9.4, Germany). The statistical analysis 
was carried out using the SPSS 20.0 program (SPSS Inc., Chicago, IL, USA). Data: With 
the histogram and Q-Q plot graphical analysis, the Shapiro-Wilk numerical 
evaluation and skewness-kurtosis z-score results were investigated to determine 
whether it showed a normal distribution. Parametric tests were used for normally 
distributed data. The results were presented as mean ± standard deviation. One-way 
ANOVA analysis was used to compare more than two groups, and the Tukey HSD 
test was used for pairwise comparisons within groups. Values less than p < 0.05 
were considered statistically significant. 

 
3. RESULTS AND DISCUSSIONS  
In this study, 8-10 weeks old BALB/c male mice weighing 25.27 ± 1.2 g obtained 

from Harran University Animal Experiment Application and Research Center were 
used. Four percent CrM was added to the daily diet of the groups to be supplemented 
with creatine and continued for 8 weeks. The groups that did not receive CrM 
supplementation were fed with standard rodent chow for 8 weeks. There was no 
statistical difference between the average weight changes of the groups during the 
8-week exercise period (p = 0.403) (Figure 2). 
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Figure 2 Weight changes of the study groups during the experimental period. 

 
Thiol disulfide homeostasis, which is one of the best indicators of systemic 

oxidant-antioxidant balance in the experimental groups, was analyzed in serum 
samples. When the native thiol values were examined, the difference between the 
groups was statistically significant (p = 0.029). In the intragroup comparisons, we 
found that serum native thiol levels were statistically significantly higher in the LIE 
group (5765.0 ± 2372.4 µmol/L) and the HIE group (5819.1 ± 2063.4 µmol/L), 
compared to HIE+CrM group (2372.6 ± 876.0 µmol/L) (p ˂ 0.05). 

 

 
.  

Table 1 Serum thiol-disulfide homeostasis levels of the study groups 

   GROUPS      
C C+CrM LIE LIE+CrM HIE HIE+CrM p 

Native thiol 
(µmol/L) 

3525.2 ± 1443.1 4213.8 ± 1677.0 5765.0 ± 
2372.4α 

4279.2 ± 
3236.7 

5819.1 ± 
2063.4β 

2372.6 ± 876 0,029 

Total thiol 
(µmol/L) 

4334.8 ± 1547.5 4836.1 ± 1929.1 6676.8 ± 
2702.3α 

4679.8 ± 
3242.4 

6237.4 ± 
1875.0 

2960.4 ± 800.5 0,035 

Disulfide bond 
(µmol/L) 

405.8 ± 362.4 311.1 ± 145.8 455.8 ± 
216.6 

200.2 ± 
104.0 

262.5 ± 
134.8 

293.8 ± 116.1 0,204 

Reduced thiol 
(%) 

81.3 ± 12.9 86.9 ± 3.51 86.4 ± 6.2 89.0 ± 6.6 90.13 ± 5.7 78.7 ± 10.5 0,093 

Oxidized thiol 
(%) 

9.3 ± 6.4 6.5 ± 1.7 6.7 ± 3.1 5.4 ± 3.3 4.5 ± 2.8 10.6 ± 5.2 0,073 

Thiol oxidation 

reduction (%) 

12.9 ± 10.7 7.5 ± 2.4 8.0 ± 4.0 6.4 ± 4.4 5.2 ± 3.4 14.6 ± 10.3 0,081 

Mean ± Standard Deviation, α: There is a difference between LIE and HIE+CrM, β: There is a difference between HIE and HIE+CrM (p ˂ 0.05). C: 
Control, C+CrM: Control group receiving creatine monohydrate supplementation, LIE: Low intensity exercise, LIE+CrM: Low intensity exercise 
receiving creatine monohydrate supplementation, HIE: High intensity exercise, HIE+CrM: High intensity exercise receiving creatine 
monohydrate supplementation. 
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A statistically significant difference was found between the groups in total thiol 
levels (p = 0.035). We found that the total thiol levels were statistically significantly 
higher in the LIE group (6676.8 ± 2702.3 μmol/L) compared with the HIE+CrM 
group (2960.4 ± 800.5 μmol/L) (p ˂ 0.05). However, serum disulfide levels were 
lower in the LIE+CrM group compared to other experimental groups, but there was 
no statistically significant difference (p = 0.204) (Table 1). 

Exercise plays an active role in maintaining a healthy life and preventing and 
treating many diseases. It is known that regular exercise creates beneficial adaptive 
responses by affecting metabolism and metabolic phenotypes in many tissues 
McGee and Hargreaves (2020). Exercise has been widely associated with intensity-
dependent free radical production and induction of oxidative stress. Although 
exercise intensity shifts the redox balance in favor of oxidative stress, ROS 
production is required for initial adaptation, and this supports the hermetic effect 
of exercise Thirupathi et al. (2021). The low levels of ROS induced by exercise 
support the formation of beneficial adaptations for health by upregulating the 
antioxidant defense system. However, it accelerates the formation of exercise-
induced oxidative stress with insufficient antioxidant defense against ROS formed 
at high levels Radak et al. (2013). Many studies have shown that oxidative stress 
levels and antioxidant capacity change after acute exercise Mohd Sukri (2021). In 
order to analyze the levels of oxidative stress induced by exercise, markers such as 
protein oxidation (protein carbonyls), lipid oxidation (lipid hydroperoxides, 
malondialdehyde), total antioxidant capacity, superoxide dismutase (SOD), and 
glutathione peroxidase (GPx) were widely measured in blood plasma following 
exercise Wadley et al. (2016), Ammar et al. (2020). 

In a study examining the effects of aerobic, anaerobic, and combined exercises 
on oxidative stress, it was determined that plasma MDA levels increased after 
exercise in all three exercise groups. However, an increase in antioxidant activities 
(SOD and GPX) was also observed. It was concluded that exercise has the potential 
to increase oxidative stress and antioxidant capacity, but there are different 
response sizes according to its intensity and duration Ammar et al. (2020). 
However, in another study, it was stated that acute exercise increased the level of 
oxidative stress, which could negatively affect muscle function in elderly individuals 
Nikolaidis (2017). 

It has been reported that ROS levels increased at 70% and higher intensities 
when participants had cycling exercise at different intensities (40%, 55%, 70%, 
85%, and 100% of VO2max) Parker et al. (2014). In another study, the effects of 
three different exercise sessions (moderate-intensity concentric and eccentric 
cycling and high-intensity eccentric cycling) performed on participants on oxidative 
stress and muscle damage levels were analyzed. It has been reported that oxidative 
stress is minimal after eccentric cycling, but that high-intensity eccentric cycling 
causes moderate muscle damage González-Bartholin et al. (2019). In a study 
conducted with 10 male participants, different exercise protocols were applied to 
the subjects, and their acute changes in oxidative stress were analyzed. The results 
showed that the oxidative stress responses elicited following exercise practices did 
not induce a significantly different response in plasma markers Wadley et al. (2016). 
The oxidative stress response may depend on the intensity and duration of the 
exercise. 

Thiol disulfide homeostasis is accepted as the most current oxidative stress 
marker in the literature. Dynamic thiol disulfide homeostasis has been investigated 
in many conditions thought to be associated with oxidative stress Celik et al.  
(2019a), Kayacan et al. (2019b). In a study investigating the redox status and 
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antioxidant capacities of subjects in three different categories: sedentary, regular 
exercise, and obese, it was found that the highest total thiol value was in the group 
that regularly exercised. However, higher disulfide levels were found in the 
exercising group compared to the other groups Gol et al. (2019). Similarly, another 
study showed that exercise application causes an increase in total thiol levels Celik 
et al. (2019b). On the contrary, in a similar study, after four weeks of exercise, a 
higher total thiol value was found in the control group compared with the exercise-
treated groups. In the same study, the lowest disulfide level was determined in the 
group that did moderately intensive exercise Kayacan et al. (2019a). Researchers 
have reported that regular exercise develops resistance to oxidative damage by 
causing adaptation in body systems Kayacan et al. (2018). 

In this study, exercise increased native thiol and total thiol levels independently 
of creatine supplementation. This surge is thought to be indicative of an increased 
thiol pool in response to regular exercise. While native thiol and total thiol levels 
increased in the C+CrM group receiving creatine supplementation, they decreased 
in the LIE+CrM and HIE+CrM groups. Creatine intake with exercise decreased native 
thiol and total thiol levels. In particular, the lowest native thiol and total thiol levels 
were found in the high-intensity exercise group receiving creatine supplementation. 
This may be due to the potential antioxidant properties of creatinine Stefani et al. 
(2014). Oxidative stress during exercise is thought to be compensated by creatine 
rather than thiol groups. Likewise, the fact that the disulfide levels in the LIE+CrM 
and HIE+CrM groups were lower than those in the non-supplemented LIE and HIE 
groups supports this hypothesis. The disulfide level, which is considered an early 
indicator of oxidative stress, was the lowest in the LIE+CrM group among all groups. 
It is thought that this effect is caused by the structural feature of creatine, or it is 
created by interacting with different molecules during exercise. 

Creatine supplementation can accelerate recovery time between bouts of 
intense exercise by maintaining oxidant-antioxidant homeostasis at an optimal 
level, reducing muscle damage and promoting faster recovery of lost power 
generation potential Wax et al.  (2021). 

  
4. CONCLUSIONS AND RECOMMENDATIONS  
These findings showed that CrM supplementation with LIE improved 

antioxidant capacity and was significantly effective in preventing oxidative damage. 
It is possible that the effects of CrM supplementation on the oxidant-antioxidant 
system are related to the intensity of exercise. Creatine supplementation has a 
synergistic effect with exercise, but the intensity, duration, and period of CrM 
supplementation of exercise will be critical in all these effects. It is thought that 
creatine supplementation with exercise reduces the thiol-disulfide homeostasis 
burden of the organism, and that after the depletion of creatine stores, the 
sustainability of oxidant-antioxidant homeostasis can be extended, thus prolonging 
the duration of antioxidant resistance 
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