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Exercise puts a stress on the body and results in multiple physiological changes despite the 

homeostatic mechanisms in place that try to maintain normalized conditions in the body. One of 

the factors that are transiently elevated with exercise of sufficient intensity and duration is the 

production of reactive oxygen/nitrogen species (RONS) which act as signal molecules that can 

influence adaptation. If these RONS accumulate beyond the normal level this is known as 

oxidative stress (OS).  If OS is maintained over time, then homeostasis may be disrupted and 

adverse responses may occur, leading to dysfunction or disease. Previous studies have reported 

that most types of exercise (resistance, aerobic, and/or high intensity interval trainings) can 

induce an acute OS. The literature suggests that sufficient intensity and duration of exercise are 

needed to increase OS during exercise and is often noted with sample taken immediately after 

the exercise. Aerobic activities of at least 65-70%VO2max for at least 10 minutes have reported 

increased OS based on blood and/or muscle markers. Unfortunately, most studies only 

determined immediate post exercise responses. Only one study has reported a time-course of OS 

immediately after exercise and the sample period ended 30 minutes after exercise. However, no 

study has examined the timeline of OS biomarkers during and after an exercise. Additionally, 

there is limited information dealing with evening exercise. In this study, two OS markers were 

determined: lipid oxidation marker (oxidized low-density lipoprotein, LDLox) and the 

antioxidant glutathione and its status (glutathione status; the ratio of oxidized glutathione 

(GSSG), to total glutathione, TGSH [GSSG/TGSH]. 



 

 

The purposes of this study were 1) to determine the time course accumulation in the blood 

markers over the 1-hour exercise and 2) to determine the time course of the removal of OS blood 

markers in the 1 hour after exercise.  

To accomplish these objectives, 10 subjects participated in two conditions. The exercise 

condition contained an exercise and recovery period. The exercise period was one hour of 

aerobic exercise in an environmental chamber, which was set at 30℃ and 40% humidity. The 

recovery period was two 30-minute periods (30mins in the chamber and 30mins outside of the 

chamber). The temperature outside of the chamber was between 20-23℃ with 30-40% humidity. 

The control condition was composed of a non-exercise seated position as was the recovery 

period. The recovery period was the same as the exercise condition, but for the first 30 minutes 

inside the chamber and the next 30 minutes was outside the chamber. Blood collection started 

15mins before exercise and continued every 15mins until the end of the one- hour recovery 

period (total of 9 blood samples per visit per subject).  

The exercise condition did not show significantly increased plasma LDLox concentration 

and whole blood GSSG/TGSH ratio compared to the rested condition in the hot conditions. This 

appears to be related to the hot condition which showed GSSG/TGSH increased dramatically by 

30 minutes in both conditions. Thus, there was only a time significance (p=0.02).  The level of 

OS approached significance for LDLox for condition p=0.054.  The time effect also approached 

significance at p=0.061 and there was no significant interaction effect at a p= 0.074. Although 

the LDLox appeared elevated there were large interindividual differences between subjects. The 

pattern for the LDLox over time was fairly stable over the last 30 minutes of the exercise 

bout.  In contrast, GSSG/TGSH ratio fluctuated over the 60-minute time frame in the hot 

condition. During the recovery period, the level of the two OS markers did not show the 



 

 

anticipated trend toward baseline levels. In fact, GSSG/TGSH showed significant increases at the 

120min time point p=0.04 independent of condition.  

In summary, the data suggests that these oxidative stress markers responded differently 

over the time course. The GSSG/TGSH ratio fluctuated more than the LDLox. Due to the fact 

that the intensity of exercise was lowered the OS markers did not obtain a significant change by 

the exercise compared to the resting condition. The cycling at 70-75% of maximum power 

initially induced enough stress but when the intensity was lowered to ~ 51% the stress and was 

not sustained. In addition, the 30℃-chamber temperature most likely affected the results as the 

GSSG/TGSH ratio increased at 30 minutes independent of exercise. It is suggested that future 

studies examine more neutral environmental control conditions in future studies with a larger 

sample size.     
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CHAPTER I: INTRODUCTION  

Maintaining homeostasis to keep the balance between production of reactive oxygen 

species (ROS) and removal is important for proper regulation of bodily functions. ROS are 

radical molecules that contain an unpaired electron or groups of electrons. ROS exist in cells as a 

byproduct of metabolism, infection, inflammation, and shear stress within the circulation. When 

the balance of ROS is not properly regulated, accumulation of ROS can result in oxidative stress 

in cells, causing damage to cell structures such as DNA, protein, lipid, and carbohydrates (Valko 

et al., 2007). The increase in ROS accumulation has been associated with certain diseases and 

conditions such as cardiovascular diseases (CVD), hypertension and atherosclerosis (Valko et al., 

2007).   

Different forms of ROS exist in the body and some of the more common ROS are 

superoxide (O2• −), singlet oxygen (O•), and hydrogen peroxide (H2O2), and other ROS also 

exist (Valko et al., 2007). However, ROS can also be beneficial by acting as 2nd messengers for 

cell survival and proliferation (Sauer et al., 2001). Exercise-induced OS can occur from exercise 

when the intensity and duration of exercise are sufficient (Powers et al., 2020). Many types of 

exercise, such as aerobic, resistance, and interval training, have been shown to transiently induce 

OS. (Ammar et al., 2020; Bloomer et al., 2005). For aerobic exercise, the minimum intensity and 

duration needed to induce OS was at least 65%VO2max for a duration of at least 10 minutes 

(Powers et al., 2020; Vezzoli et al., 2014; Liberali et al., 2016). 

  In contrast to acute exercise exposure, chronic-moderate intensity exercise training can 

upregulate the antioxidant defense system (Elokda & Nielsen, 2007; Gomez-Cabrera et al., 2008; 

Azizbeigi et al., 2014), whereas too much exercise and/or sedentary lifestyle can have negative 
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effects (Pingitore et al. 2016). Adequate amount of exercise is required if one would like to 

increase their antioxidant defense ability.  

There are a variety of methods to measure OS markers in different cells (Marrocco et al., 

2017) as well as blood biomarkers. Blood biomarkers are more frequently measured as this is a 

less invasive method and it is relatively easy to obtain compared to tissue samples. The blood 

markers that we chose to examine are the glutathione ratio (GSSG/TGSH), which is a sensitive 

marker of oxidative stress within the blood (Frijhoff et al., 2015; Rossi et al., 2006) and the 

LDLox marker, which has been reported to be an accurate indicator of lipid peroxidation within 

the blood (Kostic et al., 2009).  

Although a vast number of studies examining humans have reported that aerobic exercise 

can induce OS in the blood, the majority of studies have only collected the blood samples pre-

exercise and immediately post-exercise (Quindry et al., 2003; Vezzoli et al., 2014; Moflehi et al., 

2012; Liberali et al., 2016; Elokda et al., 2005; Seifi-skishahr et al., 2016; Wiecek et al., 2017). 

Only a small number of studies have investigated the timeline of OS for aerobic exercise and 

took samples across a wide range of times over 24-hour time points to assess OS recovery 

(Fatouros et al., 2010; Goldfarb et al., 2014). These studies exercised their subjects in the 

morning with an intensity of at least 65%VO2max and duration greater than 10 minutes.  

Unfortunately, these studies only took blood samples immediately post exercise or examined 

recovery 24 hrs after exercise.  One study by Deil et al. (2018) took blood samples during 

exercise, but the sampling frequency was only every 30 minutes. Thus, it does not give adequate 

information about how the OS biomarkers are changing during the first 30-minute period. It was 

proposed that blood collection would be every 15 minutes to and analyze OS changes over time 

in the blood and determine if these changes would be consistent over time.  
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Furthermore, the time course of OS during any aerobic exercise has not been well defined 

during either morning or evening exercise. It is not known if the evening exercise response will 

show results that are similar or differ from morning exercise studies. The evening exercise was 

chosen due this study being an offshoot of a study comparing cortisol changes at night on the 

cortisol awakening response.  

Purpose 

Therefore, the purposes of this study were to determine the time course of OS biomarkers 

(LDLox and GSSG/TGSH) during the acute aerobic exercise (at 70% power output) and the time 

course of the recovery in the one hour after the exercise. 

Specific Aims 

Specific Aim #1: To determine the ROS accumulation relative to workload (power output) on a 

cycle ergometer over time.  

- H1A: Oxidative Stress Markers during Exercise: 

o LDLox will increase compared to the resting level. 

- H1B: Oxidative Stress Markers during Exercise: 

o GSSG/TGSH ratio will increase compared to the resting level. 

Specific Aim #2: To determine the ROS removal after exercise.  

- H2A: Oxidative Stress Markers after Exercise: 

o LDLox will decrease towards resting level within the 1-hour post exercise. 

- H2B: Oxidative Stress Markers after Exercise: 

o GSSG/TGSH ratio will decrease towards resting level within the 1-hour post 

exercise. 
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Limitations 

1. Subjects may differ in their production & removal of ROS to the same condition. 

2. Dietary difference between subjects could influence results. 

3. Training status (cyclists vs non-cyclist) could alter results. 

4. Power output was not kept at a consistent level throughout the exercise.  

5. Subjects may have different baseline values of ROS. 

Delimitations 

1. The concentration of markers was adjusted based on the hydration status (Hb and Hct). 

2. All exercise was performed in similar environmental condition at the same time of day. 

3. Subjects were all males and somewhat endurance trained. 

4. Subjects are all hydrated before trails based on urine measure (USG <1.020).  

Term Definitions 

• Antioxidant: a substance that inhibits oxidation and removes potential damaging 

oxidizing agent. 

• BPDS:  Bathophenantroline Disulfonic acid. A chemical compound that chelates (binds) 

metals (Fe2+) to prevent the Fenton reaction. 

• CAT: Catalase. An enzyme that protects cells from hydrogen peroxide by converting it to 

water and oxygen. 

• ETC: Electron Transport Chain. A series of compounds that transports electrons from 

donors to acceptors within mitochondria.  

• Fe++: Ferrous Iron. Iron in the +2-oxidation state.  
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• GSH/GSSG/TGSH: Glutathione reduced form / Glutathione oxidized form / Total 

glutathione level. A tripeptide (L-ꝩ-glutamyl-L-cysteinyl-glycine) containing thiol that 

serves as the major non-enzymatic antioxidant.  

• Hormesis: a model of stress exposure that shows a U shape to exposure based on 

intensity of the stress. There is a favorable biological response to low stress exposure that 

can return the system to a favorable normal level.  If the stress is too much or too little 

this may lead to a disease or dysfunction response especially if this is chronic exposure. 

The system can improve health or overall stress tolerance if the system can adjust 

properly.  

• HPLC: High-Pressure Liquid Chromatography. An analytical chemistry technique that 

utilizes high pressure to elute a sample through a pre-designed column to separate and 

quantify specific molecules based on separation of peaks being eluted at different time 

points. These are compared to standards.  

• H2O2: Hydrogen Peroxide. A chemical compound produced from the neutralization of 

superoxide that is a well-known free radical.  

• HO2•: Hydroperoxyl Radical. A free radical reacts with superoxide to produce hydrogen 

peroxide.  

• LDLox: Oxidized Low-Density Lipoprotein. Cholesterol, oxidized with ROS, and is an 

indicator of lipid peroxidation.   

• MDA: Malondialdehyde. A marker of lipid peroxidation related to oxidative stress.  
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• NADPH Oxidase: Nicotinamide Adenine Dinucleotide Phosphate. Produced from 

phagocytic cells and are key contributors to hydrogen peroxide accumulation.  

• NF-ⱪB: Nuclear Factor Kappa Beta. A protein complex regulating gene transcription of 

cytokines and promoting cell survival.  

• NO: Nitric Oxide. A nitrogen based chemical compound synthesized from arginine that 

can freely diffuse across cells and is a commonly known free radical.  

• OH•: Hydroxyl Radical. A free radical that is highly reactive and readily interacts with 

other molecules or can be converted back to a normal hydroxyl group (-OH).  

• O2
-: Superoxide. A molecule composed of two oxygen molecules with an extra electron.   

This molecule can interact with other chemical compounds to change their structure by 

seeking a proton from these structures.  

• OS: Oxidative Stress. A condition where reactive oxygen/nitrogen species accumulate 

disproportionally compared to the antioxidant defense capabilities.  

• Pro-oxidant: Chemicals that induce oxidative stress by generating reactive oxygen 

species or by inhibiting antioxidants.  

• Redox Balance: A state of equilibrium achieved through cellular oxidation-reduction 

reactions.  

• RONS: Reactive Oxygen and Nitrogen Species. An array of potentially damaging, 

chemically reactive molecules, produced within the body, containing an unpaired 

electron.  
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• SOD: Superoxide Dismutase. An antioxidant enzyme responsible for the reduction of 

superoxide anions to hydrogen peroxide. Two forms are present within the cell, a 

mitochondrial form (Manganese SOD; Mn SOD) and a cytosolic form (Copper-Zinc 

SOD; Cu-Zn SOD).  

• Superoxide: A reactive oxygen anion produced in the mitochondria during aerobic 

cellular metabolism.  

• TBARS: Thiobarbituric Acid Reactive Substances. A byproduct formed from lipid 

peroxidation. 



 

8 

 

CHAPTER II: REVIEW OF THE LITERATURE  

Oxidative Stress 

Sies (1985) defined oxidative stress (OS) as “a disturbance in the prooxidant-antioxidant 

balance in favor of the former”. This is only one of the stress phenomena that can occur within 

the body. Homeostasis is maintained when generation and removal of reactive oxygen/nitrogen 

spices (RONS) are in a balanced state.  But when there is an imbalance, there is a greater 

generation of RONS than removal, an accumulation of RONS can occur which is defined as 

oxidative stress (OS). Moreover, alteration in homeostasis can be acute and chronic. Acute 

changes can be affected by stressors such as exercise, temperature, nutrition, and oxygen usage 

can all increase free radical production which may lead negative effects (Rahal et al, 2014). 

More details on acute OS alteration will be discussed in the later part of the chapter 2. Chronic 

alteration of OS homeostasis can be influenced by activity level (active vs sedentary lifestyle), 

diseases, and nutrition. Studies have found that sedentary lifestyle downregulates the antioxidant 

defense system (Laufs et al., 2005). This suggests that when the RONS are stimulated there is 

less antioxidant molecules for defense and thus can result in greater OS (Laufs et al., 2005). 

Certain diseases, such as cardiovascular and neurodegenerative diseases have been shown to 

increase OS (Rahal et al, 2014). Diet influences both the production and defense of RONS (Tan 

et al., 2018). For example, high dose antioxidant supplementation can have negative effects on 

the defense side of the system (Rahal et al, 2014). In addition, high fat diets can promote greater 

production of RONS (Anderson et al., 2009).  It has been shown more recently that adequate 

amounts of RONS are needed for signaling both the antioxidant defense system as well as to 

influence mitochondria changes.  (Schieber & Chandel, 2014).  
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Accumulation of RONS can disturb homeostasis and interact with molecules within cells 

to result in damage to cells including DNA, RNA, proteins/amino acid, lipids, and carbohydrates 

(Valko et al., 2007). In contrast, when there is too low a stress, either due to high consumption of 

antioxidant supplementation and/or low functional overload (low stress) of the antioxidant 

defense system homeostasis of OS can be downregulated and result in lowered protection 

(Papageorgiou, 2016).  

Figure 1 Shows the Hormesis pattern and factors that might alter ROS production and 

removal. 

Figure 1. Hormetic Pattern of Oxidative Stress (Adapted from Papageorgiou et al., 2016).
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Reactive Oxygen and Nitrogen Species 

Table 1. Reactive oxygen and nitrogen species with designated symbol and type.   

Table 1 is a listing of the major reactive oxygen species, their chemical symbol, and the 

category of the molecule as being an ROS radical or non-radical.  

Reactive oxygen and nitrogen species (RONS) are a group of radical molecules that have 

an unpaired electron in their outer orbital that makes these molecules unstable and reactive.  

Examples of reactive oxygen species (ROS) are superoxide (O2•), hydroxyl (OH•), and 

hydroperoxyl (HO2•). In addition, nitric oxide (NO•), nitrite (NO2•), and nitrogen dioxide 

(•NO2) and peroxinitrites (NO3• or ONOO-) are some of the reactive nitrogen species (RNS). 

Table 1. shows common RONS found in various locations in the body. While it is well known 

that RONS accumulation indicates that deleterious effects such as causing cellular damage can 

Free Radicals Symbol Radical Type 

Superoxide O2
•− ROS Radical 

Hydroxyl OH• ROS Radical 

Alkoxyl Radicals RO• ROS Radical 

Peroxyl Radicals ROO• ROS Radical 

Hydrogen Peroxide H2O2 ROS Non-radical 

Singlet Oxygen 1O2 / O
- ROS Non-radical 

Ozone O3 ROS Non-radical 

Nitric Oxide NO• RNS Radical 

Nitrogen Dioxide NO2
•  RNS Radical 

Peroxynitrite NO3
•  / ONOO- RNS Radical 
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occur, these RONS also play an important role as signaling molecules for mitochondrial proteins 

involved in oxidative capacity and immune protection processes (Powers et al., 2009). The 

deleterious effects associated with RONS accumulation are related to tissue damage, such as 

altering the structure of lipids, proteins, nucleic acids and are associated with dysfunction (Valko 

et al., 2007). 

Superoxides (𝐎𝟐
•−)  

O2
•− are the most abundant anion radical that exist within the body under normal 

physiological pH ranges. Even though the superoxide itself is not highly toxic, its ability to gain 

electrons from other cellular components make it a precursor of many ROS molecules and a 

generator of many oxidative chain reactions (Powers & Jackson, 2008; Turrens, 2003). Like 

many other ROS, superoxides are produced by both enzymatic and non-enzymatic processes in 

mitochondrion, and through autooxidation reactions with certain metals. Some of the enzymes 

involved in these processes include xanthine oxidase (Kuppusamy & Zweier, 1989), 

lipoxygenase (McIntyre et al., 1999), and NADPH oxidase (Bielski & Cabelli, 1995).  A 

superoxide radical (O2•
-) can be converted to a hydroperoxyl radical (HO2) by the addition of a 

hydrogen ion. This HO2 can cross the phospholipid bilayer easier than superoxides (Cordeiro, 

2014). HO2 can also act as reducing agent to reduce metals such as iron, from Fe3+ to Fe2+, 

which is called autooxidation via the Fenton reaction (Fenton, 1894). The O2•
- can also go 

through a dismutation reaction which can use two superoxide radicals to produce oxygen, O2, 

and hydrogen peroxide, H2O2 (Eq. 4).   In this process the reactants are transformed by the 

enzyme superoxide dismutase (SOD).   This can occur in the cytosol and nucleus (SOD1), in the 

mitochondria (SOD2), and in extracellular fluid (SOD3).    

O2 + e− → O2
•− (Eq.1) 
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O2 + 𝐅𝐞𝟐+  → 𝐅𝐞𝟑+   + 𝐎𝟐
•− (Eq.2) 

𝐎𝟐 + 𝐎𝟐
•− +  𝟐𝐇𝟐𝐎 

𝐒𝐎𝐃
→   𝐇𝟐𝐎𝟐 + 𝐎𝟐 (Eq. 3) 

𝐎𝟐
•− + 𝐎𝟐

•− +  𝟐𝐇+  
𝐒𝐎𝐃
→   𝐇𝟐𝐎𝟐 + 𝐎𝟐 (Eq. 4) 

Hydroxyl Radicals (𝐎𝐇•) 

OH• are highly reactive reactants with many molecules within the cell that can damage 

cells or their components (Halliwell, 1987). OH• can be formed by the two major reactions, the 

Fenton reaction and the Haber-Weiss reaction as shown below. When hydrogen peroxide reacts 

with metal ions, it is called the Fenton reaction (Eq. 5); the Fenton reaction is important because 

if there is a breakdown of red blood cells in the circulation some of the free iron could activate 

the Fenton reaction. In contrast, if hydrogen peroxide reacts with a superoxide radical, it is called 

the Haber-Weiss reaction (Eq. 6).   

𝐅𝐞𝟐+ + 𝐇𝟐𝐎𝟐 → 𝐅𝐞
𝟑+ + 𝐎𝐇• + 𝐎𝐇− (Eq. 5) 

𝐎𝟐
•− + 𝐇𝟐𝐎𝟐 → 𝐎𝟐 + 𝐎𝐇

• + 𝐎𝐇− (Eq. 6) 

Peroxyl Radicals (ROO𝐇•) 

ROOH• are formed by a direct reaction of oxygen with alkyl radicals (R•) and alkyl 

peroxides (ROOH) are decomposed to peroxyl radicals and alkyl radicals (Maurya, 2014). These 

radicals are often formed in lipids. The peroxyl radical is (HOO•) which is formed by protonation 

of superoxide (De Grey, 2002). As both peroxyl radicals and alkyl radicals are oxidizing agents, 

they react with hydrogen from other molecules and initiate lipid peroxidation (Cerutti, 1985; 

Maurya, 2014).  
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Hydrogen Peroxides (H2O2) 

H2O2 are produced via the dismutation reaction in which SOD in equations 6 forms the 

H2O2.  The H2O2 is removed using the enzyme catalase located in peroxisomes or glutathione 

peroxidase (GPx) located in the cytosol of cells (Eq. 7). Even though it is not one of the ROS, 

H2O2 has the potential to cause damage to cells if levels get too high, especially in DNA 

(Halliwell et al., 2000). Antioxidant enzymes such as CAT and GPx can help remove hydrogen 

peroxide and damage within the cell (MatÉs et al., 1999).  

2H2O2 
  𝐂𝐀𝐓 𝐨𝐫 𝐆𝐏𝐱  
→          2H2O + O2 (Eq.7).     

Singlet Oxygen (O-) 

O- are non-radical molecules but are highly reactive due to its excited state and unpaired 

electron (Hojo et al., 2000). When O2 is utilized within the mitochondria, O2 is discomposed to 

2O- and these 2O- are transported in the ETC. These O- molecules are normally bound to a carrier 

molecule in the mitochondrial membrane.  If this molecule is not bound it will seek out a 

hydrogen ion to stabilize itself to neutralize its exited state. In fact, at the end of the ETC, the 

donation of hydrogen ions to combine with the O- is the final step to form ATP. O- can be 

formed by enzymatic reactions with a catalyst such as lipoxygenases (Chan, 1971), dioxygenases 

(Hayaishi & Nozaki, 1969), and lactoperoxidases (Kanofsky, 1983). O- also can be formed with 

the activation of neutrophils (Hampton et al., 1998). If O- are readily available they can react as a 

strong oxidizing agent which can damage DNA and surrounding tissue (Kanofsky, 1989; Sies, 

1992).  
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Ozone (O3) 

Ozone (O3) is another strong oxidant that can play a role in inflammation (Lerner& 

Eschenmoser, 2003) and is mostly located within the environment.  It works as an oxidizing 

agent to produce free radicals and plays a role in lipid peroxidation (Goldstein et al., 1969). O3 

also oxidizes functional groups such as amines, alcohols, and aldehydes in protein molecules 

(Freeman & Mudd, 1981; Racker, 1955), and nucleic acids (Mustafa, 1990). 

Nitric Oxides (NO•) 

NO• are radical molecules that react with other molecules that can influence cell 

function. NO• is formed by different isoforms of nitric oxide synthases (NOS), which are 

typically denoted neuronal (nNos), endothelial (eNos), and inducible (iNos). All the isoforms of 

NOS are involved in NO radical production and coverts L-arginine to L-citrulline (Eq. 8) 

(Andrew, 1999).  (NO•) is soluble in both aqueous solutions and is lipid soluble. This enables 

(NO•) to diffuse through both cytoplasm and plasma membranes (Chiueh, 1999). Nitric oxide 

works as an intracellular 2nd messenger to help smooth muscle relax (surrounding blood vessels) 

(Phaniendra et al., 2015; Ignarro et al., 1987) and as a cellular redox and enzymatic activity 

regulator (Wink & Mitchell, 1998; Stamler, 1994).  NO• is also called, endothelium derived 

relaxing factor (EDRF), which is produced by endothelial cells within the vessels of the vascular 

system when shear stress is developed within the vasculature (Ignarro et al., 1987). Shear stress 

will be discussed later in this Chapter.  

𝑳 − 𝒂𝒓𝒈𝒊𝒏𝒊𝒏𝒆 + 𝑶𝟐 +𝑵𝑨𝑫𝑷𝑯 
         𝐍𝐎𝐒       
→         𝑳 − 𝒄𝒊𝒕𝒓𝒖𝒍𝒍𝒊𝒏𝒆 + 𝑵𝑶• + 𝑵𝑨𝑫𝑷+ (𝑬𝒒. 8)   

Peroxynitrite (NO3•) 
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NO3• are non-radical, but very reactive oxidant that help other phagocytic immune cells 

to kill pathogens. NO3• at high levels has been associated with CVDs, neurodegenerative 

diseases, and cancer (Beckman & Freeman, 1990; Ferrer-Sueta & Radi, 2009; Pacher et al., 

2007; Prolo et al., 2014; Radi et al., 1991; Szabo et al., 2007).  

𝐍𝐎 + 𝐎𝟐
         𝐢𝐍𝐎𝐒       
→         𝐍𝐎𝟑 • (Eq. 9) 

Cardiovascular sources of RONS 

Shear stress refers to the drag force acting on the endothelial cells of vessels in the 

vasculature and is caused by the shear rate (the local velocity gradient of blood flow in the 

middle of the vessel to the forces placed on the side wall of the blood vessel) (Matlung et al., 

2009). Inside vessels, activation of endothelial NOS (eNOS) induced by shear stress produces 

NO (Harrison et al., 2006). Further, shear stress also transiently increases the level of 

intracellular calcium, which contributes to activation of eNOS (Boo & Jo, 2003). Shear stress 

also can induce RONS production, especially O2
•− due to activation of nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase (Laurindo et al., 1994; De Keulenaer et al., 1998). 

However, shear stress over time can also induce an up regulation of the enzymes SOD and GPx 

to help handle the increase in RONS that were produced over time (Takeshita et al., 2000; 

Mueller et al., 2005).  

Antioxidant Defense  

Enzymatic Antioxidants 

As the body is consistently trying to maintain homeostasis, pro-oxidant and antioxidant 

defense systems work continuously to keep the OS at hormesis. The antioxidant defense system 

is composed of enzymatic methods such as superoxide dismutase (SOD), catalase (CAT), 
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glutathione peroxidase (GPx), and glutathione reductase (GR) and non-enzymatic methods such 

as glutathione (GSH), and the antioxidants vitamin C (ascorbic acid) and E (tocopherol) (Powers 

& Jackson, 2008; Moussa et al., 2020). An example of how the stress of ROS can influence the 

defense system is that the antioxidant receptor element (ARE) in the nucleus can be activated to 

produce more antioxidants such as SOD1 when OS is noted in various cells (Bhakkiyalakshmi et 

al., 2018). With acute exercise, the antioxidant protection in the body tends to be lowered as 

antioxidants are used to protect and neutralize RONS (Fisher-Wellman & Bloomer, 2009).  

Superoxide Dismutase 

Superoxide dismutase (SOD) is an enzymatic antioxidant that reacts with superoxides to 

from hydrogen peroxide and oxygen (Eq. 3 & Eq. 4).  SOD has three different isoforms, SOD1, 

SOD2, and SOD3, that are found in two different locations within the cell. SOD1, which is also 

called copper-zinc superoxide dismutase (Cu-Zn-SOD) as it requires copper-zinc as a cofactor.   

It is found in both the cytosol and the intermembrane space of mitochondria (Powers & Jackson, 

2008).   SOD2, also known as manganese superoxide dismutase (Mn-SOD) because it requires 

manganese as a cofactor, is found in the mitochondria (Powers & Jackson, 2008; Zelko et al.,     

2002). SOD3, another Cu-Zn SOD, is found in the extracellular fluid (Powers & Jackson, 2008; 

Zelko et al., 2002). While SOD1 and SOD2 are abundant in cells in the body, SOD3 is found in 

specific cells and tissues where its activity can surpass that of SOD1 and SOD2 (Fukai & Ushio-

Fukai, 2011). 

Even though the isoforms of SOD are found across different tissues, most of the SOD 

(65-85%) is located within the cytosol of skeletal muscles and its activity is greater in oxidative 

muscle fibers (type I fibers) than glycolytic muscle fibers (type IIx fibers) (Powers et al., 2011; 

Powers et al., 1994). Although not all studies have found that chronic exercise increased SOD    
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activity in skeletal muscle (Alessio & Goldfarb, 1988; Lambertucci et al., 2007; Lau et al., 

1998), many other studies have found that regular exercise training resulted in increased SOD 

activity or concentration in exercised muscle (Criswell et al., 1993; Higuchi et al., 1985; Lawler 

et al., 2006; Leeuwenburgh et al., 1994; Powers et al., 1994a; Powers et al., 1994b; Vincent et 

al., 2000). In animal studies, type, intensity, and duration of exercise can have different results in   

muscular SOD activity. With longer and more intense aerobic training an increased SOD activity 

or concentration in muscle has been reported with the greatest changes in oxidative fibers (type I 

and IIa compared to type IIx fibers) (Powers et al., 1994a; Powers et al., 1994b).  

Catalase 

Catalase (CAT) is another enzymatic antioxidant that reacts with hydrogen peroxide to    

form water and oxygen (Eq. 8). Availability of H+ donors affect CAT activity (Goyal & Basak, 

2010) and peroxidase activity (Eq. 9).  CAT activity is important in protecting cells from RONS 

induced OS (MatÉs et al., 1999).  

With exercise, studies have shown conflicting results based on different activities              

between acute and chronic stress and tissues examined and type of exercise (Laughlin et al.,        

1990; Higuchi et al., 1985; Devi & Kiran., 2004). In a mouse model, it was reported that an       

acute exercise, running at 20 m/min up a 5% grade for either 1- or 6-hours duration and 

examined hindlimb muscles (not noted which muscles) compared to a control group (Li et al., 

2015). This study indicated that mRNA expression in muscle was higher in the 1- and 6-hours 

group compared to control with no difference between the 2 exercise groups. In addition, that 

study reported a change in the GSH/GSSG redox state which increased for both 1- and 6-hour 

groups (no difference between exercise groups).   
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On the other hand, Berzosa et al. (2011) reported an increase in antioxidant enzymes in   

human plasma (SOD, CAT, and GPx) after 30 mins of submaximal cycling. Revan et al. (2010) 

reported that a short duration exercise to exhaustion did not change the plasma level of catalase, 

lipid hydroperoxides and GPx.  This was in untrained male apparently healthy subjects who did 

not take vitamins and were nonsmokers for at least two months.  Marzatico et al. 1997 reported   

that highly trained aerobic runners who ran a marathon and examined their resting plasma levels. 

They noted that SOD was significantly higher than control subjects’ level at rest and following a 

half-marathon both SOD and CAT were elevated. 

𝟐𝐇𝟐𝐎𝟐  
  𝐂𝐀𝐓  
→    𝟐𝐇𝟐𝐎 + 𝐎𝟐 (Eq. 10) 

𝐑𝐎𝐎𝐇 + 𝐀𝐇𝟐  
  𝐂𝐀𝐓  
→    𝐇𝟐𝐎 + 𝐑𝐎𝐇 + 𝐀 (Eq. 11) 

Glutathione Peroxidase 

Glutathione peroxidase (GPx) is an antioxidant enzyme that requires several cofactors 

(such as selenium) and has five different isoenzymes (GPx1-GPx5) (Weydert & Cullen, 2010). 

All five GPx isoenzymes catalyze the reduction of hydrogen peroxide (Eq. 12) or organic hydro-

peroxide (ROOH) to water and alcohol group (ROH) (Eq. 13) using reduced glutathione (GSH) 

(Powers & Jackson, 2008). GPx isoforms require electron from GSH to function and the 

oxidized glutathione (GSSG) is formed.  The reduced glutathione can be regenerated by the 

enzyme glutathione reductase as shown in equation 14 below (Meister & Anderson, 1983).  

𝟐𝐆𝐒𝐇 + 𝐇𝟐𝐎𝟐  
  𝐆𝐏𝐱  
→    𝐆𝐒𝐒𝐆 + 𝟐𝐇𝟐𝐎 (𝐄𝐪. 12) 

𝟐𝐆𝐒𝐇 +  𝐑𝐎𝐎𝐇 
  𝐆𝐏𝐱  
→   𝐆𝐒𝐒𝐆 +  𝐑𝐎𝐇 + 𝐇𝟐𝐎 (𝐄𝐪. 13) 

𝐆𝐒𝐒𝐆 +  𝐍𝐀𝐃𝐏𝐇 + 𝐇+ 
    𝐆𝐑    
↔   𝟐𝐆𝐒𝐇 +  𝐍𝐀𝐃𝐏+ (𝐄𝐪. 14)   
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As Table 2. depicts, GPx has four different subunits, two major types, and is present in all 

cells throughout the body as well as being in plasma. Although its main function is to protect the 

cells from OS, different isoenzymes have substrate specificity and different activities for 

protecting cells OS (Brigelius-Flohé, 1999).   

Similar to SOD, the amount of GPx present is different by type of muscle fiber type 

(higher amount is found in type I fibers) and its level increases with regular physical activity 

(Criswell et al., 1993; Hellsten et al., 1996; Ji et al., 1988; Lambertucci et al., 2007; Lawler et al., 

2006; Leeuwenburgh et al., 1994; Powers et al., 1994a; Powers et al., 1994b). In addition, acute 

exercise was reported to increase plasma GPx level with moderate intensity cycling (30 min 

cycling at 70% max power) in untrained male subjects (Berzosa et al. 2011).   

Table 2. Forms of Glutathione Peroxidase and its location. Adapted from Arthur, 2001 

 Subunit Type Location 

Glutathione 

Peroxidase 1 

Tetrameric Selenium dependent  All tissues and in cytosol of cells 

Glutathione 

Peroxidase 2 

Tetrameric Selenium dependent Gastrointestinal tract 

Glutathione 

Peroxidase 3 

Tetrameric Selenium dependent Secreted to extracellular 

compartments but formed in cells. 

Glutathione 

Peroxidase 4 

Monomeric Selenium dependent Testes, spermatozoa, heart, brain, 

mitochondria -protects membranes 

Glutathione 

Peroxidase 5 

Dimeric GPx like protein Epididymis, spermatozoa, liver, 

kidney 

 

Glutathione Reductase  

The enzyme glutathione reductase is important in reestablishing reduced glutathione 

(GSH) in cells. This process uses a hydrogen ion donator in the form of NADPH to take GSSG 

to GSH. The GR enzyme typically favors the formation of GSH as the hydrogen carrier NADPH 

can be reestablished by increasing the breakdown of glucose.                                                     
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𝟐𝐍𝐀𝐃𝐏𝐇 +  𝐆𝐒𝐒𝐆   
𝐆𝐑
↔   𝟐𝐆𝐒𝐇 +  𝟐𝐍𝐀𝐃𝐏+  (Eq. 15) 

Non-Enzymatic Antioxidants 

Non-enzymatic antioxidants play an important role to quench or reduce the chain 

reactions of RONS. In nature, many non-enzymatic antioxidants exist. The major examples of 

the non-enzymatic antioxidants are vitamin E, C, and A, and glutathione (Moussa et al., 2020). A 

detailed discussion of each non-enzymatic antioxidant is beyond the scope of the chapter. Thus, a 

brief review of major non-enzymatic antioxidant is discussed.  

Vitamin E, C, and A  

Vitamins are natural exogenous organic molecules that are consumed through dietary     

means. Only Vitamin E, C and A are classified as antioxidants and scavenge RONS with vitamin 

E and A being lipid soluble and vitamin C being water soluble (Moussa et al., 2020). Vitamin E 

is primarily located in membranes and stored in fat within the body. Vitamin E works as a           

primary chain breaking antioxidant by donating a H+ to the RONS molecules (Muellenbach et 

al., 2009). Vitamin A, located in membranes, is known to quench singlet oxygen, and prevent           

damage to nucleic acids, amino acids, and unsaturated fatty acid form RONS (Krinsky, 1998).   

Vitamin E and vitamin A are known to prevent cell damage from lipid peroxidation of the poly- 

unsaturated fatty acid (PUFA) and low-density lipoprotein (LDL). When LDL is peroxidized it is 

called LDLox (oxidized LDL). For more details on LDLox, please refer to a subsection of 

Molecules Affected by RONS/Free Radical (Lipid).  

Vitamin E and vitamin A can stabilize membranes and prevent lipid peroxidation within 

these membranes (Pryor, 2000; Nimse & Pal, 2015). Vitamin C, also known as ascorbic acid, can 

donate a proton to RONS (Moussa et al., 2000; Mandl et al., 2009). In addition, vitamin C helps 
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regenerate vitamin E to its reduced state from its oxidized form by donating a hydrogen ion to   

make the vitamin E a stable reducing agent (Han et al., 2012). 

Glutathione 

Glutathione is the main non-enzymatic endogenous antioxidant that is composed by         

adding three amino acids, glycine, cysteine, and glutamic acid to form a tripeptide (L-γ-

glutamyl-L-cysteinyl-glycine) (Moussa et al., 2020; Lushchak, 2012). The antioxidant defense 

system against OS is due to the thiol group (-SH) on cysteine that can either add or donate a H+. 

This is the most abundant non-protein antioxidant within our human bodies. (Lu, 2013). 

Although reduced glutathione (GSH) is the most predominant form in the cell, there is also the 

oxidized glutathione form (GSSG) that exists within cells.  The total glutathione (TGSH = GSH 

+ 2GSSG) is the expression of the sum of the reduced and oxidized forms of glutathione 

(Moussa et al., 2020). Although most of the glutathione is synthesized in the liver and 

transported to other tissues though blood (Lu, 2013), GSH can be formed in the cytosol of cells 

using energy via a two-step reaction (Eq. 15 & 16).  The first reaction requires ATP and is the 

rate limiting step in the formation process using the enzyme glutamate-cysteine ligase (glutamate 

cysteine synthase). Glutathione synthetase adds a glycine to make glutathione.  

𝐋 − 𝐠𝐥𝐮𝐭𝐚𝐦𝐚𝐭𝐞 + 𝐋 − 𝐜𝐲𝐬𝐭𝐞𝐢𝐧𝐞 + 𝐀𝐓𝐏 →  𝛄 − 𝐠𝐥𝐮𝐭𝐚𝐦𝐲𝐥 − 𝐋 − 𝐜𝐲𝐬𝐭𝐞𝐢𝐧𝐞 + 𝐀𝐃𝐏 + 𝐏𝒊 (Eq. 

16) 

𝜸 − 𝐠𝐥𝐮𝐭𝐚𝐦𝐲𝐥 − 𝐋 − 𝐜𝐲𝐬𝐭𝐞𝐢𝐧𝐞 + 𝐋 − 𝐠𝐥𝐲𝐜𝐢𝐧𝐞 + 𝐀𝐓𝐏 → 𝐆𝐒𝐇 + 𝐀𝐃𝐏+𝐏𝒊 (Eq. 17) 

As mentioned above, GSH is used as a substrate by GPx to detoxify RONS (Lushchak, 

2012) and GSSG formed during the process can be excreted from the cell or go through a            
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salvage cycle to reform GSH by glutathione reductase using NADPH (Eq. 14) (Lushchak, 2012; 

Lu 2009).  

Cellular Sources of RONS (Production) 

Free radicals are generated from endogenous or exogenous sources. Endogenous sources 

are mainly formed within cells and are related to metabolism process such as mitochondria usage 

of oxygen. However, many other cellular processes that involve oxygen handling can influence 

RONS formation.  Physiological changes in the body due to exercise, inflammation, and certain 

diseases can influence the production and or disposal of RONS endogenously. Exogenous 

sources of factors that could influence RONS are nutrition, temperature, environmental 

pollutants, radiation, drugs, and ozone (Phaniendra, 2015).  

Endogenous Sources 

Mitochondria 

Mitochondria handling of O2 was believed to be the primary site for RONS production. 

Mitochondria uses O2 by converting O2 to singlet oxygen using the electron transport chain 

(ETC), where one-electron reduction takes place (Murphy, 2009). Therefore, when the metabolic 

rate increases, RONS production increases as well (Powers & Jackson, 2008). Two complexes of 

in the ETC, Complex I (NADH dehydrogenase) and Complex III (ubiquinone cytochrome c 

reductase), have been linked to the production of O2
•− and hydrogen peroxides (Wong et al., 

2017). Electrons that go through the Q-cycle reduces Coenzyme Q (CoQ), in the ETC, to form 

QH2 and Q-. This unstable Q- gives rise to electrons that can form O2
•−  (Finkel & Holbrook, 

2000). Superoxides formed inside the mitochondria reacts with enzymes such as manganese 

superoxide dismutase (MnSOD) to form hydrogen peroxide which can be broken down into 

water and oxygen by catalase (CAT) and glutathione peroxidase (GPx) (Phaniendra, 2015).  
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Figure 2 below shows the production of the O2
•−  radical when an electron is added from Q to 

complex III.   This electron is the escape of it being bound to the transport Q cycle protein 

ubiquinone. Figure 2. also shows that in step 1 a superoxide radical can escape the ETC and is 

also handled by SOD2 with GPX to help protect the mitochondria.  

Figure 2. Mechanism of ROS production inside mitochondrion. Adapted from Li et al. 

(2013). 

  

Peroxisomes 

Peroxisomes are metabolically active organelles that use O2, so it can also produce 

superoxides, hydrogen peroxides, and hydroxyls (Sandalio et al., 2013). While peroxisomes of 

plants typically produce both superoxide radicals and H2O2s (Sandalio et al., 2013), mammalian 

peroxisomes produce H2O2 via beta oxidation of fatty acids (Schrader & Fahimi, 2006). Most of 

the enzymes found in peroxisomes are involved in H2O2 production. Some enzymes such as 

xanthine oxidase and nitric oxide synthase are involved in O2
•−and NO•  production (Schrader & 

Fahimi, 2006). 
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Endoplasmic Reticulum 

Endoplasmic reticulum (ER) is an organelle where protein formation and folding occurs. 

OS can cause protein misfolding in the ER, which can result in further oxidative stress by 

forming H2O2 from oxygen (Cao & Kaufman, 2014). Like other organelles, it also contains many 

enzymes such as cytochrome p-450 and b5 enzymes for detoxification within the cell using 

oxidases, which play a role in RONS generation (Cheeseman & Slater, 1993; Gross et al., 2006).  

Exogenous Effects 

Heat Stress 

The main exogenous sources of OS in daily life are derived from nutritional intake and 

alterations of ambient temperature/humidity. Heat can result in illness during high-intensity 

and/or long-duration exercise and can lead to illness such as heat exhaustion and exertional 

heatstroke (EHS). Heat illness mostly occurs in hot and humid environments with any activity 

(Graber et al., 1971; Smalley et al., 2003), it can occur in a cool environment (8-18℃) with 

individual differences: fitness level, hydration status, and heat acclimatization (Roberts, 1989).  

When the core temperature is higher than 40℃, it is defined as EHS which can induce organ 

system dysfunction signs and symptoms as well as central nervous system malfunctioning. 

Dehydration can also affect heat illness as dehydration can increase heat storage and decrease 

time to exhaustion (Armstrong et al., 1985; Cheuvront et al., 2003).  

Under heat stress conditions an increase in O2
•− and H2O2 have been reported (Belhadj et 

al., 2014; Mujahid et al., 2006 & 2007). Heat stress was reported to increase mitochondrial 

superoxide anion (Mujahid et al., 2006 & 2007) and decrease SOD-1 mRNA expression and 

SOD activity, which results in an increase in O2
•− (El-Orabi et al., 2011). Under heat stress, 

increases in release of iron is also observed in rat presumably from their livers. The iron 
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increases would influence xanthine oxidase, which would then increase the rate of O2
•− 

production (Powers et al., 1992). In addition, heat is found to increase activity of NADPH 

oxidase (NOX), which enhances ROS production via the conversion of NADPH to NADP+ 

(Segal et al., 1993). This would then influence the ability to resynthesize GSSG to GSH via 

glutathione reductase. Several studies have reported a decrease in GSH level was directly related 

to an increase in ROS production (Mitchell et al., 1983; Mitchell & Russo, 1983; Russo et al., 

1984). Heat stress downregulates the antioxidant defense system by decreasing SOD and GSH 

concentration while it upregulates the Fenton reaction and NOX activity, resulting in an increase 

formation of  O2
•− and OH• radicals from hydrogen peroxide.  

Heat stress has also been reported to enhance lipid peroxidation based on plasma MDA 

level increases (Mujahid et al., 2007). The increase in ROS and OH• radicals can increase lipid 

peroxidation rates under these heat stress conditions (Rhoads et al., 2006). The end-product of 

lipid peroxidation is sometimes determined by measuring MDA.  This is also noted with the 

degradation of polyunsaturated fatty acids in LDL through the oxidation process (Berbée et al., 

2017), and can be determined by assessing the amount of LDLox to indicate lipid peroxidation 

(Leiva et al.2015).  

Dehydration 

Sweat-induced dehydration during exercise (loss of more than 2% of body mass) is 

known to induce oxidative stress (Paik et al., 2009; Hillman et al., 2011; Laitano et al., 2012). 

Also, Pereira et al. (2003) reported that dehydration increases OS over 10-fold in yeast cells, but 

the source of radicals is not kwon. Paik et al. (2009) investigated the effects of dehydration on 

oxidative stress markers. They induced about 3% body fluid loss by passive heating in a sauna 

followed by a bout of treadmill running until exhaustion. The results showed that dehydration 
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significantly increased MDA concentration at 15min of exercise compared to pre-exercise and 

the increase was significantly greater than the control group (no dehydration) and rehydration 

group (rehydrated with sports drink). They also investigated MDA concentration change after 60 

mins of recovery with different rehydration methods (water, sports drinks, no fluid). All method 

showed MDA concentration came back to the baseline, but there was not difference between 

rehydration methods. Hillman et al. (2011) examined the effects of exercise-induced dehydration 

in a hot environment (33.9 ± 0.9 °C) or in a thermoneutral environment (23.0 ± 1.0 °C) on OS. In 

the study, trained male cyclists did 90 mins of cycling at 95% lactate threshold (LT), followed by 

a 5km time trial in either hot or thermoneutral environments. The results showed significant 

increase in blood GSSG with 3.8% dehydration in both environments.  

Nutritional Intake 

Studies have shown there is a significant relationship between high caloric diet with fat 

and/or in combination with carbohydrate and many diseases such as CVD, obesity, type 2 

diabetes, and colorectal cancer (DiNicolantonio et al., 2016; Iyer et al., 2010; Park et al., 2016; 

Vos & Lavine, 2013). As mitochondria produce adenosine triphosphate (ATP) via oxidative 

phosphorylation processes, RONS are also generated to cause OS (Inoue et al., 2003). 

Production of RONS can induce inflammation by pathways such as activation of nuclear factor 

kappa B (NF-ⱪB) (Chatterjee, 2016) and high consumption of a macronutrients (carbohydrates, 

proteins, and fats) can activate these pathways. Types of food intake affects immune systems and 

systematic inflammation status that alters ROS production and removal (Farina et al., 2013). 

Their study reported that antioxidant treatment can prevent adipose tissue dysfunction in rats 

given a diet rich in fructose.  High carbohydrate consumption is a major contributory cause of 

inflammation because it contributes to the nutritional inflammation as well as increase in insulin 
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resistance (Piya et al., 2013). Diets that include high glycemic index foods such as white rice can 

stimulate OS (Miller et al., 1992) and this was shown in Asian individuals (Hu et al., 2012; Nanri 

et al., 2010). In a study done in rodents, a high carbohydrate and fat diet resulted in problems 

with mitochondrial function (Teodoro et al., 2013). They noted an increased number of electrons 

donated to the ETC and these extra electrons appeared to be added to oxygen at complex III to 

produce more O2
•−  (Brownlee, 2001). Also, high fat diets significantly increased the amount of 

H2O2 in both mitochondria and whole skeletal muscle (Anderson et al., 2009). Saturated fatty 

acids (SFAs) and the length of the fatty acid can influence different physiological responses. One 

main factor related to fat and OS is that the SFAs can activate proinflammation signaling 

pathways (Harvey et al., 2010; Huang et al., 2012). Moreover, fat consumption can increase the 

amount of free fatty acids in the blood, which can go to the liver which utilized the free fatty 

acids for −oxidation or to transfer them into triglycerides which can stimulate its conversion to 

LDL (Pessayre et al., 2001). This accumulation of LDL can generate more LDLox (Horton et al., 

2002; Pirillo et al., 2013) which can induce OS in the vessel wall and then induce more LDLox 

to enhance OS. Lastly, the relationship between protein, especially animal-based proteins, and 

OS has been reported (Tan et al., 2018).  As the Fenton reaction contributes to OS, increases in 

free Fe2+ from cooking of uncured meat can be a factor to increase OS (Bokare & Choi, 2014; 

Van Hecke et al., 2015). Consumption of meat that is treated with high heat can induce OS 

because heat treatment can alter the antioxidant enzymes (denature) (glutathione peroxidase, etc) 

and reduce protection of the proteins (Serpen et al., 2012; Hoac et al., 2006) which can 

contribute to the production of hydrogen peroxide (Ishikawa et al., 2010).  

In the present study, we requested that subjects eat their normal foods as much as possible 

for both trials. They were asked to repeat their intake based on their own diets, but this was not 
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controlled.  We could not control their diets (food intake), nor factor in health differences, and 

genetic differences within the subjects. Thus, we might see differences in resting values of the 

biomarkers across subjects but hope to have similar results within subjects between the trials.   

Exercise 

It is well known that exercise induces oxidative stress. However, the relationship between 

oxidative stress and exercise is complex because it changes depending on many factors including 

age, gender, training status, diet, and the mode and duration of exercise. Exercise intensity and 

duration are important factors to consider in the accumulation of a critical change in ROS. It is 

due to increases in oxygen consumption and handling of hydrogen ions as well as the activation 

of the antioxidant defensive system. Also, duration could influence the accumulation over time 

to induce accumulation of RONS. (Brancaccio et al., 2010 ; Pignatelli et al., 2018 ; Siti et al., 

2015 ; Trushina & Mcmurray, 2007).  

Acute exercise of sufficient intensity may influence changes in both muscle and blood 

oxidative stress. In skeletal muscle, moderate intensity aerobic exercise (65%-75% VO2max) 

elicits greater oxidative stress response than lower intensity (<40%VO2max) (Powers et al., 2020). 

In addition to skeletal muscle tissue being sampled, acute changes of OS indices in blood have 

also observed that indicate that intensity influences the increase of biomarkers of OS (Goto et al., 

2003; Morales et al., 2017). Also, especially with aerobic exercise, alteration in GSH and GSSG 

concentration occurs transiently even though it depends on duration and intensity of exercise. 

Studies have reported that the longer duration and more intense exercise significantly increased 

the transition of GSH to GSSG (Wang et al., 2016; Li et al., 2015).   Akova et al. (2001) reported 

that cycling at low intensity (50%VO2max) did not affect lipid peroxidation concentration even 

adding exhausting resistance exercise after the cycling.  
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Table 3. List of Studies that examined OS after acute Aerobic Exercise.  

Study Exercise Protocol Subjects Marker can 

Change 

Time Sample 

collected 

Laaksone

n et al., 

1999 

60% VO2max for 40 

mins on Cycle  

14 UT M TBARS level ↑ in 

plasma 

Immediately 

post-exercise 

GSH level ↓ in 

whole blood 

GSSG level ↑ in 

whole blood  

TGSH level ↔ in 

whole blood 

GSSG/TGSH ↑ in 

whole blood  

Steinberg 

et al., 

2006 

GTX until 

exhaustion Cycle 

3 UT F 

6 T M  

GSH level↓ in 

RBC 

Immediately 

post-exercise  

Michaili-

dis et al., 

2007 

70-75% VO2max for 

45 min then 

increased to 90% 

VO2max until 

exhaustion treadmill 

11 UT M GSH level ↓ in 

whole blood 

GSSG ↑  

Immediately 

post-exercise  

Chen et 

al., 1994 

 Until 85% max HR 

Treadmill 

23 UT M MDA level ↔ in 

plasma 

Peak of exercise 

and 

immediately 

post-exercise  

Akova et 

al., 2001 

50% of VO2max 

Cycle for 15min and 

3 sets of exhausting 

CON-ECC maximal 

knee actions 

18 UT F MDA level ↔ in 

plasma 

Immediately 

post-exercise  

Quindry 

et al., 

2003 

LT at ± 10% for 

45mins treadmill 

9 T M MDA level ↔ in 

plasma 

Immediately 

post-exercise  

Moflehi 

et al., 

2012 

80% VO2max for 

20mins Treadmill   

13 UT M 

  

MDA level ↑ in 

serum 

 

Immediately 

post-exercise   

Diaz et 

al., 2011. 

75-80% of the 

estimated HRR  ~ 

14.3mi treadmill  

3 UT F 

12 UT M 

TBARS ↔ in 

plasma 

SOD activity ↑ in 

plasma 

Immediately 

post-exercise  

65-75% HRmax for 

45mins running  

9 T M TBARS level ↔ 

in plasma 

Immediately 

post-exercise  
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Liberali 

et al., 

2016 

GSH level ↓ in 

whole blood 

GSSG level ↔ in 

whole blood 

TGSH level ↓ in 

whole blood 

Elokda et 

al., 2005 

GXT maximal 

treadmill  

40 UT M  

40 UT F 

GSH level ↓ in 

whole blood 

Immediately 

post-exercise  

GSSG level ↑ in 

whole blood 

GSH/GSSG ↓ in 

whole blood 

Seifi-

skishahr 

et al., 

2016 

75% VO2max for 

30mins Treadmill 

10 WT M GSH/GSSG ↔1↓2 Immediately 

post-exercise  

(In RBC1 and 

plasma2) 

10 MT M GSH/GSSG ↑1 ↓2 

10 UT M GSH/GSSG↓1  ↓2 

Wiecek 

et al., 

2017 

GXT maximal 

treadmill  

20 T M LDLox level ↑ in 

whole blood 

3 min post-

exercise  

Kostic et 

al.  2009 

GXT maximal cycle   10 UT M 

10 UT F  

LDLox ↑ in 

serum 

Immediately 

post-exercise  

HRR = Heart rate reserve; T = Trained; UT = Untrained; WT = Well-trained; MT = 

Moderately- trained; GTX = Graded exercise testing; M= Male, F = Female; TBARS = 

Thiobarbituric Acid Reactive Substances; MDA = Malondialdehyde; GSH = Reduced 

glutathione, GSSG = Oxidized Glutathione; TGSH = Total Glutathione; LDLox = oxidized low-

density lipoprotein; RBC = Red blood cell.  

 

At higher exercise intensity, the recruitment of different fiber types is known to occur.  

At higher intensities, fast-twitch muscle fibers are brought into the activation process to stimulate 

greater force; however, they are the least oxidative, do not maintain force as long and fatigue 

more easily. These fibers also do not have as great an antioxidant content and thus do not handle 

the hydrogen ions as well and can induce greater OS (Anderson & Neufer, 2006; Criswell et al., 

1993; Powers et al., 1994). Therefore, higher intensities of exercise typically demonstrate greater 

OS immediately after the exercise (Quindry et al., 2011). With resistance exercise of increase 

intensity (30% vs 70% 1RM), greater OS was noted in the 70% workload (Garten et al., 2015). 
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While some studies have reported the time-course of oxidative stress, most of them are 

examined in lab environments (Scheffer et al. 2012) and tissues other than skeletal muscle 

(Lange et al. 2012). Most studies done with humans focused only on immediately post-exercise 

OS time-course compared to the pre-exercise status (Fatouros et al., 2010; Lushchak. 2016; 

Quindry et al., 2003 & 2011; McBride et al., 1998). These studies have reported that the high 

intensity exercise induced an increase in OS examining various markers of stress. Most studies 

attempt to control diet and activity of the person prior to the exercise and request the subjects to 

eat the same foods. Michailidis et al. (2007), examined the time-course of OS after a morning 

aerobic exercise on a treadmill at 70%-75% VO2max followed by a run to exhaustion at 90% 

VO2max. They reported recovery of GSG, GSSG, and TBARS up to 10 minutes post exercise and 

then 24hours later. They tested untrained subjects and tested in the morning (between 8-9am). 

We intend to compare their results as they also determined glutathione and several other markers 

of OS. However, their population was untrained males and ours will be somewhat trained males.  

In addition, lipid peroxidation byproducts take longer to develop compared to changes in 

glutathione because lipid peroxidation has many more steps compared to the change in 

glutathione which has a one-step redox process. With these markers, the timeline of OS 

production during exercise will assessed and recovery will be also assessed in the blood samples. 

There have been no studies that we are aware of that have determined the OS timeline for 

production of these OS biomarkers during the exercise and during recovery with serial blood 

samples (with this short 15-minute time frame). We will use a random order treatment to prevent 

an order effect to the outcomes.  All other aspects will also be controlled as best as possible to 

minimize influence on oxidative stress.   
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  One of the unique aspects of this proposal is that the subjects will be exercised in the 

evening. This should allow comparison to studies using similar intensity and duration in the 

morning. Another major contribution of this literature will be to examine the time course of OS 

development during the exercise for these two markers to determine if they are similar. The 

recovery rate after the exercise will also be determined for the first hour following exercise.    

Molecules Affected by RONS/Free Radical 

When RONS accumulates to a critical level within an area these RONS can trigger a 

number of signaling pathways to activate antioxidant protection, cell proliferation, cell 

differentiation, and cell survival or cause cell death (Sauer et al., 2001). Furthermore, when OS 

results in damage, to DNA, RNA, lipids, protein/amino acids, carbohydrates, etc. (Valko et al.,   

2006) repair mechanisms will also be activated.  Studies have found a positive and significant 

correlation between OS markers (typically in the blood) and certain diseases including cancer 

(Valko et al., 2004 & 2007), cardiovascular diseases (CVDs) (Pacher et al., 2007), 

neurodegenerative diseases (Halliwell, 2001), respiratory diseases (Caramori, 2004), as well as 

obesity (Fernández-Sánchez, 2011). Due to the damages from chronic OS, many OS markers are 

used to diagnose or indicate unhealthy conditions. It is unclear in some of these situations what is 

the initial stimulus as inflammation might be a contributory factor in many of these diseases. 

DNA Damage 

A biomarker to indicate DNA damage is the 8-hydroxy-2-deoxyguanosine (8-OH-dG) 

measurement.   This marker has been studied to the greatest extent in the literature. Studies have     

reported a significant positive correlation between the level of 8-OH-dG and CVDs, specifically 

heart failure, and cancer (Di Minno et al., 2017; Valko et al., 2004). Hydroxyl radicals are 

believed to be the major oxidative stress agent to influence DNA damage (Valko et al., 2004).   
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Hydroxyl radicals reacting with guanine is the first step of the 8-OH-dG generation that can 

result in mutagenesis, carcinogenesis, and is also involved in ageing (Valko et al., 2007). 

Protein Damage 

Protein damage related to OS is usually related to oxidation of protein by RONS 

interacting with the protein side chains, cysteine and methionine, and this results in the formation 

of protein carbonyls (PC) (Stadtman, 2004). Various age-related diseases including Alzheimer’s     

disease, rheumatoid arthritis, amyotrophic lateral sclerosis, Parkinson’s disease, etc. (Giasson & 

Ischiropoulos, 2002; Khorasani et al., 2020; Baillet et al., 2010) are associated with an increase 

in PC. There are many mechanisms that are involved in PC production, but it typically starts with 

RONS interaction with the side group of an amino acid. Changes in protein structure due to       

RONS stimulate the production of PC concentration. (Requena et al., 2001; Stadtaman, 2004; 

Dean et al., 1997). Unfortunately, the carbonyl group is not always limited to just proteins and 

can be present in any organic compound. 

Figure 3. Carbonyl Group 

  

Lipid Damage 

Lipid degradation can occur to generate ATP but can also occur when lipid structure is   

modified by adding oxygen to the structure.  Lipid peroxidation, the addition of oxygen to lipids 

is easier to occur in polyunsaturated fatty acids (PUFAs) and phospholipids than saturated lipids 

and is related to the open spaces between the carbons and bends in the lipids with PUFAs.           

Aldehydes, especially malondialdehyde (MDA), and polymerized carbonyl compounds                 

are two common biomarkers of lipid peroxidation. MDA is widely used to indicate omega-3 and 
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omega-6 fatty acid peroxidation (Borza et al., 2013; Ayala et al., 2014). Lipid peroxidation        

occurs in three-step process; initiation, propagation, and end-decomposition (Ayala et al., 2014). 

MDA is produced through processing of arachidonic acid and larger PUFA’s for degradation due 

to damage (Ayala et al., 2014).  When measuring lipid peroxidation, MDA is fairly stable, and   

the biomarker reacts with the molecule thiobarbituric acid (TBA). TBA reacts with MDA   and 

other substances and is known as (TBARS) test has been used in many studies, but this method is 

non-specific, and mass spectrometry is more suitable to test MDA (Ayala et al., 2014; Giera et 

al., 2012). In addition, oxidation of LDL is widely used in research as it is highly           

associated with certain diseases such as atherosclerosis and its progression (Steinberg, 1997; 

Meisinger et al., 2005; Ito et al., 2019). LDLox activates inflammatory and immunologic           

mechanisms that cause lipid dysregulation and formation of foam cells inside vessel walls (Leiva 

et al., 2015).  

Figure 4. Aldehyde Group 

   

Biomarker Measurement 

Many methods have been developed to measure OS biomarkers but not all are prominent 

outcomes within the body.  Many studies have reported little change in 8-OH-dG in response to 

acute exercise, which suggest that the nucleotide is not acutely affected by exercise.   Some 

biomarkers require special sophisticated equipment such as mass spectrometry or HPLC (like 

glutathione status).  Blood biomarkers have been investigated by different researchers and have 

examined different markers.  Previous studies that have established that strenuous exercises 
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result in OS in blood is shown in Table1. Measuring more than one marker of OS has been 

strongly suggested as not all biomarkers will demonstrate OS at the same rate and varies based 

on numerous factors.  The change in glutathione status is a more rapid process than the formation 

of protein carbonyls or the formation of aldehydes which have more steps in the process. LDLox 

may also take a longer time for formation but has not been adequately investigated with exercise.    

Briefly, there are direct and indirect measures of OS molecules to determine if OS or 

RONS accumulation has occurred (Ubezio & Civoli, 1994; Peshavariya et al., 2007). Even 

though the direct measurement of RONS can be accurate to measure OS, it often has to be 

measured by special processes induced in a laboratory setting and is not practical to do in 

humans.  These reactions are extremely fast reaction and have a very short half-life (1 x 10-10 

seconds). For example, OH• has the half-life of 10-10 seconds and activity rate of 108 m-1s-1 

(Halliwell & Gutteridge, 2015). RO• also has a short half-life 10-6 second while ROO• has a 

longer half-life of 17 seconds (Kohen & Nyska, 2002). There are some non-radical RONS such 

as NO that has a half-life of seconds within the blood (Hakim et al., 1996) but handling 

processes can also be longer than the half-life (Kohen & Nyska, 2002).  

Other ways to assess oxidative damage is to measure the interaction of these RONS with 

protein (Berlett & Stadtman, 1997; Dalle-Donne et al., 2003)., lipid (Esterbauer et al., 1991; 

Ahotupa et al., 1996), carbohydrate, DNA (Ock, 2012; Di Minno et al., 2016 & 2017), and other 

molecules. Unlike the direct measurements, indirect measurement of OS can be more practical if 

the measure is stable and easier to determine. A major disadvantage of indirect measurements is 

that the markers may not be stable, can be cleared, and secondary pathways can affect their 

concentration (Agarwal & Majzoub, 2017). 
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Other ways to measure OS is to see enzyme and non-enzymatic antioxidant defense 

systems including superoxide dismutase (SOD), catalase, glutathione as antioxidant or associated 

with glutathione enzymes (Katerji et al., 2019). Non-enzymatic antioxidant defense systems 

include glutathione peroxidase (GPX), glutathione reductase (GR), and the form of glutathione 

its amount as well as the amount of antioxidant vitamins (A, C, and E) to determine the change 

in the redox status (Lu, 2009; Birben et al., 2012). 

In this study, we will examine two OS markers, the status of the antioxidant biomarker    

glutathione and its form (GSSG/TGSH ratio) and lipid oxidation marker (LDLox). Measurement 

of glutathione can vary by researchers. Some researchers only measure total glutathione without 

indicating the form.  Others just determine the reduced form of GSH, and others report both GSH 

and GSSG ratio to indicate OS (Araujo et al., 2008). This later method is more accurate as it        

determines both forms of glutathione and determines the amount of total glutathione as 

glutathione can move out of red blood cells once it is oxidized. OS is denoted by an 

accumulation of the GSSG form in response to a decrease in the GSH form (Baskin & Salem, 

1997). Furthermore, the amount of glutathione is much greater inside the RBC compared to the 

plasma.  RBC concentration of glutathione is in mMolar (Sanchez, 2011) whereas plasma 

glutathione is at the uM level.  Studies have shown the glutathione concentration is not the same 

in plasma compared to whole blood (Al-Turk et al., 2011; Mills et al., 1994) as most of the 

glutathione in the blood is in the RBC. If only plasma was determined this would not represent 

glutathione in RBC’s. In addition, GSSG form of glutathione can exit the RBC’s and go into the 

plasma when glutathione is oxidized. Some studies have reported that glutathione from plasma 

samples show fluctuations in GSH concentration (Shigesawa et al., 1992; Michelet et al., 1995). 
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Goldfarb et al. (2008 & 2014) have shown that the GSSG/TGSH ratio is a sensitive and accurate 

marker of OS in whole blood in response to exercise of sufficient intensity and duration. 

Research has reported that oxidative stress decreases the amount of GSH in the reduced 

form and transiently increases the amount of GSSG in tissues and in whole blood treated 

correctly (Goldfarb, et al, 2014; Sen, 1999). Others have reported this variable as the ratio of 

GSSG/GSH which changes the ratio too much as they do not correct for glutathione movement. 

Clearly as GSH is decreased GSSG should be increased (Fatouros et al., 2010; Garten et al., 

2015). Thus, this ratio enhances OS changes and does not reflect the enhanced oxidized form to 

the total concentration of the glutathione (Garten et al., 2015). Therefore, our group presents this 

GSSG change relative to the total amount of glutathione and all aspects can be altered. GSH for 

example can be released from red blood cells into the circulation and reduce its level and the 

TGSH oncentration.   

Oxidized LDL has been shown to be involved in atherogenesis, CHD (Holvoet et al., 

2004), and other diseases such as diabetes and inflammatory conditions as well as a marker of 

endothelial dysfunction (Gradinaru et al., 2015). There also appears to be a significant direct 

correlation between circulating LDLox and hsCRP levels (Sigurdardottir et al., 2007).  This 

suggests a strong link with OS and inflammatory processes. Almost all of these studies have 

reported an elevated level of lipid markers in individuals with various diseases (CHD, Diabetes, 

and individuals with elevated blood lipids).    

Previous studies on LDLox  have utilized several methods and all reported only 

immediately post-exercise responses compared to the pre-exercise (Aguiló et al., 2003; Sánchez-

Quesada et al., 1995; Vuorimaa et al., 2005; Wiecek et al., 2017), or training effects (Park et al., 

2015; Wang & Xu, 2017).  Vuorimaa et al., 2005 reported that a 2 day walk lowered LDLox in 
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healthy men.  LDLox in blood increased directly after a graded ramped treadmill exercise to 

exhaustion in both young men and women to a similar extent (Wiecek et al., 2017).   

Recovery Levels of Markers Following Exercise 

Some studies have reported the values of OS markers during the recovery period, but 

most of them reported this recovery 24 hrs later or just the post exercise sample. Vezzoli et al., 

(2014) and Michailidis et al., (2007) reported recovery period about 30 mins after the exercise 

and noted that there was a slight decrease in the OS markers after 30 minutes.  Vezzoli et al. 

2017 noted that after 1 hour of recovery the OS values had returned toward normal. Both 

moderate and high intensity groups demonstrated elevated OS biomarkers after 1 hour of 

recovery with samples were taken every 30 minutes.   

Fatouros et al. (2010) studied time course of OS markers of elite soccer players after a 

soccer match. The average HR during the match was about 168bpm (~86% HRmax). MDA level 

remained elevated compared to the control group until 48 hours after the match. The recovery 

values for GSH level were significantly lower 24 hours post exercise, while GSSG level was 

higher at both 24- & 48-hours post exercise times and GSH/GSSG ratio was significantly lower 

in at these times. This suggested that these soccer players had not fully recovered within the 48 

hours following these matches. 

Studies that have reported OS values after exercise with shorter time periods from both 

Michailidis et al., and Vezzoli et al., showed conflicting results for GSH level. Michailidis et al., 

tested 11 untrained males who ran on a treadmill at 70-75% VO2max for 45 mins and then ran at 

90%VO2max until exhaustion. The average exercise time was about 51.4mins. The GSH/GSSG 

ratio significantly declined immediately post exercise by 34% and remained at a low level until 

5hr post-exercise, (-23%). The lowest GSH/GSSG ratio was at 2hr post-exercise (-73%) 
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suggesting recovery was not complete at this point. TBARS levels were significantly higher from 

the immediately post-exercise (46%) to 3hr post-exercise (31%), and the peak value was at an 

hour post- exercise (123%).  Therefore, it appears that the OS markers can still be elevated and 

not returned to normal for at least several hours to days after an exercise event. 

Vezzoli et al. (2014) examined time course of TBARS after two different types of aerobic 

exercises with master runners. One exercise was a series of 3 different sessions with continuous 

exercise load at 70, 80, and 90 percent of their VO2peak. The TBARS response showed a 

significantly higher value post exercise and 1-hour after exercise, and then started to revert to 

baseline after 2 hours but was still elevated compared to baseline.  

Table 4. List of Studies with OS and Post Exercise Time-course.  

Study Exercise 

Protocol 

Subject

s 

Marker Post-exercise Sample collected 

Michailidi

s et al., 

2007 

70-75% 

VO2max 

treadmill for 

45 min, then ↑ 

90% VO2max 

until 

exhaustion 

11 UT 

M 

In whole 

blood 

30 min 1hr 2hr 3hr 

GSH ↓ ↓ ↓ ↓ 

GSSG ↑ ↑ ↑ ↑ 

GSH/GS

SG 

↓ ↓ ↓ ↓ 

TABRS ↑ ↑ ↑ ↑ 

CAT ↑ ↑ ↔ ↔ 

Fatouros 

et al., 2010 

A soccer 

match 

Elite 

soccer 

player 

30 T M 

In 

plasma 

0hr 24hr 48hr 72hr 

MDA ↑ ↑ ↑ ↔ 

GSH ↔ ↓ ↔ ↔ 

GSSG ↔ ↑ ↑ ↔ 

GSH/GS

SG 

↔ ↓ ↓ ↔ 

Vezzoli et 

al., 2014 

Vent. 

Threshold + 

10 % for 6 min 

on treadmill 

10 T M In plasma 0hr 1hr 2hr 

TBARS  ↑ ↑ ↔ 

Souglis et 

al., 2018 

A soccer 

match 

Profess-

ional 

In 

plasma 

0hr 13hr 37hr 61hr 85hr 109h

r 
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soccer 

players 

30 T M 

CAT ↑ ↔ ↔ ↔ ↔ ↔ 

GSH ↔ ↓ ↔ ↔ ↔ ↔ 

T = Trained; UT = Untrained; M = Male; F = Female; GSH = Reduced glutathione; 

GSSG = Oxidized glutathione; TBARS = Thiobarbituric Acid Reactive Substances; CAT = 

Catalase; MDA = Malondialdehyde; ↓ = decrease in concentration; ↑ = increase in concentration; 

↔ = no change in concentration. 

 

To our knowledge there are no time-course studies dealing with LDLox induced by a bout 

of acute aerobic exercise using 15-minute intervals during the task. Plasma LDLox level has been 

shown to be a good biomarker in vivo of atherosclerosis present in the circulation (Itabe, 2012) 

and CVD (Fraley & Tsimikas, 2006) and has been shown to be stable in plasma. Additionally, 

the Elisa kit for LDLox was available and showed consistent values in our standards and spiked 

samples in our pilot testing. Clearly LDLox should take longer to develop than changes in 

glutathione but there is no data to compare the time course during exercise of these two 

biomarkers.   
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CHAPTER III: METHODOLOGY  

*This study was part of a larger study done by Travis Anderson, who was a PhD candidate at 

University of North Carolina at Greensboro at the time. I had the opportunity to obtain blood 

samples from the subjects recruited for this study as well as help with collecting samples and 

testing subjects. 

Research Design 

 This study was a randomized-cross-over design experiment. All the participants included 

in the analysis completed both exercise (Ex) and control (CON) conditions in a randomized order 

and counterbalanced. Participants reported to the exercise physiology lab at the University of 

North Carolina at Greensboro for a total of 4 visits (2 sets of 2 visits). Each set of visits consisted 

of a screening visit and a testing condition (experimental visit), separated by about a week (7.4 ± 

2.12 days). The two sets of testing conditions were separated by eight weeks based on federal 

phlebotomy regulations.  Half of the subjects were given the control situation first and the other 

half were given the exercise condition first.    

Figure 5. Study design diagram 
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Participants 

Participants were recruited from Greensboro, NC area including the University of North 

Carolina at Greensboro. Flyers, word of mouth, and presentations to large-capacity lecture 

classes were used to recruit participants. 

All subjects gave their written informed consent (approved by the Institutional Human 

Subjects Review Board Committee of the University of North Carolina at Greensboro [see 

Appendices H]). All subjects also filled out a medical history form, diet-supplementation history, 

hydration intake history, and a physical activity questionnaire (see Appendices I).  

Inclusion criteria to participate in the study were the following: age between 18-30 years 

old, not currently taking any medications within the previous six months and not having any 

physical limitations to perform all aspects of the study. In addition, if participants were taking a 

medicine that does not accumulate in the system, we asked participants to take the medicine off 

so that it clears out from the system for at least a week.  

Subjects were apparently healthy with no known diseases that would impact the primary 

blood outcomes (e.g., CVD, CHD, diabetes and metabolic syndrome, inflammation). Participants 

were assessed for their body fat % and had to be less than 25% body fat.d Subjects had to have a 

minimum aerobic capacity (VO2max) of at least 35mL O2
.kg-1min-1 which was determined by a 

ramped protocol on a cycle ergometer. Subjects were asked to replicate their diet for both trials, 

but this was not monitored. Also, they were free to take vitamin supplements. 

All subjects satisfied the criteria of being less than 25% of body fat. Five potential 

volunteers were excluded from the study. Three subjects did not meet the enrollment criteria, one 

subject did not complete all aspects of the study, and one subject was not able to provide blood 
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samples. Therefore, only data from the remaining 10 subjects (n = 10) were included in the 

analysis.  

Screening Visit 

Participants reported to the laboratory in the morning, between 0700 – 1000 h. Following 

the questionnaire, height was obtained using a stadiometer with the subject not wearing shoes, 

blood pressure was obtained using a stethoscope (3M Littmann Cardiology IV, MN, USA) and 

sphygmomanometer (Santamedical Adult Deluxe Aneroid Sphygmomanometer, CA, USA), and 

resting heart rate was obtained by using palpation technique for 60 seconds. Body composition 

was assessed using air displacement plethysmography (Bod Pod, COSMED USA, Concord, CA) 

calibrated that day. Body composition was also measured with a 7-site skinfold assessment 

(triceps, chest, subscapular, midaxillary, abdominal, suprailliac, and thigh) using Harpenden skin 

calipers, on the subject’s right side.  The skinfolds were obtained at least twice with values 

within 2mm, or the skinfold was repeated (Jackson & Pollock, 1978). The % body fat was then 

calculated using the Siri equation (% Body Fat = (495 / Body Density) - 450) based on the sum 

of the skinfolds (Siri, 1961). After these assessments, participants were asked to wear a heart rate 

sensor (Polar H10 Heart Rate Sensor; Polar Electro Inc., Bethpage, NY) with a chest strap placed 

around the subject’s chest. The sensor was synchronized with a watch (Polar V800; Polar Electro 

Inc., Bethpage, NY). Heart rates were collected and stored from the moment it was placed on the 

subject to the end of the visit.  

Participants were then asked to move into the environmental chamber (Cantrol 

Environmental Systems, Markham, ON, Canada) which was set at 18℃ with 40% relative 

humidity. Participants were appropriately fitted to a cycle ergometer (Velotron RacerMate; 

Quarq Technology, Spearfish, SD) and the settings recorded. During the VO2max test, expired 
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gases were collected in a calibrated oxygen analyzing system (TrueOne 2400 Metabolic 

Measurement System; ParvoMedics, Murray, UT).  

Participants completed a pre-programmed cycle maximal test with electronically adjusted 

wattage (resistance) of the cycle ergometer. The program consisted of a 5-minute warmup at 

75W at participants’ chosen cadence while the researchers encouraged them to go above 90 

revolution per minute (RPM). After the warmup, wattage on the cycle ergometer was set at 50W 

and increased by 1 W every 2 seconds. The subjects were encouraged to keep their RPM at close 

to 90 RPM. The test was terminated when the participant could not keep their cadence over 50 

RPM. During the test, ratings of perceived exertion (RPE) were obtained using the Borg 6-20 

scale each minute. In addition, HRs were recorded and VO2, VCO2, and respiratory exchange 

ratio (RER) were obtained through the True One program. At the end of the test, the maximal 

wattage attained by each participant was recorded to determine their workload for the 

submaximal exercise bout.   To accept this test as a true VO2 max, three of the four following 

criteria had to meet: 1) RER greater than 1.15. 2) at least within 10bpm of age predicted max 

HR. 3) a plateau or decline of oxygen consumption within the last few exercise bouts. 4)RPE 

greater than 18 (6-20 Borg scale). 

Experimental Visit 

Participants reported to the laboratory by 1800 h. Participants were asked to provide a 

small amount of urine to ensure proper hydration using urine color (≤ 3), specific gravity (≤ 

1.020), and osmolality (<500 mOsm/kg) as markers. After providing urine sample, participants 

provided nude-body mass and were asked to wear the heart rate polar sensor with a chest strap 

for the entire time of this visit. A catheter was placed in a forearm vein and secured for blood 

sample collection (discussed in Blood Sample Collection & Handling).   
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After catheter placement, participants entered the environmental chamber at about 1855h 

and were seated on the cycle ergometer (adjusted to their settings). Upon entering the chamber, 

time to become accustomed to the chamber condition was up to 5 minutes. The environmental 

chamber was set at 30℃ with 40% relative humidity. The temperature and humidity in the lab 

outside the chamber were 20-23℃ and 30-40%. The temperature and relative humidity outside 

of the chamber were measured because last 30mins of recovery was done outside of the chamber. 

If the visit was the control (CON) condition the subject sat on a chair in the chamber until 2030 

h. If assigned to the exercise (Ex) condition, participants cycled for an hour. The exercise 

protocol had a 5-min warmup to bring the wattage to 70-75% of their maximal power output 

obtained from the screening visit during the VO2max test. Participants were asked to maintain the 

power output throughout the session. After an hour of exercise, participants moved to a chair in 

the chamber as a passive recovery for 30 minutes. During the hour, RPE and heart rate were 

recorded every 5 minutes and no water was allowed. At 2030 h (60 minutes of exercise/control + 

30minutes of resting/recovery), participants moved out of the chamber and rested for 30 

additional minutes. During this period, participants were allowed to drink liquid ad libitum after 

providing nude-body weight. Unfortunately, the amount of fluid consumed was not measured for 

the 30-minute period.    

Blood Sample Collection and Handling 

A keep-vein-open (KVO) system was used to enable blood to be taken from forearm vein 

throughout the visit. An IV extension set with injection port was used. This permits the 

administration of saline, at a drip rate of 20-30 mL/hr, to maintain line patency without the use of 

heparin. Tubing included a dual valve system that permitted collection of mixed venous blood 

via a luer-lock syringe.  
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Blood collection was started at 1845 h and continued for the remainder of the visit. Blood 

samples were collected in 7mL ethylenediaminetetraacetic acid (EDTA) plasma tubes every 

15minutes until 2030 h and the last draw for this study was at 2100 h. The time flow is depicted 

in Figure 6 below. 

Figure 6. Time flow of the experiment. Sample number indicates the time of the blood 

collection (20:45 was not included based on the original study design). 

Sample 1 and 2 are resting samples (blue). Sample 1 is outside of the environmental chamber 

and 2 is inside the chamber. Samples 3-6 are exercise or control (green or navy blue), 7-8 are 

post-exercise (purple) still in the chamber, and 9 (orange) is the last recovery sample taken 

outside the chamber after subjects were allowed to drink. 

 

Blood was immediately processed for the two oxidative markers, glutathione and LDLox. 

For glutathione, 0.5 mL of whole blood was pipetted into a tube containing 10% 5-sulfosalicylic 

acid containing bathophenantrolinedisulfonic acid (BPDS) of equal volume. The tube was 

immediately mixed at 2000 RPM for 10 seconds using a vortex (Fisher Touch Mixer Model 232) 

to ensure destruction of the red blood cells and degradation of all enzymes. The tubes were then 

centrifuged at 3,000 RPM at 4ºC for 15 min in an Allegra centrifuge.  After this the supernatant 

from the tubes were pipetted into labeled 1.5-ml microcentrifuge tubes, centrifuged at 11,000 

RPM for 10 min in an Eppendorf microcentrifuge to pellet the cellular debris, and then placed 

into a -80ºC freezer until analyzed. For LDLox, whole blood mixed with EDTA was immediately 
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centrifuged at 3,000RPM at 4ºC for 15minutes in the Allegra centrifuge. At least 1mL of plasma 

was pipetted into 2-ml microcentrifuge tubes and stored at -80ºC freezer until analyzed.  

Biochemical Analysis 

High-Pressure Liquid Chromatography (HPLC) was used to analyze the GSH 

concentration and GSSG peaks to enable total glutathione (TGSH) and the ratio of GSSG to 

TGSH to be determined. The ratio of oxidized glutathione to the total glutathione present in the 

sample was determined by comparing the peaks to a standard curve using GSH and GSSG 

standard (Sigma). Concentrations of 0.5μM, 0.25μM, 0.125μM, and 0.0625μM for both GSH 

and GSSG were used to generate a standard curve.  

Thawed treated samples were passed through microfilters (polyvinyl 0.22uicrons) into 

new 2mm tubes and placed into an autosampler. The autosampler (Prominence Shimazdu LC-

20) was set to auto-inject 20 µl of each sample through the HPLC. All results were processed by 

the LC solutions software comparing the peaks of the samples to known standards of GSH and 

GSSG (Sigma Aldrich) in μM. All samples were analyzed using a mobile phase of 0.1M 

phosphate buffer (pH2.5) at a flow rate of 0.4 ml/min at a temperature of 24-25 °C.  If the 

samples had a CV greater than 25%, the samples were redetermined.  Results of the 

concentration were corrected for the dilution of the blood. The amount of glutathione in the 

GSSG form was compared to the TGSH.  All samples were determined at least in duplicate.    

LDLox concentrations were analyzed using an enzyme immunoassay assay, K7810 

(PromoCell, Germany) as instructed by the assay kit instructions. To ensure proper dilution of 

the exercise samples, a standard curve was determined and then resting and immediately post 

exercise samples in 2 subjects were tested. Plasma samples were thawed and diluted 1:10 using a 

diluent from the assay kit as indicated by the manufacturer. This dilution was determined to 
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allow all unknown samples to fall within the standard curve range. All procedures in the kit were 

followed precisely as outlined by manufacturer.  Each sample was determined at least in 

duplicate. If the CV of variation was beyond 25% between the duplicates, the sample was 

reanalyzed.   

Corrected Biomarkers for Hydration Status 

Hemoglobin (Hb) and hematocrit (Hct) were determined at all time points for the samples 

except the last sample at 2100 h. Also, Hb and Hct were not collected for the first visit of subject 

2. For both biomarkers (LDLox) and whole blood biomarker (glutathione), equations from Dill 

and Costill (1974) modified by Matomäki et al., 2018 were used to correct for change in plasma 

volume. The raw values (before corrected for the hydration status) are in Appendix A.  

 (Eq. 18)  

   (Eq. 19) 

(Eq.  20) 

 

Statistical Analysis 

A statistical software, R (R Core Team, 2014) and HPLC program on the Shimadzu 

Prominence system (20A) was used to analyze the data. A repeated measure analysis of variance 
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(RMANOVA) was used for statistical analysis of the blood markers. Thus, the comparison of the 

two conditions (Control (rest) vs Exercise) and time over the 8 samples was conducted (2 

(control vs exercise) x 4 (time points) RMANOVAs). The resting samples of both conditions 

were analyzed inside and outside the chamber and were not significantly different for the two 

outcomes.  Therefore, we collapsed these values and analyzed the results using a 2 x 4 

RMANOVA for the first hour to determine the change by condition over time. For the recovery 

period, the 60-minute time point was used as a baseline and values were analyzed using a 2 x 4 

RMANOVA for the recovery analysis. To confirm the accuracy of two-way RMANOVA, area 

under curve (AUC) and AUC-integrated (AUCi) were calculated for some factors (HR response, 

power output, and LDLox change). AUC was calculated from the 0 line and AUCi was 

calculated from the baseline of each participant. AUC of HR response and power output were 

calculated to see if there was any correlation between these variables. AUC of HR was compared 

to both AUC of LDLox change and AUCi of LDLox change to confirm that there was no 

significant exercise effect.  

Unless indicated, all inferential statistical analysis was set as α = 0.05. Simple T-tests 

were used to compare subject data between the two visits. Post-hoc tests were included for all the 

covariates as needed.  If the main effect for time was significant, the RMANOVA indicated 

which time points were significantly different from one another.  
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CHAPTER IV: RESULTS  

Subject Characteristics 

A total of 15 healthy male subjects volunteered to participate after a preliminary 

screening, COVID-19 screening, and explanation of all procedures. One subject had been taking 

Flonase (an inhaled glucocorticoid) since adolescence every night for nasal congestion. The 

subject agreed to stop taking it two weeks prior to each trial. The statistics with or without him 

did not different from each other, so the participant’s data were included.  

The characteristics of the subjects are presented in Table 4. When comparing the two 

visits no significant differences in any characteristics were noted (CON vs Ex). The subject’s 

screening results are presented in Table 9. There were no significant differences in any of the 

subject characteristics between screening visits. Table 9 presents the data for the hydration status 

for the two visits.  

Table 5. Characteristic of Subject at Screening.  

 Control Exercise Overall 

Age (yrs) 24 ± 1 24 ± 1 24 ± 1 

Height (cm) 175.9 ± 1.5 176.0± 1.5 175.9 ± 1.0 

Weight (kg) 75.3 ± 3.2 75.1 ± 3.0 75.2 ± 2.1 

Resting HR (BPM) 66 ± 2 68 ± 2 67 ± 1 

Resting SBP (mmHg) 111 ± 2 116 ± 3 114 ± 2 

Resting DBP (mmHg) 75 ± 2 77 ± 2 76 ± 1 

VO2max (mL O2.kg-1min-1) 50.2 ± 2.6 49.7 ± 2.5 50.0 ± 1.8 

Peak Power (Watts) 305 ± 14 311 ± 14 308 ± 10 

Max HR (bpm) 188 ± 3 188 ± 3 188 ± 2 

Skinfold Bodyfat (%) 13.0 ± 1.2 13.5 ± 1.6 13.36 ± 1.0 

Bod Pod Bodyfat (%) 13.8 ± 1.0 14.1 ± 1.7 14.0 ± 1.0 
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Table 6. Physiological Data across Trials 

 Control Exercise Overall 

USG 1.010 ± 0.007 1.010 ± 0.006 1.010 ± 0.007 

Color 3 ± 0 3 ± 0 3 ± 0 

Osmolality (mOsm/kg) 415 ± 96 415 ± 84 415 ± 62 

Average HR (bpm) 73 ± 3 165± 3 a  

Peak HR (bpm) 104 ± 4 186 ± 4b  

Target Power (W) 0 217.35 ± 9.97  

Peak Power (W) 0 232.5 ± 9.14  

Average Power (W) 0 150.86 ± 9.25  

Pre-Weigh (Kg) 75.4 ± 3.1 75.2 ± 2.9  

Post-Weigh (Kg) 75.4 ± 3.1 74.3 ± 2.9c  

USG = Urine specific gravity 

a Average HR for exercise condition was significantly higher (p < 0.001) compared to control 
b  Peak HR for exercise condition was significantly higher (p <0.001) compared to control 
c Exercise condition post weight was significantly lower (p < 0.001) compared to pre-weight 

 

Table 6 shows the pre and post values of the physiological factors measured. Average HR 

during the first 60minutes (exercise or rest) between CON and Ex were significantly different, p-

value less than .001 (Control = 73 ± 3 bpm and Exercise = 165 ± 3 bpm). During exercise, there 

was a significant difference in peak heart rate between trials, CON trial = 104 ± 4 bpm, 

compared to 186 ± 4 bpm for the Exercise trial (p <0.001). There was a significantly lower 

weight in the exercise condition (p =.01) post-exercise compared to pre-exercise. Pre-weight and 

post-weight in CON session was not significantly different (p > .05). Figure 7 presents the HR 

responses over time to the exercise. HR increased rapidly with exercise but stabilized ~ 8 

minutes into the exercise. The HR response leveled off even though the workloads had to be 
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adjusted downward during the exercise several times (as a group).  It also shows the power 

output for the subjects during the exercise. At 7.5 minutes the average power peaked at 232.5 ± 

9.14 W. This was higher than the predicted target power. At that time, it was clear the subjects 

could not maintain the target workload (70% peak power). The wattage was adjusted downward 

to enable the subjects to maintain the proper 70-80 RPM range. This occurred several times 

during the cycling session to enable subjects to continue cycling at the proper rpms. As a result, 

average power of the subjects for the exercise was 47.65% and was inconsistent overtime as well 

as lower than the targeted percentage of power, which was 70%. The average power was 

147.95W which was equivalent to only 56.54% VO2max. 

Figure 7. Average Power and Heart Rate during Exercise Trial. 
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Markers of Oxidative Stress in Blood with Aerobic Exercise 

Oxidized LDL (LDLox) 

The mean value of LDLox in plasma at the two baseline time points (-15 and 0 min) 

within subjects in conditions were not significantly different. Also, there was no significant 

difference between conditions. Therefore, values were collapsed and presented as one baseline 

value based on the mean of these times for all the subjects (Table 7).  

Table 7. Paired T-test result for LDLox. For the two resting samples. 

Paired T-test p-value 

-15 and 0 for Ex 0.807 

-15 and 0 for CON 1.00 

Between sessions 0.651 

 

Figure 8 presents the change in LDLox over time in the two conditions. The control visit 

showed a stable level of LDLox during the first 60 minutes and then during the recovery there 

was a tendency to increase at 120 minutes time point. Based on the RMANOVA there was no 

significant difference during the first 60 minutes although it approached being significant for 

both time (p = 0.061) and condition (p = 0.054) with no integration between time and condition 

(p = 0.074) (see Table 8).  

Table 8. Two-way RMANOVA for LDLox over 0-60min    

∆ not significant but approached significance. 

 Table 9 shows two-way RMANOVA results during the recovery period. None of the 

effects showed significance.   

 F p-value 

Condition 4.892 0.054∆ 

Time 3.089 0.061∆ 

Condition x Time 2.913 0.074 
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Table 9. Two-way RMANOVA for LDLox during recovery (60-120min) 

 F p-value  

Condition 2.418 0.154 

Time 0.666 0.58 

Condition x Time 0.771 0.52 

No significance by condition, time, or interaction. 

 

Figure 8. LDLox Change by Time  

 

Additional Statistics for LDLox change 

Individual plots of power and HR are shown in appendix B and their AUC calculations 

are in appendix C. In appendix C, here was a big difference in the power AUC as each workload 

was geared to the individual subject.  In addition, each subject had their workload adjusted 
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differently based on their rpm and not their workload. In contrast, the HR AUC appears to be 

similar across subjects with a range of a low of 546079 to a high of 652315.   

In appendix D, individual LDLox figures were shown. These figures show that most 

subjects had no difference in LDLox in the control vs exercise session.  Only a few (2, 6, 10, and 

13) had exercise higher than the rest condition for the first 60 minutes.  In contrast, there was no 

difference in the recovery time with LDLox. Only subject 10 showed a return to lower LDLox 

levels from exercise during the recovery. Appendix E shows individual LDLox AUC and AUCi 

as reference data.  

Appendix E shows linear regression of HR AUC and power AUC for the exercise 

condition and there was no significant correlation (R2 = 0.23). Appendix F shows linear 

regression of HR AUC and LDLox AUC and did not show a strong correlation (R2 = 0.56). 

Appendix G shows linear regression of HR AUC and LDLox AUCi and shows a quadratic 

relationship (R2 = 0.71) and that as the HR AUC increases beyond a certain level it will result in 

an exponential increase in LDLox AUCi.  

Glutathione (GSH)  

The mean value of GSH in whole blood at the two baseline time points (-15 and 0 min) 

within subjects within group and between groups were not significantly different (refer to Table 

10 for p-values). Therefore, values were collapsed and presented as one baseline value based on 

the mean of these times for all the subjects. 

Table 10. Paired T-test result for GSH.  

Paired T-test p-value 

-15 and 0 for Ex 0.202 

-15 and 0 for CON 0.159 

Between sessions 0.274 
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Figure 9 presents the GSH concentration in mMol for both conditions across time. A two-

way RMANOVA for the first 60min (exercise time) showed no significance in exercise effect (p 

= 0.080), time effect (p = 0.236), or interaction effect (exercise x time) (p = 0.118) (Table 11). A 

two-way RMANOVA for the recovery time (60-120min) showed a significant main effect for 

time only (p <0.001). There was no interaction effect (p = 0.504) or condition effect (p = 0.971) 

(Table 12). The 90-minute time point was significantly higher (p = .015), while the 120-minute 

time point was significantly lower (p = 0.012) than the 60-minute time point.  From 75-minute 

time point the 90-minute time was significantly higher (p < 0.001). From 90min time point, the 

120-minute time showed a significantly lower level (p <0.001) (Table 13). 

Table 11. Two-way RMANOVA for GSH over 0-60min 

No significance by condition, time, or interaction. 

Table 12. Two-way RMANOVA for GSH during recovery (60-120min) 

 F p-value 

Condition 0.001 0.971 

Time 16.695 < 0.001† 

Condition x Time 0.802 0.504 

†Only the time showed significance. No significance by condition or interaction. 

  

 F p-value 

Condition 3.906 0.080 

Time 1.457 0.236 

Condition x Time 2.295 0.118 
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Table 13. One-way RMANOVA for GSH during recovery (Both conditions collapsed) and 

Post Hoc Test to isolate when the differences occurred using Tukey. 

† = significant different p-values.  

 

Figure 9. GSH Concentration (mMol) over time. † = significant difference over time 

compared to post-exercise (60min) independent of condition.  

  

Note. From 60min time point, 90min was significantly higher (p = .015) and 120 was 

significantly lower (p = 0.012). From 75min time point, 90min was significantly higher (p < 

0.001). From 90min time point, 120min time point was significantly lower (p <0.001). 

 Df F p-value 

Time 3 16.7 <0.001† 

60-75   0.199 

60-90   0.015† 

60-120   0.012† 

75-90   0.001† 

75-120   0.552 

90-120   <0.001† 
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Oxidized Glutathione (GSSG) 

The mean value of GSSG in whole blood at the two baseline time points (-15 and 0 min) 

within subjects within group and between groups were not significantly different (refer to Table 

14 for p-values). Therefore, values were collapsed and presented as one baseline value based on 

the mean of these times for all the subjects. 

Table 14. Paired T-test result for GSSG.  

Paired T-test p-value 

-15 and 0 for Ex 0.341 

-15 and 0 for CON 0.516 

Between sessions 0.462 

 

Figure 10 presents the GSSG concentration change in mMol for both conditions. A two-

way RMANOVA for the first 60mins (exercise time) showed significance in time (p < 0.001) 

(Table 15). Since only the time effect showed significance, Ex and CON conditions were 

collapsed and a one-way RMANOVA was performed. The 30-minute time point was 

significantly higher (p < 0.001) than the baseline independent of condition. This 30 minute time 

point was also higher than the 15minute time point (p = 0.005). In contrast, the 45 minute time 

point showed a significantly lower value than 30-minutes (p = 0.005) (Table 16). A two-way 

RMANOVA for the recovery (60-120min) showed a significant time effect (p < 0.001) (Table 

17). Again, both conditions were collapsed and a one-way RMANVOA was performed (Table 

18). The only time point showed significance was 75-minute time from the 90-minute time point 

during the recovery (p = 0.006).  
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Table 15. Two-way RMANOVA for GSSG over 0-60min 

*Only time showed significance p < 0.001. No significance for condition or interaction. 

Table 16. One-way RMANOVA for GSSG over 0-60min (Both conditions collapsed) 

* = significant different p-values 

Table 17. Two-way RMANOVA for GSSG during recovery (60-120min) 

 F p-value 

Condition 0.001 0.971 

Time 16.695 < 0.001† 

Condition x Time 0.802 0.504 

†Only the time showed significance. No significance by condition or interaction. 

  

 F p-value 

Condition 0.663 0.437 

Time 8.078 <0.001* 

Condition x Time 1.095 0.356 

 Df F p-value 

Time 4 8.078 <0.001* 

0-15   0.442 

0-30   <0.001* 

0-45   0.438 

0-60   0.069 

15 - 30       0.005* 

15 - 45   1.000 

15 – 60   0.844 

30 - 45   0.005* 

30 - 60        0.069 

45 - 60   0.847 
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Table 18. One-way RMANOVA for GSSG during recovery (Both conditions collapsed) 

† = significant different p-values 

Figure 10. GSSG Concentration (mMol) over time.  

 

 * = significant difference over time during the first 60mins. The 30 min time point was 

significantly higher from 0,15 and 45 min times (p = 0.005). † = significant difference over time 

during the recovery (60-120mins). From the 75min time point, 90min was significantly higher (p 

= 0.006).  

 

 

 Df F p-value 

Time 3 4.95 0.0072† 

60-75   0.765 

60-90   0.060 

60-120   0.586 

75-90   0.006† 

75-120   0.136 

90-120   0.525 
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Total Glutathione (TGSH) 

The mean value of TGSH in whole blood at the two baseline time points (-15 and 0 min) 

within subjects within group and between groups were not significantly different (refer to Table 

19 for p-values). Therefore, values were collapsed and presented as one baseline value based on 

the mean of these times for all the subjects. 

Table 19. Paired T-test result for TGSH.  

Paired T-test p-value 

-15 and 0 for Ex 0.153 

-15 and 0 for CON 0.117 

Between sessions 0.142 

 

Figure 11 presents the TGSH concentration in mMol for both conditions across time. The 

two-way RMANOVA over the first 60 minutes noted only a time effect was significant (p < 

0.001) (Table 20). The determination of which times were significantly different from each other 

noted that both 30 (p = 0.006) and 60-minute (p = 0.018) time points were significantly higher 

than baseline independent of condition (Table 21). The recovery time was analyzed and again 

there was a time only significance independent of condition (p < 0.001) (Table 22). The 90-

minute time point was significantly higher than the 60, 75 and 120 minute time points (p < 0.001 

for all time points) (Table 33).  

Table 20. Two-way RMANOVA for TGSH over 0-60min 

*Only the time showed significance. No significance by condition or interaction. 

  

 F p-value 

Condition 0.960 0.353 

Time 4.116 0.008* 

Condition x Time 1.437 0.242 



 

62 

 

Table 21. One-way RMANOVA for TGSH over 0-60min (Both conditions collapsed) and 

Post Hoc Test to isolate where the time differences using Tukey. 

* = significant different p-values 

 

Table 22. Two-way RMANOVA for TGSH during recovery (60-120min 

† = significant different p-values 

 

Table 23. One-way RMANOVA for GSSG during recovery (Both conditions collapsed) 

† = significant different p-values 

 

  

 Df F p-value 

Time 4 4.116 0.008* 

0-15   0.125 

0-30   0.006* 

0-45   0.211 

0-60   0.018* 

15 - 30       0.733 

15 - 45   0.999 

15 – 60   0.915 

30 - 45   0.566 

30 - 60        0.995 

45 - 60   0.796 

 F p-value 

Condition 0.102 0.756 

Time 18.717 <0.001† 

Condition x Time 0.317 0.813 

 Df F p-value 

Time 3 18.717 <0.001† 

60-75   0.126 

60-90   <0.001† 

60-120   0.231 

75-90   <0.001† 

75-120   0.986 

90-120   <0.001† 
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Figure 11. TGSH Concentration (mMol) over Time.  

 
* = significant difference over time during the first 60min.  From the baseline, 30min was 

significantly higher (p = 0.006) and 60min was significantly higher (p = 0.018). † = significant 

difference over time during the recovery (60-120min). From the 60min time point, 90 min was 

significantly higher (p < 0.001). From the 75 min time point, 90min was significantly higher (p < 

0.001). The 120min time point was significantly lower compared to the 90min time point, (p < 

0.001).   

 

GSSG/TGSH Ratio 

The mean value of GSSG/TGSH ratio in whole blood at the two baseline time points (-15 

and 0 min) within subjects within group and between groups were not significantly different 

(refer to Table 11 for p-values). Therefore, values were collapsed and presented as one baseline 

value based on the mean of these times for all the subjects. 
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Table 24. Paired T-test result for GSSG/TGSH ratio.  

Paired T-test p-value 

-15 and 0 for Ex 0.808 

-15 and 0 for CON 0.708 

Between sessions 0.521 

 

Figure 12 presents the GSSG/TGSH ratio in percentage for both conditions. A two-way 

RMANOVA for the first 60-minutes showed significant time effect (p < 0.001) (Table 25). Since 

only the time effect showed significance, Ex and CON conditions were collapsed and a one-way 

RMANOVA was performed (Table 26). The 30-min time point was significantly higher (p < 

0.005) than all other time points in this time frame. A two-way RMANOVA for the recovery 

(60-120min) showed significance in time (p = 0.02) (Table 27). A time effect was noted with no 

condition (p = 0.551) or interaction (p = 0.648) effects. To isolate the time differences the two 

conditions were collapsed and a one-way RMANOVA was performed. The 120-minute time 

point was significantly different and higher than the 60- (p = 0.04) and 75-minute time points (p 

= 0.037) (Table 28). 

Table 25. Two-way RMANOVA for GSSG/TGSH ratio over 0-60min 

*Only the time showed significance. No significance by condition or interaction. 

  

 F p-value 

Condition 1.855 0.206 

Time 10.898 <0.001* 

Condition x Time 1.986 0.117 
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Table 26. One-way RMANOVA for GSSG/TGSH ratio over 0-60min (Both conditions 

collapsed) and Post Hoc Test to isolate where the time differences using Tukey. 

 

* = significant different p-values 

Table 27. Two-way RMANOVA for GSSG/TGSH ratio during recovery. 

 F p-value 

Condition 0.383 0.551 

Time 3.884 0.02† 

Condition x Time 0.557 0.648 

†Only the time showed significance. No significance by condition or interaction. 

 
Table 28. One-way RMANOVA for GSSG during recovery (Both conditions collapsed) 

† = significant different p-values 

 

  

 Df F p-value 

Time 4 3.723 0.012* 

0-15   0.564 

0-30   0.005* 

0-45   0.131 

0-60   0.401 

15 - 30       0.006* 

15 - 45   1.000 

15 – 60   0.9753 

30 - 45   <0.001* 

30 - 60        0.003* 

45 - 60   0.9634 

 Df F p-value 

Time 3 3.884 0.02† 

60-75   1.000 

60-90   0.366 

60-120   0.04† 

75-90   0.351 

75-120   0.037† 

90-120   0.611 
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Figure 12. GSSG/TGSH ration (%) change over time. 

 
* = significant difference over time during the first 60-minutes.  The 30-minute time 

point was higher (p < 0.001) from baseline and all other time points.  † = significant difference 

over time during the recovery (60-120min). The 120 min was significantly higher than the 60- 

and 75- minute time points (p = 0.04).  
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CHAPTER V: DISCUSSION AND CONCLUSION  

The thesis was focused on two specific aims. The first aim was to determine the ROS 

accumulation over time during exercise on a cycle ergometer and the second aim was to 

determine the ROS removal after aerobic exercise. First, to our knowledge, this is the first study 

to examine ROS accumulation across time during an hour of aerobic exercise. Most studies have 

reported only pre and post exercise results on biomarkers of ROS. Secondly, this study is the first 

to examine the effect of nighttime (after 1800 h) exercise on biomarkers of oxidative stress in 

humans. 

During the exercise condition, intensity dropped several times while the heart rate stayed 

relatively stable at an elevated level. All subjects were able to reach their 70% of max power at 

the beginning of the cycling, but the resistance had to be adjusted to enable the RPM to be in the 

proper range while cycling. The resistance was lowered around 10 minutes and was adjusted 

several more times during the cycling. Therefore, the average power output was 47.7% of max 

power (target was at 70% of max power). The average heart rate for all subjects was elevated to 

178.4 bpm at around 12.5mins and stayed elevated despite the workload being reduced. The heat 

conditions clearly influenced the elevation in the heart rate during the exercise. Possibly related 

to keeping the cardiac output up as without hydrating there would be a lower stroke volume and 

the heart rate would then drift upward over time.   

Change in LDLox concentration during exercise found in the present study is similar to 

the finding by Wiecek et al. 2017 and Kostic et al. 2009. In Wiecek et al.’s study, 20 trained 

males and 20 trained females performed a maximal graded test on a treadmill. Immediately post 

exercise LDLox level increased from 116.4±26.2ng•mL-1 to 126.8±28.2 ng•mL-1 (about 9% 

increase). Kostic reported that LDLox increased about 13% in both a control group and a 
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diabetic group. The diabetic groups started at slightly higher levels for LDLox (from 84.7 and 

increased to 92.3) but both groups had increased LDLox immediately after graded cycle test to 

exhaustion. These two studies suggest that an acute stressful intense exercise can modestly 

increase LDLox within the blood. In the present study, 6 of the subjects showed a modest 

increase in LDLox over the time during the cycling based on their profile.  However, 3 of the 

subjects in the present study responded to the heat control condition with a rise in LDLox over 

time.  The confound in the control condition of heat probably contributed to the lack of a 

significant increase in LDLox over time. However, as some studies reported that at least 2% of 

body mass was needed to induce OS (Piak et al., 2009; Hillman et al., 2011; Laitano et al., 

2012), our exercise protocol was not severe enough to induce dehydration status (1.2% loss of 

body mass after exercise).  

Studies that have examined other lipid peroxidation markers show mixed results in 

response to exercise. Some studies utilizing low-to-moderate intensity exercise (50% -70% 

VO2max) regardless the duration (15-45mins) showed no significant change in plasma MDA 

(Chen et al., 1994; Akova et al., 2001; Quindry et al., 2003). However, Moflehi et al. (2012) 

reported that intensity difference may not affect the serum MDA level but significantly higher 

than non-exercise group. No studies compared differences between MDA and LDLox, so we 

cannot directly relate the present study’s results to others. It is suggested in the future to study 

how different exercise intensity and duration affect different markers of lipid peroxidation.    

Unfortunately, we could not find a study in the literature that reported temperature and/or 

dehydration related LDLox concentration changes in humans, but some studies reported effects 

of heat stress and/or dehydration stress on OS. Mujahid et al. (2007) reported chickens exposed 

to heat (34℃ with 55±5% humidity) for 18 hrs showed a ~ 2-fold increase in plasma MDA 
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compared to the control chickens in 25℃. Although our environmental temperature exposure 

duration was much shorter (1hr instead of 18hrs), this animal study suggests that heat may 

influence oxidative stress. In addition, Mujahid also suggested that heat exposure damages 

mitochondrial proteins that would also increase ROS production. As Paik et al. (2009) 

documented that heat-induced dehydration followed by an exhaustive exercise increases plasma 

MDA, our exercise protocol with the environmental setting could induce OS.   

Data on LDLox change during the recovery period from exercise is limited. We did not 

find any studies that measured LDLox change during exercise recovery to compare to our 

findings. However, a few studies examined other lipid peroxidation markers, MDA and TBARS 

during recovery from exercise. Studies have reported lipid peroxidation markers staying elevated 

up to 48 hours after a bout of exercise longer than 45mins (Michailidis et al., 2007; Fatouros et 

al., 2010). However, a study used shorter exercise protocol (6min) reported a lipid peroxidation 

marker came back to the baseline level after an hour (Vezzoli et al., 2014). This suggests that 

lipid peroxidation markers take longer time to recover as the exercise duration gets longer. In 

addition, Paik et al. reported that 1 hr of recovery decreased plasma MDA with or without fluid 

replacement. Their results do not agree with our finding that LDLox level did not decrease 

during 1hr of recovery. This could be related to the fact that in the present study the first 30 min 

of the recovery was done in the environmental chamber with fluid restriction. This might have 

interfered with recovery.  In addition, 30mins of recovery outside of the chamber with fluid 

intake was not enough to show a decrease in LDLox.  

The findings in the literature on GSH, GSSG and the GSSG/TGSH depend on the stress 

and the methods utilized to determine the markers. Our findings on glutathione are complicated 

because the environmental setting (30℃ and 40% humidity) likely affected the glutathione level. 



 

70 

 

A study by Segal et al. (1993) noted that heat stress induced NADPH activity in the blood which 

influenced the ability to resynthesize the GSSG back to GSH probably affecting glutathione 

reductase activity. We did not measure GR and it is suggested that this enzyme be determined in 

the future. Additionally, Mitchell (1983) and Mitchell and Russo (1983) noted that GSH level 

was reduced during exercise and its decline was related to OS production. In the present study 

GSH in the blood did not significantly change in either condition. The rested condition in the 

heat showed a drop in GSH at 30 minutes and then rebounded to baseline GSH. In addition, the 

GSH transiently spiked upward 30 minutes in recovery (independent of condition) and then 

significantly decreased at the end of recovery. Even though this suggests that the heat stress 

might influenced GSH levels during recovery, water bath at 39℃ did not change GSH level 

(Ohtsuka et al., 1994). Therefore, even though the method was different (water bath vs ambient 

temperature), this suggests that the environment setting of our study (30℃ with 40% relative 

humidity) might not hot enough to induce OS in control condition.  

The GSSG level increased at 30-minute exposure (independent of condition) suggesting 

again that the hot condition contributed to an increase in oxidative stress.  Goldfarb et al. (2014) 

reported a transient increase in GSSG in whole blood to both men and women after a 30-minute 

aerobic exercise (cycling) with a 32.6% lower GSH (Bloomer et al. 2004).  Michailidis et al. 

(2007) reported a decrease in GSH and an increase in GSSG at 30 minutes following an exercise 

of 45 minutes at 70-75% VO2 max followed by exhaustive exercise in the recovery period.  

Therefore, the increase in GSSG and the decrease in GSH transiently at 30 minutes in the present 

study is consistent with the literature. However, the fact that these values tended to revert back 

toward baseline is likely related to the reduced intensity of exercise over time. In addition, the 

GSSG/TGSH ratio during the exercise demonstrated a significant increase at 30 minutes 
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independent of condition. Lastly, Laitano et al. (2010) reported increased GSH with exercise and 

increased GSSG level with heat stress in both rest and exercise conditions. Although they did not 

report GSSG/TGSH ratio, unchanged GSH level and increased GSSG at rest with heat stress 

indicate increased GSSG/TGSH ratio. The differences were that their heat stress was greater than 

ours (48℃ body suit for 75 mins vs 30℃ ambient temperature for 1 hr) and Laitano et al. 

provided water throughout the trial. Even though this suggest that heat stress alone induces OS, 

because of the differences, we could not make a cleat statement that our environmental setting 

induced OS at rest.     

The recovery from OS has been reported by several groups.  Michailidis (2007) reported 

a time course of recovery from exercise and noted that not all OS markers return to normal with 

a similar time course. They examined GSG and noted that its decrease was greatest 2hours after 

exercise and then slowly returned to normal at 6 hours after the exercise.  They also showed that 

GSSG peaked at that same 2 hours post exercise and slowly returned to normal by 7 hours 

recovery.   They then looked at the GSH/GSSG ratio and noted that compared to rest condition 

the 2-hour post exercise was still the lowest level for this ratio. Sahlin et al. (1991) reported an 

increase in TGSH following an exercise bout at 60% VO2 max of 80 minutes duration. These 

results suggest that the changes in the form of the glutathione during and after the exercise 

(recovery) are still not fully recovered for at least 6 hours post exercise and clearly not well 

defined based on different exercise durations, intensities, and environmental conditions. The 

results from the present study support this line of thinking. The GSSG/TGSH ratio was rising 

during recovery and was significantly higher independent of condition. This supports the concept 

that both the exercise and the heat exposure contributed to the increase in OS as indicated by the 

GSSG/TGSH ratio in the blood.   
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Overall, even though heat stress in known to increase superoxide, hydrogen peroxide, 

SOD activity, and release of iron (Belhadi et al., 2014; Mujahid et al., 2006 & 2007; El-Orabi et 

al., 2011; Powers et al., 1992), heat might or might not affect glutathione in the control condition 

in our study. Since we did not directly measure any of the factors mentioned above, we cannot 

make a clear conclusion on why glutathione levels fluctuated in our study. In addition, studies 

reported exercise-induced heat stress reported that hotter the environment, greater the OS 

(Mestre-Alfaro et al., 2012; Quindry et al. 2013; Sureda et al. 2015). However, theses studies not 

only used rectal temperature as an indicator, but also did studies in hyperthermic or non-hyper   

 Roncal-Jimenez et al. (2016) suggested that exercise, heat or dehydration could increase 

uric acid concentration and uric acid could play a role as an antioxidant by providing H+ to 

RONS which results in lowering of OS (Sautin & Johnson, 2008).  

Limitations of the study 

In the present study, not all the factors were fully controlled and there were certain 

limitations. First, estimation of max power output was used instead of % VO2 max. In the future, 

% VO2 max should be used as OS appears to be more related to this variable within the 

literature.  Second, because the exercise and rest trials were done in the environmental chamber 

where temperature and humidity were set at 30℃ and 40%, this likely influenced the results. 

Since markers of OS were elevated in the rest condition, we believe the heat stress influenced 

our ability to have a significant difference with the exercise condition, but the effects of heat 

stress should be tested in future studies. Also, we did not measure internal temperature during the 

trials, so we could not track core temperature change which is a key factor in OS. In addition, 

even though we showed corrected for hydration status, this was done in the first 90mins where 

fluid intake was prohibited. Water intake for the last 30mins was not measured.  
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Third, the recovery period was in two parts: 30minutes in the chamber without fluid 

intake and 30minutes outside of the chamber with uncontrolled fluid intake. Removal from the 

heat and humidity condition and fluid intake likely affected the physiological changes and the 

results. The present study did not control diet nor vitamin supplementation for each visit. Some 

vitamins work as antioxidant, which could attenuate OS; therefore, if subject took vitamin 

supplementation, that could alter our results. Different nutrients may have affected OS even at 

resting status. Lastly, a larger sample size was needed which limited this study to obtain 

significance on some of the outcome measures and 5 subjects from the pool were lost which 

reduced the power of the study.  

Summary 

The time course changes in the two OS markers in the blood showed a buildup of OS by 

30 minutes in this cohort of subjects in response to acute aerobic exercise. The level of LDLox 

showed upward trend, but not significantly different from the control condition and stayed 

elevated. GSGG/TGSH ratio significantly increased for both conditions and returned to lower 

values for during the remainder of the exercise. This suggests different handling of these markers 

within the body and that the glutathione marker was more sensitive to the changes in exercise 

intensity.  The recovery of the OS markers to normal did not occur for both conditions. This 

suggests that it takes many hours to fully recover from the stress and supports the literature 

dealing with OS recovery from exercise. It is suggested that a neutral environment be used as a 

true resting condition to elucidate the true exercise effect and time course. In the present study, 

both stressors contributed to blood OS marker changes over time.   
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Recommendations 

Since this study was the first study looking at OS marker timeline during exercise and 

multiple time points during the 1-hour recovery, more evidence is needed to validate the changes 

observed in the blood OS markers. A complete design with a true resting non stressed condition 

is needed to determine the exercise mediated changes. Second, the present study should be 

repeated with a larger sample size, so the study has more power. Thirdly, % VO2max should be 

used and kept appropriately constant for the exercise trial. This will enable comparison with 

other studies that use % VO2 max as an indicator of intensity. Finally, dietary controls should be 

used to prevent confounds within the diet which probably influenced the variability of the OS 

markers.  
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APPENDIX A: RAW VALUES OF THE MARKERS 

 

OXIDIZED LDL CONCENTRATION BEFORE CORRECTED FOR HYDRATION 

Subject Condition LDLox1 LDLox2 LDLox3 LDLox4 LDLox5 LDLox6 LDLox7 LDLox8 LDLox9 LDLox0* 

CAR002 Exercise 69.284 82.783 116.044 120.503 129.490 68.031 87.561 78.760 92.475 76.034 

CAR002 Control 46.160 46.680 40.742 37.407 66.505 51.545 52.976 30.067 57.160 46.420 

CAR005 Exercise 173.453 181.549 154.117 181.408 161.098 156.859 150.523 178.994 184.460 177.501 

CAR005 Control 170.811 189.776 168.366 190.914 151.750 157.822 153.278 162.611 159.327 180.294 

CAR006 Exercise 97.090 101.447 181.026 225.904 176.318 170.474 85.831 102.228 177.680 99.268 

CAR006 Control 101.065 103.151 144.448 124.046 73.348 84.107 101.455 127.197 174.357 102.108 

CAR007 Exercise 223.270 242.970 263.930 314.840 392.304 387.738 475.745 406.531 471.965 233.120 

CAR007 Control 227.720 157.622 294.254 242.627 299.148 364.887 261.050 283.829 582.879 192.671 

CAR008 Exercise 66.270 59.898 67.583 62.667 38.732 61.317 50.324 50.081 63.880 63.084 

CAR008 Control 54.535 54.535 65.163 61.495 56.276 42.767 52.137 49.782 66.620 54.535 

CAR009 Exercise 372.310 324.235 420.443 477.464 474.834 429.024 408.313 453.054 371.330 348.272 

CAR009 Control 318.465 315.231 194.520 366.721 262.146 403.812 190.839 290.358 476.525 316.848 

CAR010 Exercise 331.130 310.718 385.701 541.758 580.295 788.636 479.349 367.533 280.210 320.924 

CAR010 Control 333.680 392.541 306.769 314.786 350.262 324.386 364.447 332.279 293.380 363.111 

CAR011 Exercise 112.410 108.554 115.588 134.054 139.586 141.514 147.572 135.211 123.110 110.482 

CAR011 Control 382.080 376.318 351.095 311.499 312.410 421.338 363.798 383.686 406.630 379.199 

CAR013 Exercise 562.590 580.560 1072.267 1156.079 1090.445 909.300 1523.059 1104.336 1476.100 571.575 

CAR013 Control 66.000 64.398 53.405 74.706 91.946 77.021 74.627 69.756 58.110 65.199 

CAR015 Exercise 74.670 73.555 117.483 120.487 94.098 134.722 133.355 117.110 78.960 74.112 

CAR015 Control 92.140 92.404 93.014 70.152 87.012 74.419 76.140 75.486 81.220 92.272 
All LDLox level is in pg/ml; 1-9 indicate time course (-15, 0, 30, 45, 60, 75, 90, 105, and 120 min) 

* Served as baseline as LDLox1 and LDLox2 did not show significant difference (p > 0.5).  
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REDUCED GLUTATHIONE CONCENTRATION BEFORE CORRECTED FOR HYDRATION 

Subject Condition GSH1 GSH2 GSH3 GSH4 GSH5 GSH6 GSH7 GSH8 GSH9 GSH0* 

CAR002 Exercise 0.528 0.494 0.555 0.598 0.639 0.633 0.605 0.679 0.587 0.511 

CAR002 Control 0.540 0.590 0.430 0.307 0.554 0.551 0.440 0.581 0.376 0.565 

CAR005 Exercise 0.423 0.421 0.463 0.540 0.423 0.585 0.299 0.502 0.404 0.422 

CAR005 Control 0.412 0.374 0.402 0.303 0.390 0.429 0.428 0.405 0.375 0.393 

CAR006 Exercise 0.609 0.544 0.490 0.551 0.575 0.536 0.555 0.595 0.325 0.576 

CAR006 Control 0.534 0.627 0.397 0.447 0.412 0.532 0.525 0.647 0.481 0.581 

CAR007 Exercise 0.359 0.316 0.434 0.468 0.417 0.429 0.359 0.363 0.248 0.337 

CAR007 Control 0.223 0.625 0.304 0.303 0.367 0.359 0.304 0.280 0.258 0.424 

CAR008 Exercise 0.540 0.559 0.804 0.734 0.646 0.638 0.624 0.666 0.472 0.550 

CAR008 Control 0.571 0.599 0.552 0.583 0.651 0.781 0.700 0.852 0.594 0.585 

CAR009 Exercise 0.502 0.905 0.689 0.553 0.729 0.626 0.540 0.631 0.613 0.704 

CAR009 Control 0.522 0.725 0.805 0.619 0.674 0.577 0.488 0.880 0.719 0.624 

CAR010 Exercise 0.526 0.722 0.546 0.601 0.651 0.679 0.522 0.787 0.596 0.624 

CAR010 Control 0.640 0.586 0.617 0.632 0.690 0.628 0.645 0.873 0.620 0.613 

CAR011 Exercise 0.593 0.705 0.678 0.741 0.668 0.742 0.676 0.874 0.607 0.649 

CAR011 Control 0.561 0.745 0.695 0.377 0.477 0.475 0.584 0.658 0.524 0.653 

CAR013 Exercise 0.488 0.476 0.764 0.550 0.505 0.497 0.484 0.591 0.465 0.482 

CAR013 Control 0.597 0.407 0.639 0.636 0.696 0.660 0.686 0.930 0.445 0.502 

CAR015 Exercise 0.460 0.508 0.596 0.589 0.617 0.589 0.473 0.780 0.642 0.484 

CAR015 Control 0.577 0.692 0.645 0.557 0.581 0.594 0.585 0.597 0.505 0.634 
All GSH level is in mM; 1-9 indicate time course (-15, 0, 30, 45, 60, 75, 90, 105, and 120 min) 

*Served as baseline; GSH1 and GSH2 did not show significant difference (p > .05). 
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OXIDIZED GLUTATHIONE CONCENTRATION BEFORE CORRECTED FOR HYDRATION 

Subject Condition GSSG1 GSSG2 GSSG3 GSSG4 GSSG5 GSSG6 GSSG7 GSSG8 GSSG9 GSSG0* 

CAR002 Exercise 0.024 0.018 0.025 0.047 0.033 0.042 0.068 0.083 0.082 0.021 

CAR002 Control 0.052 0.051 0.077 0.175 0.055 0.064 0.051 0.153 0.053 0.051 

CAR005 Exercise 0.030 0.027 0.026 0.081 0.043 0.066 0.030 0.080 0.047 0.028 

CAR005 Control 0.064 0.056 0.048 0.088 0.039 0.044 0.059 0.047 0.049 0.060 

CAR006 Exercise 0.064 0.088 0.093 0.138 0.057 0.037 0.095 0.024 0.120 0.076 

CAR006 Control 0.039 0.034 0.054 0.075 0.047 0.044 0.043 0.115 0.108 0.037 

CAR007 Exercise 0.045 0.051 0.093 0.077 0.094 0.097 0.073 0.083 0.091 0.048 

CAR007 Control 0.028 0.029 0.040 0.095 0.041 0.058 0.026 0.135 0.131 0.028 

CAR008 Exercise 0.020 0.044 0.079 0.080 0.100 0.076 0.046 0.123 0.095 0.032 

CAR008 Control 0.032 0.023 0.100 0.191 0.006 0.027 0.038 0.050 0.072 0.028 

CAR009 Exercise 0.026 0.036 0.058 0.139 0.062 0.043 0.063 0.194 0.130 0.031 

CAR009 Control 0.065 0.065 0.057 0.168 0.063 0.280 0.073 0.158 0.105 0.065 

CAR010 Exercise 0.064 0.059 0.081 0.067 0.070 0.078 0.079 0.103 0.067 0.061 

CAR010 Control 0.044 0.043 0.041 0.084 0.094 0.053 0.089 0.106 0.101 0.044 

CAR011 Exercise 0.045 0.031 0.058 0.060 0.040 0.058 0.063 0.115 0.097 0.038 

CAR011 Control 0.043 0.041 0.072 0.076 0.048 0.060 0.077 0.082 0.073 0.042 

CAR013 Exercise 0.026 0.022 0.049 0.079 0.100 0.074 0.070 0.034 0.031 0.024 

CAR013 Control 0.055 0.090 0.061 0.093 0.076 0.096 0.041 0.109 0.054 0.073 

CAR015 Exercise 0.030 0.038 0.027 0.048 0.059 0.034 0.032 0.043 0.070 0.034 

CAR015 Control 0.025 0.045 0.042 0.040 0.056 0.047 0.073 0.056 0.052 0.035 
All GSSG level is in mM; 1-9 indicate time course (-15, 0, 30, 45, 60, 75, 90, 105, and 120 min) 

* Served as baseline; GSSG1 and GSSG2 did not show significant difference (p > 0.05). 
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TOTAL GLUTATHIONE CONCENTRATION BEFORE CORRECTED FOR HYDRATION 

Subject Condition TGSH1 TGSH2 TGSH3 TGSH4 TGSH5 TGSH6 TGSH7 TGSH8 TGSH9 TGSH0* 
CAR002 Exercise 0.575 0.529 0.605 0.692 0.706 0.716 0.741 0.845 0.750 0.552 
CAR002 Control 0.643 0.691 0.583 0.658 0.664 0.679 0.542 0.888 0.483 0.667 
CAR005 Exercise 0.483 0.474 0.515 0.702 0.508 0.717 0.359 0.662 0.497 0.479 
CAR005 Control 0.540 0.486 0.498 0.478 0.468 0.516 0.546 0.500 0.472 0.513 
CAR006 Exercise 0.736 0.721 0.675 0.827 0.688 0.610 0.745 0.642 0.565 0.728 

CAR006 Control 0.612 0.696 0.505 0.597 0.507 0.620 0.611 0.876 0.696 0.654 
CAR007 Exercise 0.449 0.418 0.621 0.622 0.605 0.622 0.505 0.529 0.431 0.434 
CAR007 Control 0.278 0.683 0.384 0.492 0.449 0.476 0.356 0.550 0.519 0.481 
CAR008 Exercise 0.580 0.648 0.962 0.893 0.847 0.790 0.716 0.912 0.662 0.614 
CAR008 Control 0.636 0.645 0.752 0.965 0.663 0.836 0.777 0.952 0.739 0.641 
CAR009 Exercise 0.553 0.977 0.805 0.832 0.854 0.712 0.666 1.018 0.873 0.765 
CAR009 Control 0.653 0.855 0.919 0.955 0.801 1.137 0.635 1.196 0.929 0.754 
CAR010 Exercise 0.654 0.839 0.708 0.735 0.791 0.835 0.680 0.993 0.730 0.746 
CAR010 Control 0.728 0.672 0.698 0.800 0.878 0.735 0.822 1.085 0.821 0.700 

CAR011 Exercise 0.684 0.768 0.794 0.862 0.748 0.858 0.803 1.104 0.800 0.726 
CAR011 Control 0.647 0.828 0.839 0.530 0.572 0.595 0.738 0.823 0.669 0.738 
CAR013 Exercise 0.539 0.521 0.863 0.708 0.705 0.646 0.623 0.660 0.527 0.530 
CAR013 Control 0.707 0.588 0.762 0.822 0.848 0.852 0.768 1.149 0.554 0.648 
CAR015 Exercise 0.520 0.583 0.651 0.685 0.735 0.658 0.538 0.866 0.781 0.552 
CAR015 Control 0.628 0.781 0.730 0.638 0.693 0.687 0.730 0.709 0.610 0.705 

All TGSH level is in mM; 1-9 indicate time course (-15, 0, 30, 45, 60, 75, 90, 105, and 120 min); 

TGSH is sum of GSH and 2 x GSSG 

* Served as baseline; TGSH1 and TGSH2 did not show significant difference (p > 0.05). 
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GSSG/TGSH Ratio Before Corrected For Hydration 

Subject Condition Ratio1 Ratio2 Ratio3 Ratio4 Ratio5 Ratio6 Ratio7 Ratio8 Ratio9 Ratio0* 
CAR002 Exercise 0.041 0.033 0.042 0.068 0.047 0.058 0.092 0.098 0.109 0.037 
CAR002 Control 0.080 0.073 0.132 0.267 0.083 0.095 0.094 0.172 0.110 0.077 
CAR005 Exercise 0.062 0.056 0.050 0.116 0.084 0.092 0.084 0.120 0.094 0.059 
CAR005 Control 0.118 0.115 0.096 0.183 0.083 0.085 0.108 0.094 0.103 0.116 
CAR006 Exercise 0.087 0.123 0.137 0.167 0.082 0.061 0.127 0.037 0.213 0.105 

CAR006 Control 0.064 0.049 0.107 0.125 0.093 0.071 0.071 0.131 0.155 0.057 
CAR007 Exercise 0.101 0.122 0.150 0.124 0.155 0.155 0.145 0.157 0.212 0.112 
CAR007 Control 0.100 0.042 0.104 0.193 0.092 0.123 0.074 0.245 0.252 0.071 
CAR008 Exercise 0.034 0.069 0.082 0.089 0.118 0.097 0.064 0.135 0.143 0.051 
CAR008 Control 0.051 0.035 0.133 0.198 0.009 0.033 0.049 0.053 0.098 0.043 
CAR009 Exercise 0.046 0.037 0.072 0.168 0.073 0.061 0.095 0.190 0.149 0.042 
CAR009 Control 0.100 0.076 0.062 0.176 0.079 0.246 0.116 0.132 0.113 0.088 
CAR010 Exercise 0.098 0.070 0.114 0.091 0.089 0.093 0.116 0.103 0.091 0.084 
CAR010 Control 0.061 0.064 0.059 0.105 0.107 0.073 0.108 0.098 0.123 0.062 

CAR011 Exercise 0.066 0.041 0.073 0.070 0.054 0.068 0.079 0.104 0.121 0.054 
CAR011 Control 0.067 0.050 0.086 0.144 0.083 0.101 0.105 0.100 0.109 0.058 
CAR013 Exercise 0.047 0.043 0.057 0.111 0.142 0.115 0.112 0.052 0.058 0.045 
CAR013 Control 0.078 0.154 0.081 0.113 0.090 0.112 0.053 0.095 0.098 0.116 
CAR015 Exercise 0.058 0.065 0.042 0.071 0.081 0.052 0.060 0.050 0.089 0.061 
CAR015 Control 0.040 0.057 0.058 0.063 0.081 0.068 0.100 0.079 0.086 0.049 

All ratio is in %; 1-9 indicate time course (-15, 0, 30, 45, 60, 75, 90, 105, and 120 min) 

* Served as baseline; Ratio1 and Ratio2 did not show significant difference (p > 0.05) 
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APPENDIX B: INDIVIDUAL PLOTS OF POWER AND HR DURING EXERCISE TRIAL 
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APPENDIX C: POWER AND HR AUC 

  Power AUC HR AUC 

CAR002  512980.8 554937.1 

CAR005  398381.7 581952.3 

CAR006  748377.9            627146.0 

CAR007  623749.1 613172.2 

CAR008  423109.8 574425.5 

CAR009  506008.4 620128.7 

CAR010  670703.4 645481.2 

CAR011  582052.2 553510.9 

CAR013  507451.0            652315.0 

CAR015  467798.8 546079.3 
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APPENDIX D: INDIVIDUAL LDLOX CHANGE BY TIME (RAW DATA) 
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APPENDIX E: LDLOX AUC AND AUC-INTEGRATED OF EACH INDIVIDUAL  

Control 
 AUC AUC-integrated 

CAR002 5619.75 49.29128 

CAR005 19732.78 -1902.445 

CAR006 14154.16 1901.194 

CAR007 38503.87 15383.36 

CAR008 6695.991 151.7912 

CAR009 37327.84 -693.8866 

CAR010 39510.05 -4063.229 

CAR011 43978.48 -1525.376 

CAR013 8505.714 681.852 

CAR015 9619.838 -1452.816 

Exercise 

 AUC AUC-integrated 

CAR002 11553.91 2429.891 

CAR005 20185.61 -1114.53 

CAR006 18303.11 6390.918 

CAR007 45493.18 17518.76 

CAR008 6767.497 -802.5759 

CAR009 51526.86 9734.182 

CAR010 56515.69 18004.81 

CAR011 15892.21 2634.345 

CAR013 137543.1 68954.15 

CAR015 13377.39 4483.903 
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APPENDIX F: LINEAR REGRESSION OF HR AUC AND POWER AUC FOR THE 

EXERCISE CONDITION 
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APPENDIX G: LINEAR REGRESSION OF HR AUC FOR EXERCISE CONDITION AND 

LDLOX AUC 
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APPENDIX H: LINEAR REGRESSION OF HR AUC AND EXERCISE CONDITION LDLOX 

AUCI 
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APPENDIX I: MEDICAL HISTORY FORM 
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APPENDIX J: DIERATY FOOD LOG 
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APPENDIX K: FLUID LOG 
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