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Rohit Ramadoss 

Academic Abstract 

 

Oxidative stress is a state characterized by an imbalance between the production and 

elimination of reactive oxygen species (ROS) within cells. ROS, also known as free 

radicals, are crucial for cellular signaling and are generated through natural processes. 

The antioxidant defense system typically regulates their concentrations to prevent 

oxidative stress-related damage. However, when ROS concentrations surpass a certain 

threshold and overwhelm the antioxidant defense system, it can lead to physiological 

issues and impairments in athletic performance. Additionally, oxidative stress and 

inflammation are closely related phenomena that can exacerbate each other, creating a 

vicious cycle. Both oxidative stress and inflammation play key roles in the 

pathophysiology of various chronic conditions such as cardiovascular diseases, 

neurodegenerative diseases, cancer, diabetes mellitus, autoimmune diseases, and 

accelerated aging. Furthermore, acute oxidative stress and inflammation have been 

shown to negatively affect performance by reducing skeletal muscle force output and 

increasing fatigue. Therefore, it is crucial to explore strategies to mitigate uncontrolled 

elevations of oxidative stress and inflammation. Curcumin, a bioactive compound 

found in turmeric, has been linked to antioxidant and anti-inflammatory properties. 



 
 

 
 

While cell line and animal studies have demonstrated the antioxidant and anti-

inflammatory potential of curcumin, its effects in humans remain inconclusive. This 

dissertation project aimed to evaluate the effect of a four-week turmeric 

supplementation intervention on biomarkers associated with exercise-induced 

oxidative stress and inflammation in recreationally active individuals, 18 to 45 years of 

age. The study investigated curcumin's potential as an antioxidant and anti-

inflammatory agent, while contributing to the existing literature on strategies for 

managing oxidative stress and inflammation. The findings from this research may offer 

valuable insights for promoting health, well-being, and athletic performance. 
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General Audience Abstract 

 

Oxidative stress arises from an imbalance between the production and elimination of 

reactive oxygen species (ROS) within cells. ROS, or free radicals, serve essential roles in 

cell signaling and are naturally generated. While our bodies possess a defense 

mechanism that typically regulates ROS concentrations to prevent oxidative stress-

related damage, an excess of ROS can overwhelm this system, leading to physiological 

complications and impairing athletic performance. The interplay between oxidative 

stress and inflammation exacerbates their effects, initiating a detrimental cycle. Both 

processes are implicated in chronic ailments such as cardiovascular diseases, 

Alzheimer's disease, cancer, diabetes mellitus, autoimmune disorders, and accelerated 

aging. Moreover, elevated concentrations of oxidative stress and inflammation can 

diminish muscle strength and increase fatigue during exercise. Curcumin, a compound 

found in turmeric, renowned for its antioxidant and anti-inflammatory properties, 

presents a potential avenue for managing oxidative stress and inflammation. While 

some studies have demonstrated these benefits in cellular and animal models, the 

efficacy of curcumin in humans remains uncertain. This study assessed whether a four-

week regimen of turmeric supplementation can attenuate markers of oxidative stress 



 
 

 
 

and inflammation in physically active individuals, 18 to 45 years of age. By 

investigating the potential antioxidant and anti-inflammatory properties of curcumin, 

this research aimed to contribute novel insights into strategies for mitigating oxidative 

stress and inflammation, thereby promoting health, well-being, and athletic 

performance.
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CHAPTER 1 - INTRODUCTION 

1.1 Introduction  

Turmeric, scientifically known as Curcuma longa, belongs to the Zingiberaceae family 

and is an herbaceous perennial plant. The primary active metabolite found in turmeric 

is curcumin, which has been extensively studied for its various beneficial properties 

including antioxidant, anti-inflammatory, anti-mutagenic, anti-microbial, and anti-

cancer activities.1,2 Curcumin is a flavonoid compound that exhibits the ability to 

improve systemic markers of oxidative stress. Structurally, curcumin is a 

diferuloylmethane compound with two O-methoxy-hydroxyphenolic groups attached 

to an α, β-unsaturated β-diketone (heptadienedione) moiety.3 Its antioxidant properties 

are derived from the hydroxyl (OH) and methoxy (CH2) groups present in its structure. 

The hydroxyl group possesses strong oxidative capabilities due to its electron-donating 

nature.3 Consequently, it forms complexes with free radicals such as reactive oxygen 

species (ROS) and reactive nitrogen species (RNS), which act as electron acceptors 

because of the presence of an unpaired electron in their outer orbital.  
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Figure 1.1. Structure of a curcumin molecule. (Created with BioRender.com) 

Numerous biological processes, such as cellular respiration and digestion, give rise to 

the generation of detrimental compounds known as free radicals.4 In low-to-moderate 

quantities, these free radicals are advantageous because they fulfill crucial roles in 

maintaining cellular functions and homeostasis.5 The observation of biological cells 

producing free radicals, defined as atoms or molecules with one or more unpaired 

electrons, dates back to 1954. The term "oxidative stress" was initially coined by Helmut 

Sies to describe an imbalance in the pro-oxidant/antioxidant equilibrium favoring the 

former.6 Over time, this phenomenon has attracted significant attention from 

researchers. While Sies'6 initial definition provides a satisfactory starting point, it fails to 
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capture the intricacies of cellular redox imbalance. Consequently, Sies and Jones7 

proposed a more comprehensive definition of oxidative stress, characterizing it as "an 

imbalance between oxidants and antioxidants that favors oxidants, resulting in 

disruption of redox signaling and control, as well as molecular damage". Oxidative 

stress arises from heightened concentrations of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS).5,8 Reactive oxygen species are reactive byproducts of 

oxygen, while RNS are reactive derivatives of nitrogen. A comprehensive breakdown of 

the molecules constituting ROS and RNS can be found later in this dissertation. The 

regulation of redox balance is of utmost importance for maintaining cellular health. 

Reactive radicals play a crucial role in various biological processes and cellular 

signaling pathways that are vital for the survival of organisms. It is necessary to have a 

certain concentration of ROS and RNS to fulfill these functions. However, problems 

arise when the concentration of these reactive radicals exceed the capacity of the 

biological system to effectively reduce them. Due to their chemical nature, reactive 

radicals tend to bond with molecules indiscriminately, leading to cellular damage.9 To 

counteract this, biological systems possess antioxidant defense mechanisms that act as a 

protective barrier against an excess of pro-oxidants, thereby preventing ROS-mediated 

cellular damage. The antioxidant defense system employs three primary strategies to 

safeguard cells from ROS-induced harm.5 First, there are ROS scavenging molecules 

present both in intracellular and extracellular spaces that neutralize free radicals 
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through chelation, thereby eliminating their potential threat. Secondly, enzymatic 

antioxidants react with free radicals and convert them into less reactive molecules, thus 

reducing their ability to cause further cellular damage in a chain reaction. Some 

antioxidant enzymes also contain metal binding proteins that sequester pro-oxidant 

transition metals like iron and copper, preventing the participation of metal ions in ROS 

formation. Lastly, nonenzymatic antioxidants such as glutathione (GSH), uric acid, 

bilirubin, vitamin E, and vitamin C contribute to the defense against oxidative stress 

within cells. These nonenzymatic antioxidants primarily protect against oxidative 

damage by donating hydrogen atoms to free radicals, resulting in the formation of less 

reactive and less harmful species.8,9 

This research study evaluated the role of curcumin in affecting biomarkers of oxidative 

stress and inflammation in healthy recreationally active individuals using a novel 

curcumin supplement known as Theracurmin®.  

1.2 Specific Aims and Hypotheses 

Specific Aim 1: To determine the effect of consuming 600 mg of Theracurmin® per day 

compared to 300 mg of Theracurmin® per day, compared to a placebo, for four weeks in 

recreationally active individuals, 18 to 45 years of age, on the following markers of 

exercise-induced oxidative stress: serum protein carbonyl concentrations, glutathione 

(GSH), glutathione disulfide (GSSG), the ratio of reduced glutathione to oxidized 
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glutathione (GSH:GSSG), and total antioxidant capacity (TAC) after a maximal graded 

exercise test. 

Hypothesis 1a: It is hypothesized that four weeks of Theracurmin® supplementation 

will decrease the formation of serum protein carbonyl concentrations in a dose-

dependent manner compared to a placebo in recreationally active individuals, 18 to 45 

years of age, after a maximal graded exercise test. 

Hypothesis 1b: It is hypothesized that four weeks of Theracurmin® supplementation 

will lead to increased serum glutathione concentrations in a dose-dependent manner 

compared to a placebo in recreationally active individuals, 18 to 45 years of age, after a 

maximal graded exercise test. 

Hypothesis 1c: It is hypothesized that four weeks of Theracurmin® supplementation 

will lead to a lower ratio of reduced glutathione to oxidized glutathione in a dose-

dependent manner compared to a placebo in recreationally active individuals, 18 to 45 

years of age, after a maximal graded exercise test. 

Hypothesis 1d: It is hypothesized that four weeks of Theracurmin® supplementation 

will lead to a lower depletion of total antioxidant capacity in a dose-dependent manner 

compared to a placebo in recreationally active individuals, 18 to 45 years of age, after a 

maximal graded exercise test. 
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Specific Aim 2: To determine the effect of consuming 600 mg of Theracurmin® per day 

compared to 300 mg of Theracurmin® per day, compared to a placebo, for four weeks in 

recreationally active individuals, 18 to 45 years of age, on the following markers of 

inflammation: interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and C-reactive 

protein (CRP) concentrations after a maximal graded exercise test. 

Hypothesis 2a: It is hypothesized that four weeks of Theracurmin® supplementation 

will lead to a diminished increase in serum Interleukin-6 concentrations in a dose-

dependent manner compared to a placebo in recreationally active individuals, 18 to 45 

years of age, after a maximal graded exercise test. 

Hypothesis 2b: It is hypothesized that four weeks of Theracurmin® supplementation 

will lead a diminished increase in serum tumor necrosis factor-alpha concentrations in a 

dose-dependent manner compared to a placebo in recreationally active individuals, 18 

to 45 years of age, after a maximal graded exercise test. 

Hypothesis 2c: It is hypothesized that four weeks of Theracurmin® supplementation 

will lead to a diminished increase in serum C-reactive protein concentrations in a dose-

dependent manner compared to a placebo in recreationally active individuals, 18 to 45 

years of age, after a maximal graded exercise test. 

Specific Aim 3: To determine the effect of consuming 600 mg of Theracurmin® per day, 

compared to 300 mg of Theracurmin per day, compared to a placebo, for four weeks in 
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recreationally active individuals, 18 to 45 years of age, on a marker of muscle damage 

(creatine kinase [CK] concentrations), after a maximal graded exercise test. 

Hypothesis 3: It is hypothesized that four weeks of Theracurmin® supplementation will 

lead to diminished serum creatine kinase concentrations in a dose-dependent manner 

compared to a placebo in recreationally active individuals, 18 to 45 years of age, after a 

maximal graded exercise test. 

Specific Aim 4: To determine the moderating effect of aerobic fitness (maximal oxygen 

consumption [VO2max]) on the efficacy of 600 mg of Theracurmin® per day compared 

to 300 mg of Theracurmin®, for four weeks in recreationally active individuals, 18 to 45 

years of age, on biomarkers of oxidative stress and inflammation. 

Hypothesis 4: It is hypothesized that the effect of Theracurmin® supplementation on 

biomarkers of oxidative stress and inflammation will be inversely proportional to 

maximal oxygen consumption in recreationally active individuals, 18 to 45 years of age.  

Specific Aim 5: To determine the moderating effect of percent body fat on the effect of 

600 mg of Theracurmin® per day compared to 300 mg of Theracurmin®, for four weeks 

in recreationally active individuals, 18 to 45 years of age, on biomarkers of oxidative 

stress and inflammation. 
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Hypothesis 5: It is hypothesized that the efficacy of Theracurmin® supplementation on 

biomarkers of oxidative stress and inflammation will be directly proportional to percent 

body fat in recreationally active individuals, 18 to 45 years of age. 

1.3 Significance  

Free radicals play a crucial role in various biological processes within the body, 

including molecular cell signaling and defense against invasive antigens. However, 

excessive concentrations of free radicals can lead to harmful effects if left unattended. 

Oxidative stress, which is characterized by an imbalance between the production of free 

radicals and the body's antioxidant defenses, plays a significant role in accelerating the 

development of chronic non-communicable diseases such as cardiovascular diseases, 

diabetes mellitus, neurodegenerative diseases, and cancer.6 Prolonged exposure to high 

concentrations of free radicals can cause structural defects at the mitochondrial level, 

dysfunction of enzymes, and defects in cellular structures.8 These abnormalities can 

result in aberrations in gene expression. Additionally, elevated concentrations of 

reactive oxygen species (ROS), can cause damage to lipids, proteins, and 

deoxyribonucleic acid (DNA).9 Reactive oxygen species reactions disrupt lipid 

membranes, increasing their fluidity and permeability.10 Protein damage caused by high 

ROS concentrations involves modifications to specific amino acids, fragmentation of 

peptide chains, aggregation of reaction products, alteration of electric charge, enzymatic 
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inactivation, and increased susceptibility to proteolysis. Intracellular DNA damage 

caused by ROS may occur through oxidation of deoxyribose (a component of DNA), 

strand breakage, removal or modification of nucleotides (building blocks of DNA), and 

cross-linkage between DNA and proteins.4,6,10 

While oxidative stress is necessary for normal physiological processes, excessive 

amounts can have severe negative effects on health. The induction of oxidative stress is 

further exacerbated by factors such as increased consumption of processed foods and 

exposure to various chemicals from sources like pesticides, heavy metals, food 

additives, and environmental pollution. A sedentary lifestyle also contributes to 

oxidative stress by increasing vascular nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase expression, which, in turn, enhances ROS production.11 These factors 

are prevalent in modern lifestyles and contribute to the growing burden of chronic 

diseases. Therefore, it is essential to understand how oxidative stress develops and find 

ways to mitigate its elevated concentrations to achieve a proper redox balance. 

Addressing the problem of excessive oxidative stress may have implications for 

reducing the economic and health burden associated with chronic diseases such as 

stroke, cancer, myocardial infarction, diabetes mellitus, and other conditions. There is 

speculation that interactions between free radicals and DNA, leading to mutations that 

affect the cell cycle and promote neoplasia, may be responsible for the development of 

many types of cancer.12 Currently, two leading hypotheses explain cellular aging: the 
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mitochondrial theory and the free radical theory. The free radical theory proposes that 

increased concentrations of intracellular free radicals adversely affect mitochondria, 

resulting in impaired function and reduced cellular regenerative capacity. The 

mitochondrial theory suggests that free radicals produced by mitochondrial activity 

damage cellular components. 

1.3.1 Acute effects of oxidative stress 
 

Regular physical exercise is widely recognized as an effective method for reducing the 

risk of all-cause mortality, prolonging longevity and health span.5 It also leads to 

physiological adaptations that lower the likelihood of developing cardiovascular 

diseases, cancer, and diabetes mellitus. However, intense and prolonged exercise can 

result in oxidative damage caused by free radicals generated by contracting skeletal 

muscles.5,13 This oxidative damage can impair cellular function through various means, 

such as damaging lipids, proteins, and DNA. The paradoxical nature of free radicals is 

the heart of cellular redox balance and is crucial for maintaining homeostasis in living 

organisms. It is now understood that excessive oxidative stress damages cellular 

components, while low to moderate concentrations of oxidants play important roles in 

gene expression control, cell signaling pathway regulation, and modulation of skeletal 

muscle force production.6,8 Researchers have shown that an imbalance in redox status 

within skeletal muscles can significantly reduce force production.5 As the production of 

ROS increases during muscle contractions, there comes a point where cellular redox 
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balance shifts towards a pro-oxidative state during prolonged or intense exercise. This 

phenomenon was first demonstrated in an in-situ diaphragm muscle by using an ROS 

scavenger called N-acetylcysteine, which delayed muscle fatigue.14 Since then, several 

researchers have reported a delay in muscular fatigue during submaximal contractions 

by utilizing enzymatic and non-enzymatic antioxidants to scavenge ROS.15–17 However, 

there are conflicting results regarding the effectiveness of antioxidants in delaying 

fatigue during maximal muscular contractions. 

1.3.2 Chronic effects of oxidative stress 

 

Chronic oxidative stress has been found to have a significant effect on the 

pathophysiology of various chronic diseases. This is primarily due to its detrimental 

effects on cellular function, including DNA damage, inflammation, lipid peroxidation, 

and mitochondrial dysfunction. Prolonged exposure to an excessive pro-oxidant state 

can lead to vascular damage and contribute to the progression of atherosclerosis, 

hypertension, and cardiovascular disease. Furthermore, oxidative stress has been 

implicated in impairing insulin signaling and predisposing individuals to the 

development of type 2 diabetes mellitus. The DNA damage caused by oxidative stress 

increases the risk of genetic mutations that can initiate cancer formation. Additionally, 

oxidative stress has been associated with the development of neurodegenerative 

disorders such as Alzheimer's disease and Parkinson's disease. Lastly, oxidative stress 

has been shown to be a contributing factor in accelerating the aging process.4,6 
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Oxidative stress and inflammation are widely recognized as key contributors to various 

chronic diseases, and are particularly relevant in the context of physical activity and 

exercise. Active individuals often experience heightened oxidative stress due to 

increased metabolic activity, which can result in inflammation and subsequent tissue 

damage if not effectively managed. Therefore, interventions aimed at mitigating 

oxidative stress and inflammation are of significant interest in promoting overall health 

and well-being among physically active populations. Theracurmin®, a highly 

bioavailable form of curcumin, has attracted attention for its potential antioxidative and 

anti-inflammatory properties. Prior research indicates that curcumin supplementation 

may help reduce oxidative stress and inflammation markers in diverse populations, 

including healthy individuals and those with chronic diseases.2,3,18,19 However, limited 

evidence exists regarding the effects of Theracurmin® supplementation, specifically on 

biomarkers of oxidative stress and inflammation in active individuals. The aim of this 

study was to address this gap by examining the effect of four weeks of Theracurmin® 

supplementation on biomarkers of oxidative stress and inflammation in active 

individuals using validated indicators. The objective was to provide valuable insights 

into the potential role of Theracurmin® in modulating oxidative stress and inflammation 

in physically active individuals. The results of this study have the potential to inform 

clinical practice and public health initiatives aimed at optimizing the health and 

performance of active individuals. If Theracurmin® supplementation is found to 
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effectively reduce oxidative stress and inflammation markers in this population, it 

could serve as a promising adjunctive strategy for enhancing overall health and 

reducing the risk of chronic diseases associated with excessive oxidative stress and 

inflammation. Therefore, this study carries significant implications for advancing 

knowledge of the effects of Theracurmin® supplementation on oxidative stress and 

inflammation in active individuals, with potential implications for improving health 

outcomes and optimizing performance within this population. 

1.4 Innovation 

Although curcumin has been associated with multiple positive effects when consumed, 

it faces challenges in its utilization by the human body. The primary limitation of 

natural turmeric is its low bioavailability.20 This is primarily due to the hydrophobic 

nature of curcumin, which leads to rapid degradation in the gastrointestinal tract and 

reduces absorption into the bloodstream. Turmeric is quickly metabolized by the liver 

and excreted within a short period of time. Once absorbed, curcumin undergoes a 

complex metabolic process in the body.20 The initial step takes place in the liver, where 

enzymes, such as cytochrome P450 (CYP), modify curcumin's chemical structure, 

allowing for further modification through conjugation. In the second stage of 

metabolism, glucuronidation and sulfation occur, wherein curcumin is conjugated with 

molecules such as glucuronic acid and sulfate to form curcumin glucuronides and 
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curcumin sulfates, respectively.20 These metabolites of curcumin have increased 

solubility in water, facilitating their elimination from the body. 

To overcome turmeric's limitations in its natural form, a novel formulation called 

Theracurmin® was utilized in the present study. Theracurmin® is an innovative form of 

curcumin with enhanced bioavailability achieved by reducing curcumin to nanoscale 

particles encapsulated within micelles, which act as a protective layer.21 The first step 

involves breaking down curcumin into nanoparticles through techniques like wet 

milling or high-pressure homogenization. This is followed by micellar encapsulation.21 

Micelles possess both hydrophilic and hydrophobic properties, with the hydrophobic 

core housing the curcumin nanoparticles, protecting them from degradation and 

maintaining stability. This process significantly increases curcumin's solubility in water 

while improving its stability during digestion. The reduced particle size of 

Theracurmin® enhances absorption by increasing surface area, while micellar 

encapsulation prevents clumping and premature metabolism. Consequently, 

Theracurmin’s® reduced particle size enhances its ability to traverse the gut lining and 

enter the bloodstream, while micellar encapsulation prevents interactions with other 

molecules in the gut.21 

In recent years, several researchers have demonstrated Theracurmin’s® enhanced 

bioavailability.22 For instance, Nakagawa et al.23 demonstrated a 27-fold increase in 

blood concentration-time curve of Theracurmin® compared to curcumin powder. Oral 
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consumption of Theracurmin® has been shown to result in significantly higher serum 

concentrations compared to other curcumin forms. However, the effect of Theracurmin®  

supplementation for a duration of four weeks on systemic markers of oxidative stress 

and inflammation in a healthy active population remains unexplored. 

The utilization of two distinct dosages of Theracurmin® (300 mg and 600 mg) facilitates 

comprehensive analyses of the dose-response relationship. This novel approach allows 

for the exploration of potential dose-dependent effects on biomarkers related to 

oxidative stress and inflammation, thereby elucidating the optimal dosage for 

maximizing the therapeutic effect of Theracurmin® supplementation. This research 

study incorporated the assessment of multiple biomarkers associated with oxidative 

stress and inflammation, offering a thorough examination of the physiological 

responses to Theracurmin® supplementation. Through the evaluation of markers such 

as protein carbonyl, glutathione, glutathione disulfide, total antioxidant capacity, 

interleukin-6, tumor necrosis factor-alpha, C-reactive protein, and creatine kinase, this 

study provides a comprehensive insight into the acute biochemical responses 

underlying the potential effects of Theracurmin® on oxidative stress and inflammation 

processes. The outcomes of this investigation carry significant implications for general 

wellbeing and disease prevention. By elucidating the effect of Theracurmin® 

supplementation on oxidative stress and inflammation biomarkers within this cohort, 

this study may guide evidence-based interventions aimed at reducing the incidence of 



 
 

34 
 

chronic diseases linked to dysregulated oxidative stress and inflammation, thereby 

fostering enhancements in overall health and well-being. 

1.5 Rationale  

1.5.1 Rationale for exploring curcumin as an antioxidant   

Although curcumin consumption has been associated with several health benefits, its 

effect as a potent antioxidant and anti-inflammatory agent has not been well studied or 

understood. Within the scope of dietary antioxidants, vitamin C, vitamin E and 

carotenoids contribute to the bulk of existing literature on dietary antioxidants. A 

driving factor in this discrepancy is the problem of bioavailability faced by curcumin, 

whereas vitamins C and E are readily absorbed by the body. As such, there is a need to 

expand the existing literature on curcumin’s role as an antioxidant and anti-

inflammatory agent.  

1.5.2 Rationale for using two intervention doses of curcumin  

 

The rationale for employing two varying doses of Theracurmin® supplementation in 

this study was grounded in investigating dose-response relationships, assessing 

efficacy, and considering inter-individual variability. Specifically, this study utilized 

two distinct interventional doses, 600 mg and 300 mg of Theracurmin®. The exploration 

of the dose-response relationship is essential in determining the optimal dosage for a 

therapeutic intervention. By incorporating two different doses, this study aimed to 
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evaluate whether there is a dose-dependent effect on the outcome variables of interest 

in the study. This methodology enabled the identification of potential threshold effects 

or saturation points, offering valuable insights into the pharmacological characteristics 

and optimal dosing schedule of Theracurmin®. Furthermore, the inclusion of two doses 

facilitated comparative analyses to determine the effect of each dose. Additionally, 

variations in pharmacokinetics and pharmacodynamics among individuals can affect 

their response to therapeutic interventions. Therefore, by including two doses, this 

study sought to address potential inter-individual variability in response. Moreover, 

having two distinct doses provided the opportunity to discern potential false positive 

outcomes within the study's findings. 

1.5.3 Rationale for incorporating an incline-based graded treadmill test 

To produce an acute state of elevated oxidative stress via exercise, there is a need to 

increase metabolism by increasing exercise intensity. A number of researchers have 

provided evidence that utilizing a speed-based protocol without incorporating gradient 

will not effectively increase the metabolic cost at the desired rate. For example, Taylor et 

al.24 demonstrated that utilizing a constant speed while gradually increasing the 

gradient by 2.5% with each increment is more advantageous than maintaining a 

constant grade and increasing the speed. Additionally, it was observed that the increase 

in oxygen intake was less significant when speed was increased compared to gradient.25 

This disparity is likely due to engaging more muscle groups during uphill running 



 
 

36 
 

compared to running on a flat surface. The additional metabolic cost of working 

musculature during uphill running amplifies the oxygen uptake to a greater extent than 

increasing speed on a consistent gradient. Consequently, maximal oxygen consumption 

(VO2max) values derived from speed-based protocols have been shown to be lower 

than those obtained from incline-based protocols.25 Moreover, it is essential to consider 

the risk of injury in any exercise testing. Uphill running has been found to result in a 

decreased vertical loading rate.26 Vertical loading rate represents the rate of change of 

force application after the effect of the feet hitting the ground and serves as an indicator 

of ground effect force and injury prevalence. Lemire et al.25 investigated differences in 

vertical loading rate based on gradient angle in 29 healthy individuals. The authors 

discovered that, although there were no significant variations in vertical loading rate 

between different uphill gradients (5% vs 10% vs 15% vs 20%), there were meaningful 

differences compared to running on level ground. Specifically, vertical loading rate 

decreased by 27% at a 5% gradient and by 54% at a 10% gradient compared to running 

on level ground with equivalent metabolic cost.26 Thus, it would be prudent to employ 

an incline-centric VO2max protocol that reduces injury risk by diminishing vertical 

loading rate during the test.26 Another factor that must be considered when selecting a 

treadmill protocol is the skill element required to complete the test. Researchers 

investigating Olympic weightlifters have demonstrated that the optimal activation of 

fast twitch muscle fibers is a learned skill that accumulates through targeted training.27 
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With running, fast twitch muscle fibers are more active at higher relative speeds 

compared to lower speeds. Therefore, for the purpose of the proposed study, the most 

ideal protocol would be an incline-based protocol consisting of gradual increments in 

gradient with a consistent speed. 

1.5.4 Rationale for including both sexes 

The existence of a fundamental difference in the physiological response to oxidative 

stress between women and men requires the need to evaluate both sexes. Several 

studies have been conducted to assess this difference, and researchers have found that 

oxidative stress concentrations are generally higher in healthy young men compared to 

pre-menopausal healthy women. Men exhibit significantly higher baseline (at rest) 

measures for oxidative stress.28 This higher concentration of oxidative stress in men may 

be attributed to a combination of increased production of ROS and reduced activity of 

the antioxidant defense system.29 Moreover, because oxidative stress and inflammation 

are intricately linked, women also demonstrate lower susceptibility to inflammatory 

conditions than men.30 Hence, the presence of intersex variation in oxidative stress and 

inflammation necessitates the inclusion of both sexes in research studies and analyses of 

their divergent responses to antioxidant supplementation.  

1.5.5 Rationale for the selection of biomarkers of interest 

Protein Carbonyl. Protein carbonyl is frequently utilized as a biomarker for oxidative 

stress due to its chemical stability. The transient nature of reactive oxygen species (ROS) 
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in the blood poses challenges in their quantification, making protein carbonyl a 

valuable proxy marker for oxidative stress. Additionally, the concentration of protein 

carbonyls is reported to be elevated in the immediate aftermath of aerobic exercise. 

Protein carbonyls are generated through protein oxidation via a process known as 

protein carbonylation, which are facilitated by ROS.31,32 

Glutathione (GSH): Glutathione is a tripeptide consisting of glutamate, cysteine, and 

glycine, which is primarily synthesized in the hepatic cells.33 Glutathione plays a pivotal 

role in antioxidant defense. Reduced GSH is oxidized by ROS and subsequently 

reduced again by glutathione reductase. Any condition associated with an increase in 

ROS will decrease GSH concentrations and decrease the glutathione to glutathione 

disulfide (GSH:GSSG) ratio. As such, the redox balance of GSH has been used as a 

marker of antioxidant status in various conditions.  

Glutathione Disulfide (GSSG): Glutathione disulfide is the oxidized form of glutathione, 

where two molecules of glutathione are linked together by a disulfide bond. GSSG is 

then reduced back to GSH through enzymatic reactions involving glutathione reductase 

and the cofactor NADPH, which ensures the maintenance of the cellular pool of GSH 

for antioxidant defense. As such, elevated concentrations of GSSG suggest a decrease in 

the availability of GSH and are inversely correlated with the antioxidant capacity of 

cells. Assessment of GSSG concentrations provides valuable insights on the antioxidant 

status of biological systems.  
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Ratio of Reduced Glutathione to Oxidized Glutathione (GSH:GSSG): The GSH:GSSG 

ratio reflects the redox balance between reducing and oxidizing conditions within cells, 

and serves as a critical indicator of cellular redox status. Measurement of GSH:GSSG 

ratio is used to assess cellular redox balance, evaluate oxidative stress, and examine the 

efficacy of the antioxidant system.  

Total Antioxidant Capacity (TAC): Total antioxidant capacity is a biomarker that 

measures the cumulative concentration of both antioxidant enzymes (such as catalase, 

glutathione reductase, glutathione peroxidase, and superoxide dismutase), as well as 

nonenzymatic systems.34 Researchers have shown that both maximal and submaximal 

bouts of acute exercise lead to an increase in the concentrations of antioxidant enzymes. 

As such, TAC is used as a general marker of antioxidant defense.   

Interleukin-6 (IL-6): Interleukin-6 is a pro-inflammatory cytokine that is transiently 

produced as a response to tissues damage and infections.35 Because high-intensity 

exercise leads to the damage of muscle tissues, damage-associated molecular patterns 

(DAMPs) are released from the damaged cells, which promote inflammation. 

Researchers have demonstrated a significant increase in serum IL-6 concentrations after 

a marathon.36 

Tumor necrosis factor-alpha (TNF-α): It is widely accepted that a local increase of TNF-

α leads to symptoms of inflammation. Several researchers have shown a significant 
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increase in serum TNF-α concentrations after strenuous exercise.36–38 It is believed that 

this cytokine is produced by the contracting muscle cells during strenuous exercise. 

Furthermore, TNF-α is a downstream byproduct from the activation of nuclear factor-

kappa B (NF-κB), which has been shown to be the master regular of the inflammatory 

response.39 

C-reactive protein (CRP): C-reactive protein is a cytokine associated with inflammation. 

Although CRP is usually low in healthy populations, there appears to be a transient 

increase in serum CRP following a bout of strenuous exercise. This increase is produced 

by an exercise-induced acute phase response, which is mediated by the inflammatory 

cytokine system.38  

Creatine Kinase (CK): Serum creatine kinase concentrations have been shown to 

increase after strenuous exercise and can be used as a marker for muscle tissue damage. 

Although CK concentrations peak after around four days following exercise, a 

meaningful increase in serum CK concentrations can be observed immediately 

following strenuous exercise.  

1.6 Summary  

The proposed research project aimed to determine the potential antioxidant and anti-

inflammatory properties of curcumin by providing oral supplementation of 

Theracurmin® to a healthy, active population for four weeks and inducing a state of 
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acute oxidative stress by means of a maximal graded treadmill exercise test to 

exhaustion. The proposed study will broaden the scope of curcumin’s role as an 

antioxidant and anti-inflammatory agent, and contribute to the growing literature on 

ways to combat oxidative stress and inflammation, potentially providing valuable 

insights for promoting health and well-being. 
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CHAPTER 2 - LITERATURE REVIEW 

PART I 

2.1 From Oxygen to Oxidative Stress: A Journey into the Complexities of Life's 

Fundamental Element 

There are a total of 118 elements in the periodic table, of which a small proportion serve 

as the fundamental components of organic life. Oxygen is one such element that plays a 

crucial role in the survival of most living systems. At the cellular level, oxygen is 

essential for energy synthesis, which fuels various physiological processes necessary for 

life. During cellular respiration, oxygen acts as the final electron acceptor in the electron 

transport chain within the mitochondrial matrix. It facilitates the movement of electrons 

along this chain, leading to the production of adenosine triphosphate (ATP). However, 

this process also results in the formation of reactive oxygen species (ROS) as natural by-

products.40 Scientists have shown that approximately 3% to 5% of oxygen is converted 

into free radicals.5,6 Additionally, ROS can be generated by enzymes such as 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs), xanthine 

oxidase (XO), nitric oxide synthase (NOS), and peroxisomal constituents.40,41 

Furthermore, ROS can be produced by ionization and ultraviolet (UV) radiation.40 

When living systems are unable to regulate the production of these molecules, it leads 

to a condition known as oxidative stress. 
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Before delving into oxidative stress, it is important to understand free radicals and 

establish a foundation for comprehending this phenomenon. Free radicals are chemical 

species that possess one or more unpaired electrons. They are highly reactive molecules 

and readily interact with oxygen due to oxygen's ability to accept electrons, thus 

resulting in chemically unstable species like superoxide anion (°O2-), hydrogen peroxide 

(H2O2), hydroxyl radical (OH-), and singlet oxygen (O2-).40,42 Free radicals primarily 

originate from oxygen consumption, but can also be produced from nitrogen to form 

reactive nitrogen species (RNS). Collectively, these species are referred to as reactive 

oxygen/nitrogen species (RONS). While free radicals play functional roles in living 

systems by contributing to cellular signaling and homeostasis, excessive production 

beyond their functional requirements becomes detrimental. This is when oxidative 

stress occurs, leading to damage mediated by oxidative stress.40,42 

Oxidative stress can be defined as the disruption of the balance between pro-oxidant 

(free radicals) production and their subsequent neutralization by the antioxidant 

defense system, resulting in an excess of free radical expression.6,42 Excessive production 

of RONS can arise from various stressors such as exposure to environmental pollutants, 

excessive intakes of nutrients, or physical exercise.43–45 To prevent the accumulation of 

excessive concentration of RONS, living systems employ antioxidant defense systems to 

maintain homeostasis. The primary purpose of these defense systems is to protect the 

body from the harmful effects of excessive free radicals.42 The antioxidant defense 



 
 

44 
 

system consists of both endogenous and exogenous compounds. Endogenous 

compounds include bilirubin, uric acid, superoxide dismutase, catalase, glutathione 

peroxidase, among others. Exogenous compounds encompass carotenoids, tocopherols, 

ascorbate, bioflavonoids, and more.5,42 

Free radicals are crucial for the survival of living systems because they play vital roles 

in various physiological processes and cellular signaling. Mammalian cells possess 

signaling pathways that are responsive to changes in intracellular redox states. 

Alterations in redox state can activate or deactivate numerous pathways designed to 

respond accordingly.42,46 Hence, free radicals function as signaling molecules that act as 

molecular switches initiating various processes based on their presence. Consequently, 

a basal concentration of RONS is constantly being produced and eliminated by 

antioxidant defense systems, maintaining a delicate balance that represents the 

intercellular redox state.47 Some examples of the intercellular redox state facilitating 

various physiological processes include: (i) the regulation of vascular tone, which can be 

achieved through the activation of guanylate cyclase or by modulating the 

transcriptional/post-transcriptional activity of nitric oxide synthase (NOS) via the 

activation of nuclear factor kB (NF-κB) or mitogen-activated protein kinases (MAPK), 

(ii) amplification of immune responses and apoptosis via the activation of activator 

protein 1 (AP-1) and NF-κB transcription factors in human T cells, (iii) regulation of 

insulin kinase activity via increased activity of protein tyrosine phosphatases, and (iv) 
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increased expression of antioxidant enzymes and glutathione in response to MAPK and 

NF-κB activation in an effort to restore redox balance, which is specifically relevant in 

the context of physical exercise. An elevation in reactive oxygen and nitrogen species 

(RONS) during and after acute exercise is hypothesized to act as the crucial “stimulus” 

for the up-regulation of antioxidant defense mechanisms that are commonly observed 

with prolonged exercise training.48–51 

Although changes in redox states are necessary to initiate signaling pathways, restoring 

homeostatic concentrations is crucial for counteracting the negative effects of excessive 

oxidative stress.52 Conditions that promote accelerated or chronic production of reactive 

oxygen and nitrogen species (RONS) can overwhelm the capacity of the antioxidant 

defense system, leading to disruptions in normal redox-sensitive signaling and a 

permanent alteration in redox balance. This permanent shift in the redox environment 

can result in detrimental effects through direct RONS-mediated oxidative damage to 

nucleic acids, lipids, and proteins, as well as alterations in gene expression that promote 

apoptosis in healthy cells and systemic inflammation.53 Persistent oxidative stress leads 

to aberrant changes in redox states, leading to a deterioration in physiological 

functioning. Oxidative stress is a prominent contributor to the early pathophysiology of 

multiple chronic diseases and aging. This phenomenon serves as an underlying 

mechanism for the onset of various chronic diseases over prolonged periods, including 

diabetes mellitus, hypertension, cardiovascular diseases, neurodegenerative diseases, 
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alcoholic liver diseases, chronic kidney disease, cancer and aging. The interplay 

between oxidative stress and inflammation, wherein each factor exacerbates the other, 

adds further complications. The persistence of low-grade inflammation results in the 

production of cytokines, which subsequently activate nuclear factor-kappa B (NF-κB) 

transcription, further promoting inflammation. Inflammation is characterized by a 

chronic state of low-grade inflammation and continuous release of pro-inflammatory 

cytokines that modulate cellular function, even in the absence of any infection. Chronic 

inflammation also promotes the up-regulation of inflammatory cells such as 

neutrophils, monocytes, macrophages, and C-reactive protein (CRP).42,54 

 2.2 The Interplay Between Oxidative Stress and Inflammation 

Oxidative stress and inflammation are closely interconnected and bidirectional 

phenomena. Inflammatory processes have the ability to induce oxidative stress, while 

conversely, oxidative stress can also elicit inflammation by activating several 

pathways.54 During the initiation of inflammatory processes, macrophages and 

neutrophils generate substantial quantities of reactive oxygen and nitrogen species 

(RONS) to counteract invading antigens. Nevertheless, a portion of these RONS can 

disperse and infiltrate different locations, leading to the development of localized 

oxidative stress and subsequent oxidative stress-mediated tissue damage.54 The increase 

in oxidative stress within cells triggers the activation of transcription factors, which then 
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enhance the expression of genes that encode inflammatory cytokines. One significant 

transcription factor involved in the signaling cascade of inflammation is nuclear factor- 

kappa B (NF-κB). Nuclear factor-kappa B controls the pathways responsible for innate 

and adaptive immune functions, as well as the inflammatory responses observed in 

chronic and acute inflammatory diseases and various cancers. As a transcription factor, 

NF-κB regulates the synthesis of multiple biomolecules involved in inflammation, 

including cyclo-oxygenase-2 (COX-2), cyclin D1, adhesion molecules, matrix 

metalloproteinases (MMPs), inducible nitric oxide synthase (iNOS), B-cell lymphoma-2 

(Bcl-2), B-cell lymphoma-extra large (BcL-XL), and tumor necrosis factor-alpha (TNF-α). 

In its inactive state, NF-κB relies on pro-inflammatory cytokines like TNF-α, phorbol 

ester, and free radicals, such as hydrogen peroxide, for its activation. These activators 

are known to produce reactive oxygen intermediates (ROI), which subsequently 

activate NF-κB.39,55,56 In cancer cells, it has been observed that the pro-inflammatory 

cytokine interleukin-6 (IL-6) can increase the gene expression of NADPH oxidase 

(NOX4).57 Conversely, overexpression of NOX4 directly enhances the synthesis of IL-6. 

As a result, a positive feedback loop is established between these two factors 

responsible for oxidative stress and inflammation, namely NOX4 and IL-6, respectively. 

Hence, it is evident that there exists a distinct interplay between oxidative stress and 

inflammation, necessitating the simultaneous consideration of both conditions when 

discussing either of them. As such, understanding the molecular mechanism underlying 
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this interplay is crucial for the development of targeted therapeutic interventions aimed 

at modulating both oxidative stress and inflammation 

2.3 Molecular Master Regulators of Redox Balance 

The purpose of the master redox switches is two-fold. The first is to control the 

activation or deactivation cycles during redox signaling, and the second is to modulate 

or integrate activity of systems in redox sensing.6 These redox switches are transcription 

factors that are sensitive to changes in redox balance. The two primary master switches 

are the Nrf2/Keap1 and NF-κB transcription factors, which play a role in a broad range 

of biological functions.  

2.3.1 Nuclear factor-E2-related factor 2 (Nrf2)/ Kelch-like ECH-associated protein 1 

(Keap1)  

Nuclear factor-E2-related factor 2 (Nrf2) belongs to a family of transcription factors that 

play a role in the regulation of antioxidant and detoxification enzymes. Under normal 

(unstressed) conditions, Keap1 (Kelch-like ECH-associated protein 1) suppresses the 

transcriptional activity of Nrf2 by subjecting Nrf2 to rapid ubiquitination and 

degradation. However, under conditions of oxidative or electrophilic stress, specific 

cysteinyl residues of Keap1 are modified, which, in turn, results in the loss of Keap1’s 

ability to ubiquitinate Nrf2. As a result, Nrf2 accumulates in the nucleus and activates 

the expression of its target genes, leading to an up-regulation of antioxidant systems.58 
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Although the activation of the Nrf2/Keap1 is generally considered protective, the 

overactivation of this system can be counterproductive.59  

2.3.2 Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells (NF-κB) 

Nuclear factor κB (NF-κB) is a heterodimeric transcription factor consisting of multiple 

subunits, which play a role in inducing gene-expression that regulate inflammatory, 

immune, and acute phase responses. Like Nrf2, NF-κB contains redox-sensitive cysteine 

residues that inhibit their activity upon oxidation.6 The pro-inflammatory function of 

NF-κB has been widely studied in macrophages, which are innate immune cells existing 

in numerous tissues. Macrophages are activated in response to various stressors, such 

as an infection or exercise. Upon activation, they secrete a large array of cytokines and 

chemokines that promote inflammation. Nuclear factor kB has been shown to be a key 

transcription factor of macrophages, and is therefore required for the induction of a 

large number of inflammatory genes, including those that encode TNF-α, interleukin-1β 

(IL-1β), IL-6, interleukin-12p40 (IL-12p40) and cyclooxygenase-2.39  

2.4 Exercise-Induced Oxidative Stress 

Exercise-induced oxidative stress (EIOS) is an acute state of the intercellular redox 

balance shifting to a pro-oxidant state due to the production of RONS during exercise. 

In 1978, researchers first identified that prolonged endurance exercise in humans leads 

to an increase in biomarkers of oxidative stress.60 Subsequently, it was observed that 
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reactive oxygen species (ROS) are produced by contracting skeletal muscles.61,62 These 

findings have been replicated by the scientific community over the past few decades, 

with reports of elevated concentrations of oxidative stress biomarkers resulting from 

various types of exercise, including prolonged endurance exercise, resistance exercise, 

high-intensity anaerobic exercise, and eccentric exercise. These effects have been 

observed in both skeletal muscle tissue and blood.63–65 The growing interest in oxidative 

stress is driven by several factors, such as the increased understanding of the role of 

reactive oxygen and nitrogen species (RONS) in human disease, and efforts to promote 

exercise for health improvement or maintenance. Additionally, the development and 

availability of various antioxidant agents have led to their frequent testing using 

exercise as a stimulus for the production of RONS.42 

In 1990, it was discovered that reactive oxygen species (ROS) production contributes to 

skeletal muscle fatigue.14,66 During the same decade, researchers also found evidence 

that both endurance exercise training and high-intensity exercise training enhance the 

antioxidant capacity of cardiac and skeletal muscle myocytes.5,67 In the 1980s, ROS 

produced in skeletal muscles during exercise were primarily considered harmful by-

products believed to damage muscle fibers without any beneficial role. However, this 

perspective changed with the discovery of nitric oxide (NO) as a crucial biological 

signaling molecule. Subsequent research during the 2000s highlighted ROS' critical role 

as signaling molecules that increase gene expression in myotubes. Numerous 
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researchers since then have confirmed this finding, not only in skeletal muscle, but also 

in other tissues.52,68,69 

2.4.1 Sources of Oxidative Stress 

The generation of reactive oxygen and nitrogen species (RONS) in response to acute 

exercise can occur through various mechanisms. These include mitochondrial 

respiration, prostanoid metabolism, auto-oxidation of catecholamines, and oxidase 

enzymatic activity (NADPH oxidase, xanthine oxidase).67,70 The specific pathways for 

RONS generation during exercise are influenced by the type (aerobic or anaerobic), 

intensity, and duration of the exercise. Different types of exercise have varying energy 

requirements, levels of oxygen consumption, and mechanical stresses on tissues.  

Additionally, the initial increase in ROS during exercise, as well as after the cessation of 

physical exertion, can lead to secondary generation of pro-oxidants through phagocytic 

respiratory burst, disruption of calcium homeostasis, and destruction of iron-containing 

proteins.67,70 During exercise, skeletal muscle seems to be the primary site for the 

production of exercise-induced ROS. The origin of reactive oxygen species (ROS) in 

working muscle remains a subject of ongoing investigation and debate in the scientific 

community. Current evidence suggests that mitochondria, phospholipase A2 (PLA2), 

and NADPH oxidases (NOX2 and NOX4) are the primary sources of ROS production.67 

However, the specific contribution from each source has yet to be fully elucidated, 

necessitating the development of novel methodologies to achieve conclusive results. 
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Previously, it was believed that mitochondria were the main generators of ROS. 

However, numerous researchers have contradicted this claim by demonstrating that 

mitochondria actually produce less ROS during active state 3 respiration compared to 

basal state 4 respiration.71,72 Conversely, some researchers have observed NOX2 as the 

primary source of ROS during muscular contractions. NADPH Oxidase 2 (NOX2) is 

localized within the sarcolemma and T-tubule and is activated by specific agonists such 

as angiotensin II, contractile stress, and cytokines.73 

2.4.2 Acute Effect of Exercise-induced Oxidative Stress (EIOS) in Skeletal Muscle Fibers 

Reactive oxygen species (ROS) play a crucial role in regulating various physiological 

processes related to exercise. These ROS are constantly produced both at rest and 

during physical activity. They contribute to the regulation of blood flow, skeletal 

muscle force production, and the physiological adaptations resulting from regular 

exercise training. During exercise, the production of ROS is necessary to enhance the 

antioxidant defense system and increase its activity in trained skeletal muscle.67 This is 

important to counteract the oxidative stress caused by repeated muscle contractions 

during physical exertion. Additionally, it has been suggested that ROS production 

contributes to the up-regulation of DNA repair mechanisms induced by exercise 

training. 

The effect of ROS on skeletal muscle force production is observed to be biphasic and 

dependent on the concentration of ROS within the muscle fibers.13,74 Researchers have 
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indicated that both superoxide radicals and hydrogen peroxide influence muscle 

contractile function.5 The amount of these free radicals produced depends on various 

factors such as exercise duration, intensity, and muscle temperature. While an optimal 

concentration of ROS is necessary for muscle fibers to generate force effectively, 

exceeding a certain threshold leads to a significant decrease in maximal force 

production. The exact mechanism behind this relationship is not yet fully understood. 

However, researchers speculate that changes in free calcium concentrations within the 

muscle and alterations in myofibrillar sensitivity to calcium may contribute to the 

influence of redox signaling on muscle force production.70 Another hypothesis suggests 

that reduced activity of the sodium/potassium (Na+/K+) pump mediated by ROS 

production may play a role. This is because exercise results in intracellular potassium 

loss and increased intracellular sodium concentrations despite reduced Na+/K+ pump 

activity.75 As a result, there is a decreased trans-sarcolemmal sodium gradient that 

impairs membrane excitability. Therefore, understanding the balance of the intercellular 

redox state can provide valuable insights into optimizing exercise training and 

improving exercise performance. 75 

2.5 Limitations and Caveats of Exercise-induced Oxidative Stress (EIOS) Research  

Because the production of RONS resulting in oxidative damage to specific biomolecules 

is dependent on exercise stimulus exceeding the antioxidant defense system, there is 
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substantial variability in the induction of acute oxidative stress. Differences in exercise 

protocols may induce varying concentrations of free radicals because oxidative damage 

has been shown to be both intensity and duration dependent. 31,76 Furthermore, factors 

such as age, sex, training status, and dietary intake can affect the degree of free radical 

production.77–79 If oxidative stress is indeed successfully induced, the detection of 

oxidative stress is then dependent on tissue sampled, timing of sampling, and the 

sensitivity and specificity of the chosen biomarker. The presence of significant or null 

findings in research studies may be attributed to several factors that affect the 

specificity of the chosen biomarker.53,80 It could also be due to inadequate sampling 

protocols, including insufficient measures or a short time course, or using improper 

tissue samples for site specific biomarkers, like blood or urine instead of skeletal 

muscle. Therefore, the inconsistency in reports regarding oxidative stress observed in 

the literature can be attributed to various factors influencing both the onset and 

detection of oxidative stress in living organisms. 
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PART II 

Curcumin, a polyphenol present in turmeric, has garnered significant attention from the 

scientific community due to its potential positive effects on human health. However, the 

efficacy of curcumin on human health remains uncertain and requires further 

investigation through empirical approaches. Experiments exist that lend support to 

these claims, while others contradict such assertions. The therapeutic benefits of 

curcumin supplementation are primarily attributed to its antioxidant and anti-

inflammatory properties.81  

2.6 Investigating the Effect of Curcumin Supplementation on Individuals with 

Optimal Health 

Curcumin has been associated with a multitude of positive health effects in populations 

with pre-existing health conditions.81 However, there is limited scientific literature 

available on the effect of curcumin supplementation on individuals who are in good 

health. This disparity can be attributed to various factors. For example, studying a 

healthy population can be challenging because these individuals typically have 

normative concentrations of baseline biomarkers. Consequently, the potential benefits 

of curcumin may be difficult to observe within a narrow timeframe of a research study 

due to limited room for improvement of these biomarkers. This section will explore the 
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existing scientific literature pertaining to the effects of curcumin on individuals who are 

in good health. 

DiSilvestro et al.82 investigated the effects of 80 mg of a lipidated form of curcumin in 

healthy adults, 40 and 60 years of age. They were divided into two groups: one group 

receiving curcumin (n=19) and the other group receiving a placebo (n=19) for a duration 

of four weeks. Plasma and saliva samples were collected from each participant before 

and after the supplementation phase. The researchers reported that curcumin had a 

significant effect on lowering triglyceride concentrations (p<0.05), but did not have any 

effect on total cholesterol, low-density lipoprotein cholesterol (LDL-C), or high-density 

lipoprotein cholesterol (HDL-C) concentrations. However, there was a notable 

significant increase (p<0.05) in nitrous oxide (NO) concentration, as well as in soluble 

intercellular adhesion molecule 1 (sICAM), which is known to be associated with the 

development of atherosclerosis. Furthermore, DiSilvestro et al.82 observed a significant 

increase in inflammation-related neutrophil function, due to elevated concentration of 

myeloperoxidase (p<0.05). Nevertheless, there were no significant changes observed in  

C-reactive protein or ceruloplasmin concentrations. Interestingly, there was a significant 

decrease in salivary amylase activity (p<0.05), which is considered to be a marker of 

stress. Additionally, there was a non-significant improvement in salivary radical 

scavenging capacities and plasma antioxidant enzyme catalase concentrations (p>0.05). 

However, no significant changes were noted in superoxide dismutase or glutathione 
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peroxidase concentrations. DiSilvestro et al.82 also found a significant decrease in beta 

amyloid plaque formation (p<0.05) using positron emission tomography (PET) brain 

imaging, which is indicative of brain aging. Additionally, there was a significant 

reduction in plasma alanine amino transferase activities (p<0.05), which is an indicator 

of liver damage. The results from this trial indicate that curcumin can provide health 

benefits for individuals who do not have diagnosed health conditions.  

Cox et al.83 investigated the effect of 80 mg of a solid lipid curcumin (Longvida®) 

formulation on cognitive function, mood, and blood biomarkers in a group of 60 

healthy adults, 60 and 85 years of age. The researchers performed a randomized, 

double-blind, placebo-controlled trial design, with assessments conducted at various 

time points including acute (1 hour and 3 hours after a single dose), chronic (four 

weeks), and acute-on-chronic (1 hour and 3 hours after a single dose following chronic 

treatment) phases. The researchers observed that after one hour of administration, 

curcumin demonstrated a significant enhancement in performance on sustained 

attention and working memory tasks, compared to the placebo group (p<0.05). 

Additionally, chronic treatment with curcumin resulted in significantly improved 

working memory and mood, specifically reducing general fatigue and stress-induced 

fatigue, while increasing feelings of calmness and contentedness (p<0.05). The 

researchers also reported a notable acute-on-chronic non-significant treatment effect on 

alertness and contentedness (p>0.05). Furthermore, curcumin was found to be 
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associated with significantly decreased serum total cholesterol (p=0.03) and LDL-C 

concentrations (p=0.01).   

In addition to physiological changes, curcumin has also been explored as a therapeutic 

agent on anxiety and depression. Esmaily et al.84 conducted a randomized, double-

blind, crossover study in 30 adults with obesity (body mass index [BMI] > 30 kg.m-2), 

who were randomly assigned to receive either curcuminoids (1 g/day) or a placebo for a 

period of 30 days. After a two-week washout period, the participants then switched to 

the opposite treatment for another 30 days. Participants completed the Beck Anxiety 

Inventory (BAI) and Beck Depression Inventory (BDI) scales at the beginning of the 

study and again after four, six, and 10 weeks of supplementation. The researchers 

reported that curcumin supplementation resulted in a significantly lower BAI score 

(p<0.05) but did not significantly affect BDI scores (p>0.05). These findings suggest that 

curcumin may have potential anti-anxiety effects in healthy individuals who are obese. 

2.7 Effect of Curcumin on Oxidative Stress and Inflammation 

Numerous researchers have investigated the effect of curcumin on oxidative stress and 

inflammation, primarily by inducing acute oxidative stress through exercise. This 

approach was adopted because exercise elevates the production of reactive oxygen and 

nitrogen species (RONS), which subsequently interact with various biomolecules in 

vitro, leading to the generation of metabolites associated with oxidative stress-induced 
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damage. Direct measurement of RONS poses considerable challenges due to their 

transient nature and reactivity. Consequently, the extent of oxidative stress is frequently 

assessed using metabolites produced as a result of oxidative stress. This section 

explores the literature pertaining to curcumin’s effect on exercise-induced oxidative 

stress and inflammation.  

Basham et al.85 conducted a randomized, double-blind, placebo-controlled between-

subjects trial in 19 healthy males to investigate the effect of curcumin (CurcuFresh, 

NOW Foods, Bloomingdale, IL, USA) supplementation on various physiological 

markers including oxidative stress, inflammation, muscle damage, and muscle soreness. 

The researchers discovered that the administration of 1.5 grams per day of curcumin 

(CurcuFresh) for a duration of 28 days exhibited potential benefits in reducing muscle 

damage and muscle soreness in physically active and healthy male participants. 

However, no significant differences were observed in terms of inflammatory and 

oxidative stress markers between the curcumin group and the placebo group. Each 

participant completed two separate trials with a 25-day interval of supplementation, 

one with a placebo and the other with curcumin. During the testing trials, participants 

engaged in eccentric single leg sitting exercises using an aerobic step bench for 15 

minutes while utilizing their body mass as resistance. The researcher reported that 

curcumin supplementation resulted in notably lower plasma concentrations of creatine 

kinase and perceived muscle soreness following the eccentric muscle damage protocol. 
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The absence of significant changes in inflammatory and oxidative stress markers could 

potentially be attributed to the nature of the exercise protocol employed, which may not 

have elicited RONS production to a sufficient extent for noticeable alterations to occur. 

In a randomized, double-blind, placebo-controlled parallel design study, Jager et al.86 

investigated the effect of two doses of curcumin supplementation on performance 

decrements following eccentric downhill running. The researchers included 63 

physically active women and men, 19 to 29 years of age. The participants were 

randomly assigned to one of three groups: a placebo group, a group receiving 250 mg of 

CurcuWIN (containing 50 mg of curcuminoids), and a group receiving 1,000 mg of 

CurcuWIN (containing 200 mg of curcuminoids) for a duration of eight weeks. At the 

end of the supplementation period, participants completed a downhill running 

protocol. Muscle function and perceived soreness were assessed using isokinetic 

dynamometry and a visual analog scale, respectively, before the run and at timed 

intervals of 1-hour, 24-hours, 48-hours, and 72-hours post-run. The researchers reported 

no significant changes in isokinetic peak extension torque in the group receiving 200 mg 

of curcuminoids (p>0.05). However, significant reductions in isokinetic peak extension 

torque were observed in both the group receiving 50 mg of curcuminoids and those 

receiving the placebo during the initial 24 hours of recovery (p<0.05). Isokinetic peak 

flexion torque and power decreased significantly (p<0.05) in the group receiving the 50 

mg of curcuminoids, while no significant changes (p>0.05) were observed in either the 
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group receiving 200 mg or curcuminoids or the placebo group. No significant changes 

(p>0.05) were detected in isokinetic extension power or isometric average peak torque 

across all groups. Furthermore, perceived soreness was significantly increased (p>0.05) 

in all groups compared to baseline. These findings suggest that supplementation with a 

dose of 200 mg of curcuminoids attenuated some, but not all, changes in performance 

and soreness following eccentric downhill running. However, the non-significant 

findings outweighed the positive results in this study.  

Delecroix et al.87 conducted a randomized crossover design study to investigate the 

effects of combined oral consumption of curcumin (MGD Nature, Brandérion, France) 

and piperine on recovery after exercise-induced muscle damage in elite male rugby 

players. A total of 10 participants were included in the study, and they were randomly 

assigned to receive either a placebo or 2 g of curcumin plus 20 mg of piperine 

supplementation The supplementation was administered 48 hours before and after the 

exercise-induced muscle damage protocol. The exercise protocol consisted of 25 

repetitions of one-leg jumps over a distance of 25 meters on an 8% downhill slope. 

Various measurements were taken to assess muscle recovery, including concentric and 

isometric peak torque for the knee extensors, one leg 6-second sprint performance, 

plasma creatine kinase concentrations, and muscle soreness. These measurements were 

taken immediately after exercise, as well as at 24, 48, and 72 hours post-exercise. The 

researchers reported moderate to large effects of the exercise protocol on concentric 
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peak torque for the knee extensors, one leg 6-second sprint performance, and counter 

movement jump performance at the 48-hour mark following exercise. Additionally, 

there was a large effect size of the exercise protocol on creatine kinase concentration at 

the 72-hour mark in the control group (Effect size = 3.61; 90% Confidence Interval [CI]: 

0.24 to 6.98). This decrease in muscle function and increase in creatine kinase 

concentrations indicate that the exercise protocol successfully induced muscle damage. 

At the 24-hour mark post-exercise, there was a moderately lower reduction in sprint 

mean power output in the experimental condition compared to the placebo condition 

(Effect size = -1.12; 90% CI: -1.86 to -0.86). Based on these findings, the researchers 

concluded that curcumin plus piperine supplementation before and after exercise can 

partially attenuate some, but not all, aspects of muscle damage. 

McFarlin et al.37 studied the effects of 400 mg per day of oral curcumin supplementation 

(Longvida) versus a placebo on muscle soreness, creatine kinase concentrations, and 

inflammatory cytokine concentrations using a randomized, double-blind, placebo-

controlled study design. The researchers included 28 healthy women and men who 

underwent an exercise protocol consisting of eccentric dual leg press exercise. The 

participants were given curcumin supplements two days before and up to four days 

after the exercise protocol. Plasma samples were collected 1 day before the exercise 

protocol, and 1, 2, 3, and 4 days after the exercise protocol. The researchers reported 

that there was a significant decrease (p<0.05) in concentrations of creatine kinase (-48%), 
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TNF-α (-25%), and IL-8 (-21%) following the exercise protocol in the curcumin 

supplementation group compared to the placebo group. However, there were no 

significant changes observed in concentrations of IL-6 and IL-10, or quadriceps muscle 

soreness between the two groups. Based on these findings, the authors concluded that 

consumption of curcumin reduced biological inflammation during the recovery phase 

after exercise-induced muscle damage but did not alleviate quadricep muscle soreness. 

In a series of experiments, Tanabe et al.88,89 conducted investigations on the efficacy of 

curcumin in mitigating exercise-induced muscle damage. Tanabe et al.89 examined the 

effect of curcumin supplementation on reducing muscle damage following eccentric 

exercise. Fourteen healthy young male participants, 24±1 years of age, without prior 

training, performed 50 maximal isokinetic eccentric contractions of their elbow flexors 

using an isokinetic dynamometer. This exercise was repeated after four weeks with the 

other arm. The participants were administered either 150 mg of Theracurmin® or (45 mg 

of curcuminiods)a placebo before and 12 hours after each eccentric exercise bout in a 

randomized crossover design. Measurements of maximal voluntary contraction (MVC) 

torque of the elbow flexors, range of motion of the elbow joint, upper-arm 

circumferences, muscle soreness, serum creatine kinase activity, plasma IL-6 and TNF-α 

concentrations were obtained before, immediately after, as well as at 24, 48, 72, and 96 

hours following each eccentric exercise session. The authors observed that MVC torque, 

serum creatine kinase activity, and recovery significantly differed between the 
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curcumin group and the placebo condition (p<0.05). However, no other significant 

differences were found between the conditions. The authors concluded that 

Theracurmin® ingestion attenuated certain aspects of muscle damage such as MVC loss 

and creatine kinase activity.  

In another study, Tanabe et al.90 aimed to investigate the timing of curcumin 

supplementation on markers of exercise-induced muscle damage. In a randomized, 

single-blind, parallel design study involving 24 healthy young men, 30±3 years of age, 

participants performed 30 maximal isokinetic eccentric contractions of their elbow 

flexors using an isokinetic dynamometer. Participants were randomly assigned to 

consume either a placebo or oral curcumin (Theracurmin®) at a dosage of 180 mg/day 

either seven days before or four days after the exercise protocol. Measurements of 

maximal voluntary contraction (MVC) torque of the elbow flexors, range of motion 

(ROM) of the elbow joint, muscle soreness, serum IL-8 concentrations, and serum 

creatine kinase activity were obtained before exercise, immediately after exercise, and 

one to four days after exercise. Changes in these variables were compared over time. 

The researchers reported that post-curcumin supplementation, ROM and MVC were 

higher at three to four days post-exercise, and muscle soreness was lower at the three-

day mark compared to the placebo group. In the supplementation group who was 

supplemented with curcumin prior to the exercise protocol, no significant differences 

were observed in changes in ROM and muscle soreness compared to the placebo group. 
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However, 12 hours after exercise, there was a significant reduction in serum IL-8 

concentrations (p<0.05). Additionally, no significant differences were found among the 

groups regarding changes in MVC torque and serum creatine kinase activity. The 

authors concluded that curcumin consumption after exercise compared to before 

exercise, had a more beneficial effect in attenuating muscle soreness and certain 

markers of exercise-induced muscle damage. 

Nicol et al.91 conducted a randomized, double-blind, controlled crossover trial to 

investigate the effects of 2.5 g of curcumin supplementation (Eurofins Scientific Inc, 

Petaluma, CA) compared to a placebo on muscle damage, inflammation, and delayed 

onset muscle soreness (DOMS) in a sample of 17 male participants, 18 to 39 years of age, 

who had a background in various sports such as football and basketball. The 

researchers assessed single-leg jump performance and DOMS following an eccentric 

single-leg press exercise. Curcumin or placebo was administered starting two days 

before and continuing up to three days after the eccentric exercise protocol. A 14-day 

washout period was implemented between the placebo and intervention conditions. 

Measurements were taken at baseline, as well as at 0, 24, and 48 hours post-exercise. 

These measurements included limb pain assessed using a visual analogue scale (VAS), 

muscle swelling, single-leg jump height, and serum markers of muscle damage and 

inflammation such as creatine kinase, interleukin-6 (IL-6), and tumor necrosis factor-

alpha (TNF-α) concentrations. The researchers reported that curcumin supplementation 
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led to moderate to large reductions in pain experienced during activities such as single-

leg squat, gluteal stretch, and squat jump. Additionally, there was a small decrease in 

creatine kinase activity observed at both the 24-hour and 48-hour time points. 

Furthermore, there was a slight improvement in single-leg jump performance observed 

when the participants received curcumin compared to when they received the placebo. 

Moreover, IL-6 concentrations were lower at the 24-hour mark relative to baseline in the 

when the participants received curcumin compared to when the received the placebo. 

Based on these findings, the authors concluded that oral curcumin supplementation 

likely contributes to alleviating pain associated with DOMS and enhances recovery of 

muscle performance. 

Sciberras et al.92 conducted a double-blind, crossover design study to investigate the 

effect of curcumin supplementation on cytokine and stress responses following a two-

hour cycling session. The researchers recruited 11 male recreational athletes, 36±6 years 

of age, and assigned them to three double-blind trials involving 500 mg curcumin 

supplementation (Meriva), placebo supplementation, and no supplementation for a 

period of three days prior to the exercise test. Additionally, a one-week washout period 

was implemented among each condition. The researchers measured serum 

concentrations of interleukin-1 receptor antagonist (IL1-RA), interleukin-6 (IL-6), 

interleukin-10 (IL-10), cortisol, C-reactive protein (CRP), and subjective assessment of 

training stress. To standardize the exercise protocol, all athletes were required to 
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perform the exercise at 95% of their lactate threshold. The authors reported that, while 

there were noticeable trends, no significant differences (p>0.05) were observed due to 

the curcumin supplementation in any of the outcome measures except for the subjective 

assessment of psychological stress, which resulted in a significant improvement 

(p<0.05). 

Drobnic et al.93 conducted a randomized, single-blind, placebo-controlled design pilot 

study to evaluate the potential effect of curcumin in attenuating oxidative stress and 

inflammation associated with acute muscle injury induced by eccentric continuous 

exercise. The researchers included 20 healthy male individuals with moderate activity 

levels, who were randomly assigned to receive either 200 mg of curcumin (Meriva) or a 

placebo. Subsequently, all participants underwent a downhill running test. The 

supplementation regimen consisted of three days prior to the exercise protocol and one 

day after, for a total of four days of supplementation. The researchers assessed muscle 

damage through magnetic resonance imaging and biochemical analyses on muscle 

tissue obtained 48 hours after the exercise test. Drobnic et al.93 reported that the group 

supplemented with curcumin exhibited significantly fewer instances of muscle injury in 

both the posterior and medial compartments of their quadriceps compared to the 

placebo group. Additionally, markers of oxidative stress and inflammation were lower 

in the group supplemented with curcumin; however, statistically significant differences 

were only observed in interleukin-8 (IL-8) concentrations two hours post-exercise. 



 
 

68 
 

Based on these findings, the authors concluded that curcumin shows promise in 

preventing delayed onset muscle soreness (DOMS), evidenced by its effects on pain 

intensity and muscle injury. 

Chilelli et al.94 investigated the potential effect of curcumin and Boswellia serrata (BSE) 

gum resin supplementation on plasma concentrations of markers related to oxidative 

stress, inflammation, and glycation in a group of 47 male healthy master cyclists, 45±9 

years of age. All participants were instructed to adhere to the Mediterranean diet 

throughout the study. Out of these individuals, 22 received a placebo, while the 

remaining 25 were administered a dosage containing 50 mg of turmeric (equivalent to 

10 mg of curcumin) and 140 mg of Boswellia extract (equivalent to 105 mg of Boswellia 

acid) for a duration of 12 weeks. They reported a significant positive reduction 

compared to the placebo group on glycoxidation (475.7±141.6 to 328.5±164.5 pg/mL in 

the supplementation group, and 430.6±123.6 to 312.3±156.3 pg/mL in the placebo group; 

p<0.01), and lipid peroxidation (0.16±0.09 to 0.05±0.05 µmol/L in the supplementation 

group, and 0.10±0.03 to 0.03±0.01 µmol/L in the placebo group; p<0.05) among these 

physically healthy male athletes. The researchers revealed a promising avenue for 

combining curcumin with other pharmacologically active compounds such as Boswellia 

serrata in master athletes.  

Hewlings et al.81 conducted a randomized controlled trial in 28 male individuals, 19±3 

years of age,  who were not engaged in resistance training and were in good health. 
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They were randomly assigned to one of two groups: a curcumin supplementation 

group or a placebo group. The curcumin group received a daily dosage of 400 mg of 

curcumin for two days prior to and four days after participating in an eccentric exercise 

protocol specifically designed to induce muscle soreness. The researchers reported that 

the individuals who received curcumin experienced significantly smaller increases 

(p<0.05) in certain biomarkers of inflammation and muscle damage compared to the 

placebo group. Namely, the increase in creatine kinase (CK) concentration was 48% less 

in the supplementation group, tumor necrosis factor-alpha (TNF-α) concentration 

increased 25% less in the supplementation group, and interleukin-8 (IL-8) 

concentrations increased 21% less in the supplementation group following the exercise 

protocol. However, there were no significant differences (p>0.05) observed between the 

two groups in terms of interleukin-6 (IL-6), interleukin-10 (IL-10), or subjective 

assessment of quadriceps muscle soreness. These findings suggest that curcumin 

supplementation can effectively reduce biological inflammation during the recovery 

period following exercise. However, this protocol did not have a significant effect on 

subjective muscle soreness experienced by the participants. Hewlings et al.81 propose 

that incorporating curcumin supplementation may potentially shorten recovery time 

and enhance performance in subsequent exercise sessions.81 
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2.8 Research on the Mechanism of Action of Curcumin 

Although the mechanism of action of curcumin is complex, numerous researchers who 

have conducted in vitro studies have shown that curcumin primarily acts as an 

antioxidant by directly scavenging free radicals and forming complexes with ions.55,95–100 

Curcumin acts as an antioxidant by either forming complexes with free radicals or 

interrupting the chain reactions that can lead to DNA damage, protein oxidation, or 

lipid peroxidation. The antioxidant and anti-inflammatory properties of curcumin have 

been shown to be effective in many studies in humans. However, to better understand 

the molecular mechanisms underlying these effects, the realm of cell line and animal 

model studies need to be discussed. The purpose of this section is to elucidate the 

specific mechanisms through which curcumin exerts its antioxidant and anti-

inflammatory actions. 

2.8.1 Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells (NF-κB) 

The transcription factor, nuclear factor-kappa B (NF-κB), plays a crucial role in various 

physiological processes, including the transcriptional regulation of pro-inflammatory 

gene expression in different cell types.101 Reactive oxygen species (ROS) act as mediators 

in the NF-κB signaling pathway by activating kinases through the oxidation of kinase-

interacting molecules.101 The specific mechanism of activation depends on the type of 

ROS interacting with a kinase protein. For instance, ROS can activate tyrosine kinases 

by inhibiting protein tyrosine phosphatases via oxidation of a highly reactive cysteine 
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residue at their catalytic site. Jobin et al.97 demonstrated the ability of curcumin to 

inhibit NF-κB activity in intestinal epithelial cells (IEC) of mice and humans. They 

reported that pre-treatment with 20 mM of curcumin resulted in a significant inhibition 

of cytokine-mediated NF-κB activation (p<0.05), accompanied by a significant decrease 

in ICAM-1 and IL-8 gene expression (p<0.05). 

 2.8.2 KELCH ECH associating protein 1 (Keap1) Nuclear Factor Erythroid 2-related 

Factor 2 (Nrf2) Antioxidant Response Elements (AREs) (Keap1-Nrf2-ARE) 

The KELCH ECH associating protein 1 (Keap1) Nuclear Factor Erythroid 2-related 

Factor 2 (Nrf2) Antioxidant Response Elements (AREs) (Keap1-Nrf2-ARE) 

pathway is widely recognized as the principal regulator of oxidative and electrophilic 

stress responses. Under normal conditions, nuclear factor erythroid 2-related factor 2 

(Nrf2), a transcription factor, is bound to KELCH ECH associating protein 1 (Keap1), 

preventing its translocation into the nucleus and subsequent binding to specific gene 

regions responsible for up-regulating antioxidant enzymes.46 However, during 

instances of oxidative stress, Keap1 undergoes cysteine residue modifications that 

impair its ability to interact with Nrf2. This leads to the release of Nrf2, allowing it to 

translocate into the nucleus. Once inside the nucleus, Nrf2 binds to antioxidant 

response elements (AREs) in regulatory regions of target genes, in conjunction with 

small Maf proteins, ultimately resulting in the up-regulation of antioxidant enzymes.102 

Researchers100 investigating the effects of curcumin supplementation in mice found that 
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appropriate doses of curcumin (50 mg/kg body weight) significantly increased Nrf2 

protein concentrations (p<0.05). This led to up-regulation of genes involved in 

antioxidative processes such as haemoxygenase-1 (HO-1) and glutamate-cysteine ligase 

catalytic subunit (GCLC) in the nucleus. Haemoxygenase-1 (HO-1) plays a crucial role 

in regulating vascular inflammation and oxidative damage, while GCLC participates in 

the synthesis of glutathione, an important antioxidant molecule.9  

Lin et al.103 used RAW 264.7 cells (a macrophage cell line derived from a male mouse 

tumor) to investigate the influence of curcumin on the Nrf2-Keap1 pathway. The 

researchers exposed RAW264.7 cells to various concentrations of curcumin (0, 5, 10, and 

20 µM) for a duration of 20 hours. Subsequently, hydrogen peroxide was administered 

for up to eight hours to induce oxidative stress in the cells exposed to various doses of 

curcumin, as well as a control group that did not receive curcumin treatment. The 

researchers assessed the activity concentrations of superoxide dismutase (SOD), catalase 

(CAT), glutathione peroxidase (GSH-PX), and malondialdehyde (MDA). They reported 

that cell viability decreased as hydrogen peroxide concentration increased in the control 

group. Conversely, both the 5µM and 10 µM curcumin-treated groups exhibited higher 

cell viability compared to the control group. To ascertain the effect of curcumin on the 

Nrf2-Keap1 pathway, Western blot and qRT-PCR techniques were conducted to 

measure total and nuclear protein concentrations of Nrf2, and gene expression 

concentrations related to the Nrf2-Keap1 axis. Lin et al.103 concluded that curcumin 
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effectively reduced reactive oxygen species (ROS) by increasing Nrf2 protein 

concentrations and facilitating its translocation into the nucleus, where it could up-

regulate gene expression of antioxidant enzymes such as SOD, CAT, and GSH-PX.  

He et al.95 reported that curcumin treatment in mice fed with a high-fat diet mitigated 

the anticipated rise in muscular malondialdehyde (MDA) and ROS concentrations, 

while reversing the decreased concentrations of Nrf2 and hemeoxygenase-1 (HO-1), a 

stress response protein. Furthermore, Xie et al.99 demonstrated that curcumin treatment 

enhanced the expression of Keap1 protein and significantly increased nuclear 

accumulation of Nrf2 in rats with diabetes mellitus (p<0.05). This subsequently 

inhibited oxidative stress through elevated expression of catalase (CAT) and 

glutathione peroxidase (GSH-Px), while reducing superoxide dismutase 1 (SOD1) 

expression. Wicha et al.104 demonstrated that treating rats with hexahydrocurcumin 

significantly reduced oxidative stress, malondialdehyde , and nitric oxide 

concentrations while enhancing Nrf2 and HO-1 expression, as well as antioxidative 

enzyme activity including SOD1 activity. 

 2.8.3 Sirtuins 1,2, and 3  

The sirtuins (SIRT) refer to a class of intracellular regulatory proteins that play 

significant roles in various cellular processes such as aging, stress resistance, metabolic 

regulation, and transcription. Researchers have demonstrated the capacity of SIRT1 and 
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SIRT3 to suppress oxidative stress within cells, in contrast to the action of SIRT2, which 

promotes oxidative stress.98,105 

2.8.3.1 Sirtuin 1 (SIRT1) 

Sirtuin 1 (SIRT1) is predominantly localized in the nucleus and operates by decreasing 

the acetylation of Forkhead box O (FOXO) 3a protein. This process increases the 

binding of FOXO to DNA and activates the FOXO transcription factors, which, in turn, 

regulate antioxidant genes such as SOD and CAT, with the goal of reducing cellular 

concentrations of ROS.46,106 The effect of curcumin on SIRT1 was demonstrated by Miao 

et al.98 The researchers induced inflammation in murine brains using middle cerebral 

artery occlusion (MCAO), leading to an increase in TNF-α and IL-6 concentrations. 

However, when curcumin was administered, TNF-α and IL-6 production were found to 

be significantly attenuated compared to the untreated MCAO group (p<0.05). 

Interestingly, this effect was significantly diminished when sirtinol, a specific inhibitor 

of SIRT1 and SIRT2, was administered. This suggests that the protective effects of 

curcumin are also mediated through SIRT1 activation.98 Furthermore, it has been 

demonstrated that SIRT1 activates peroxisome proliferator-activated receptor-gamma 

coactivator-1alpha (PGC-1α), which enhances mitochondrial expression of antioxidant 

genes, such as glutathione peroxidase (GPX), catalase (CAT), and superoxide dismutase 

SOD.107 Additionally, SIRT1 may reduce cellular ROS concentrations by inhibiting the 

expression and production of inducible nitric oxide synthase (iNOS) and nitrous oxide . 
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This is achieved through deacetylation of p65, ultimately leading to suppression of the 

NF-kB signaling pathway.108 

2.8.3.2 Sirtuin 2 (SIRT2) 

Sirtuin 2 (SIRT2), a member of the sirtuin protein family predominantly located in the 

cytoplasm, has been demonstrated to exhibit increased expression in cells under 

conditions of oxidative stress, leading to elevated concentrations of MDA.106 Nie et al.105 

reported that oxidative stress amplifies SIRT2 concentrations within cells, with a 

subsequent decrease in SIRT2 resulting in reduced production of hydrogen peroxide 

(H2O2)-induced ROS. Keskin-Aktal et al.109 observed that 30 mg/kg/day of curcumin 

treatment effectively diminished both MDA (2.9±1.1 vs 5.5±2.9, curcumin vs control 

groups, respectively; p<0.05) and SIRT2 expression (0.32±0.07 vs 0.64±0.07, curcumin vs 

control groups, respectively; p<0.05) in the hippocampus of rats. Furthermore, a 

positive significant correlation between SIRT2 expression and MDA was identified 

(p<0.05). 

2.8.3.3 Sirtuin 3 (SIRT3) and Peroxisome Proliferator-activated Receptor-gamma 

Coactivator-1alpha (PGC-1α) 

SIRT3, a member of the sirtuins family, is predominantly localized in the mitochondrial 

matrix and governs mitochondrial fatty acid oxidation.110 Overexpression of SIRT3 

enhances the expression of PGC-1α and reduces the production of reactive oxygen 

species (ROS). Zhang et al.96 demonstrated that, in mice with chronic obstructive 
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pulmonary disease (COPD), administration of 100 mg/kg of curcumin significantly 

elevated mRNA and protein expression concentrations of SIRT3 and PGC-1α in skeletal 

muscle tissue (p<0.05), leading to significantly decreased concentrations of MDA 

(1.26±0.28 vs 4.80±0.16 nmol/mg, curcumin vs control groups, respectively; p<0.05), 

manganese superoxide dismutase (p<0.05), glutathione peroxidase (p<0.05), catalase 

(p<0.05), IL-6 (p<0.05), and TNF-α (p<0.05). These findings suggest that curcumin 

treatment up-regulates the SIRT3/ PGC-1a signaling pathway, which contributes to the 

attenuation of oxidative stress. 

 2.8.4 Wingless/Integrated (Wnt)/β-Catenin 

The Wingless/Integrated (Wnt)/β-Catenin pathway is activated when a Wnt protein 

ligand binds to both a Frizzled family receptor and a lipoprotein receptor related 

protein 6/5 (LRP6 or LRP5). This activation leads to the accumulation of β-catenin in the 

nucleus, where it forms complexes with T-cells bound to DNA. Lima et al.111 indicated 

that the Wnt signaling pathway plays a role in reducing oxidative stress and enhancing 

antioxidant activity. Similarly, Wang et al.112 demonstrated that treatment with 

curcumin increases the mRNA expression of Wnt3a and β-catenin, which translated to a 

significant increase in protein concentrations, as well as increasing the mRNA 

expression of c-myc and cyclinD1 (p<0.05). Additionally, curcumin treatment led to 

significantly elevated concentrations of SOD (p<0.05) and GSH-Px (p<0.05), while 

significantly reducing (p<0.05) the concentration of MDA in rat models of Parkinson’s 
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disease. Based on these findings, curcumin’s protective effect against oxidative stress 

may be linked to the activation of the Wnt/β-catenin signaling pathway. 

2.9 Summary 

 

In summary, curcumin supplementation has been shown by some researchers to 

attenuate oxidative stress and inflammatory biomarkers by primarily influencing the 

activity of key regulatory transcription factors, NF-κB and Nrf2-Keap1. Some, but not 

all, research conducted in humans have demonstrated curcumin’s capacity to diminish 

markers of oxidative stress and tissue damage induced by exercise. Investigations using 

cell lines and animal models have provided insight into the mechanisms underlying 

these effects. Additional research is necessary to definitively establish curcumin’s 

efficacy as an antioxidant and anti-inflammatory agent. 
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CHAPTER 3 – METHODOLOGY 

3.1 Institutional Review Board Approval 

Approval for this study (IRB #22-646) was obtained from the Virginia Polytechnic 

Institute and State University (Virginia Tech) Institutional Review Board (IRB). The 

Approval Letter was received on February 10, 2023 (Appendix A). 

3.2 Study Design 

A randomized, double-blind, placebo-controlled study design was used for this 

investigation. 

The following are the aims for this study: 

Specific Aim 1: To determine the effect of consuming 600 mg of Theracurmin® per day 

compared to 300 mg of Theracurmin® per day, compared to a placebo, for four weeks in 

recreationally active individuals, 18 to 45 years of age, on the following markers of 

exercise-induced oxidative stress: serum protein carbonyl concentrations, glutathione 

(GSH), glutathione disulfide (GSSG), the ratio of reduced glutathione to oxidized 

glutathione (GSH:GSSG), and total antioxidant capacity (TAC) after a maximal graded 

exercise test. 

Specific Aim 2: To determine the effect of consuming 600 mg of Theracurmin® per day 

compared to 300 mg of Theracurmin® per day, compared to a placebo, for four weeks in 
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recreationally active individuals, 18 to 45 years of age, on the following markers of 

inflammation: interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and C-reactive 

protein (CRP) concentrations after a maximal graded exercise test. 

Specific Aim 3: To determine the effect of consuming 600 mg of Theracurmin® per day, 

compared to 300 mg of Theracurmin per day, compared to a placebo, for four weeks in 

recreationally active individuals, 18 to 45 years of age, on a marker of muscle damage 

(creatine kinase [CK] concentrations) after a maximal graded exercise test. 

Specific Aim 4: To determine the moderating effect of aerobic fitness (maximal oxygen 

consumption [VO2max]) on the efficacy of 600 mg of Theracurmin® per day compared 

to 300 mg of Theracurmin®, for four weeks in recreationally active individuals, 18 to 45 

years of age, on biomarkers of oxidative stress and inflammation. 

Specific Aim 5: To determine the moderating effect of percent body fat on the effect of 

600 mg of Theracurmin® per day compared to 300 mg of Theracurmin®, for four weeks 

in recreationally active individuals, 18 to 45 years of age, on biomarkers of oxidative 

stress and inflammation. 

3.3 Sample Size and Attrition Rate 

The primary objective of this study was to examine the effect of an intervention on 

oxidative stress concentrations, measured by protein carbonyl concentrations. The 

power calculations for this study were based on previous studies, where the researchers 
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investigated changes in protein carbonyl concentrations among healthy adults 

following aerobic exercise.113–115To make meaningful comparisons between groups, a 

sample size of 14 healthy adults per group (42 participants in total) was determined to 

achieve 80% statistical power to detect mean differences at a medium effect size 

(Cohen’s d = 0.50). This calculation was conducted using the G*Power software and a 

one-way repeated measure multivariate analysis of variance (MANOVA) with a 

significance level set at a priori at p=0.05. To account for potential participants dropping 

from the study, the goal was to recruit 17 participants per group, assuming a possible 

attrition rate of 20%. This attrition rate was chosen based on the average attrition rate 

observed in Dr. Volpe’s Laboratory for more than 25 years. 

3.4 Inclusion and Exclusion Criteria  

3.4.1 Inclusion Criteria  

Individuals (female and male) between 18 and 45 years of age, who engaged in regular 

physical activity at least three days per week, were non-smokers, free from chronic 

illnesses, did not use supplements or medications that may affect the study outcomes, 

and were generally in good health were recruited for this study. Additionally, 

participants must have had a history of exercising at least twice per week for the past 

six months, and continued to remain active throughout the duration of this study.  
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3.4.2 Exclusion Criteria  

The study’s exclusion criteria were as follows: individuals who smoked, those who 

engaged in less than two days of exercise per week (sedentary individuals), those with 

orthopedic limitations, those diagnosed with an uncontrolled chronic disease without a 

physician’s note, individuals who took medication without the ability to provide a 

physician’s note, individuals taking blood thinners (curcumin can act as a blood 

thinner, and thus, individuals taking blood thinners were excluded), individuals with 

systolic blood pressure greater than 140 mmHg or diastolic pressure greater than 90 

mmHg, individuals with a body mass index (BMI) exceeding 35 kg/m2, and pregnant 

women.  

3.5 Methodology 

3.5.1 Participant Screening  

3.5.1.1 Screening Survey 

Recruitment flyers (Appendix B) for the study were posted around the Virginia 

Polytechnic Institute and State University (Virginia Tech) campus and other strategic 

locations. Individuals who were interested in participating in the study could email or 

scan the QR code on the flyer. Either way, prospective participants were directed to 

complete a QuestionPro survey (Appendix C) aimed at evaluating their suitability for 

inclusion in the study. Upon completion, eligible candidates received an informed 
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consent form (Appendix F) via email. A Health Insurance Portability and 

Accountability Act (HIPAA)-compliant Zoom meeting was arranged within the next 

few days, based on scheduling availability. In the event that individuals did not meet 

the pre-determined inclusion criteria, they were informed via email that they did not 

qualify for the study and were thanked for their time and interest. 

3.5.1.2 Introductory Virtual Meeting 

An email containing a consent form was sent to eligible participants in advance, 

providing detailed information regarding the study’s objectives, rationale, 

methodologies, potential advantages, and risks involved. Potential participants who 

met the established inclusion criteria were then scheduled for a HIPAA-compliant 

Zoom meeting, during which they received a comprehensive explanation of the study. 

Participants were actively encouraged to seek clarifications for any uncertainties prior 

to making an informed decision regarding their participation. Upon obtaining verbal 

confirmation, individuals were scheduled for their baseline laboratory visit at the Volpe 

Laboratory (339 Wallace Hall, Virginia Tech). 

3.5.1.3 Medical History 

Participants were requested to complete a comprehensive medical history questionnaire 

(Appendix D), which served to assess for potential health issues such as unstable 

cardiovascular conditions, diabetes mellitus, hypertension, etc., as well as other factors 
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that may have hindered their participation (e.g., physical limitations caused by 

osteoarthritis, and sustained injuries). 

3.5.1.4 Physical Activity Readiness Questionnaire 

Participants were required to complete a Physical Activity Readiness Questionnaire 

(PAR-Q) (Appendix E) to determine their physical suitability for participation in the 

study. This questionnaire identifies any underlying medical conditions or limitations 

that may have impeded their ability to fully engage in the research study. 

3.5.1.5 Randomization Procedure 

After participants were scheduled for their first testing session, they were randomly 

assigned into one of the three groups: 1) a placebo group who received 50 mg of 

microcrystalline cellulose, 2) a group who received 300 mg of Theracurmin® (containing 

90 mg of active curcuminoids), and 3) a group who received 600 mg of Theracurmin® 

(containing 180 mg of active curcuminoids). The allocation of participants into one of 

these three groups was determined through the utilization of a software-generated 

randomization plan, employing the randomization tool available at 

http://www.graphpad.com/quickcalcs/index.cfm. Each group consisted of a total of 17 

participants.  
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3.5.2 Baseline Visit (Session 1) 

3.5.2.1 Arrival and Informed Consent 

Participants were instructed to arrive at the Volpe Laboratory in 339 Wallace Hall 

(Virginia Tech) at their designated appointment time. Prior to their arrival, participants 

were informed of their requirement to adhere to specific guidelines, including 

maintaining a fasting period of at least four hours, abstaining from caffeine 

consumption for a duration of 12 hours, and refraining from engaging in vigorous 

exercise or alcohol consumption for a period of 24 hours. Upon arrival, participants 

were queried regarding their adherence to these aforementioned conditions. 

Subsequently, they were guided through the informed consent (Appendix F) process in 

a comprehensive manner. This procedure aimed to ensure that participants had a 

complete understanding of the study’s procedures, their individual responsibilities, 

potential benefits, and associated risks. Once the study protocol had been thoroughly 

explained and all participant inquiries addressed, physical signatures on the consent 

form were obtained and witnessed by the research personnel. 

3.5.2.2 Pregnancy Test 

If a participant identified as female and stated that they were pre-menopausal, peri-

menopausal, or non-post-menopausal for a period of at least one year, it was necessary 

for them to undergo a pregnancy test due to the X-ray exposure from dual energy X-ray 

absorptiometry (DXA). The participant was provided with a small plastic container and 
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instructed to collect a minimum of three to four tablespoons of urine. Subsequently, the 

lid was securely placed back on the container before returning it to our laboratory. 

Upon receiving the urine sample, the absorbent end of the pregnancy test strip was 

immersed into the urine for a duration of 20 seconds before evaluating the result. 

Following this assessment, the urine was properly disposed of by flushing it down a 

toilet, while the container itself was discarded in a designated biohazard container.  

3.5.2.3 Blood Pressure 

Participants were instructed to assume a relaxed upright posture and remain seated for 

a duration of 10 minutes. An automated blood pressure monitor (SunTech Tango M2 

Blood Pressure Monitor, Morrisville, NC) was utilized to measure resting blood 

pressure and heart rate. Three readings were acquired, and subsequently, an average of 

the readings was calculated. 

 3.5.2.4 Anthropometry 

Body weight and height were measured on a digital physician’s scale (Detecto 439, 

Webb City, Missouri, USA) and stadiometer (SECA 777, GMBH & CO., Germany), 

respectively. Body weight was measured during every lab visit; however, height was 

measured only at the first visit. Both body weight and height values were obtained in 

duplicate to ensure the accuracy of the readings obtained. Body weight was measured 

to the nearest 0.5 pounds and converted to kilograms (kg). Height was measured to the 

nearest 0.5 inches and converted to centimeters (cm). 
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3.5.2.5 Dual Energy X-ray Absorptiometry Scan 

Prior to instructing participants to assume a supine position on the dual energy X-ray 

absorptiometer (DXA), the research personnel requested that participants remove any 

metallic objects they may have had on their person. Subsequently, participants were 

positioned in the supine position, ensuring that their head and limbs were within the 

designated scanning area. The technician informed participants of the approximate 

duration of the scan (ranging from 8 to 12 minutes depending on body size) and 

emphasized the importance of remaining as still as possible throughout the duration of 

the scan. Additionally, the technician explained how the DXA scanning arm would 

gradually pass over their body to ensure that participants were made comfortable to the 

movement of the scanner arm. The DXA (iDXA, GE Healthcare, Madison, WI) was used 

to measure lean body mass, percent body fat, and total body bone mineral density W0 

only. Following completion of the scan, the results of the scan were briefly described by 

the research personnel and each participant was assured that they would receive a copy 

of their scan at the conclusion of the study protocol. All DXA scans were conducted by a 

Certified Bone Densitometry Technologist (CBDT®) through the International Society 

for Clinical Densitometry (ISCD). 

3.5.2.6 Baseline Blood Draw 1 (B1) 

Participants were seated in a designated phlebotomy chair and instructed to rest their 

arm on a provided arm rest. A trained phlebotomist proceeded to identify a suitable 
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vein for blood collection. The area was thoroughly cleansed using an alcohol pad to 

ensure proper hygiene. To enhance visibility and facilitate the extraction process, a 

rubber tourniquet was applied around the upper arm, effectively engorging the 

targeted vein. Subsequently, a fine-gauge needle (0.21 mm in diameter) was employed 

to puncture an appropriate arm vein located on the inner side of the elbow crease. This 

procedure aimed to draw approximately two tablespoons of blood into a specialized 

vacutainer tube (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Once the 

desired sample was obtained, the needle was carefully withdrawn, and gentle pressure 

with sterile gauze was applied to minimize any potential bleeding. To prevent infection, 

either a band aid or gauze with an elastic wrap was securely placed over the puncture 

site. Participants received instructions to keep this dressing intact for at least 10 minutes 

following the procedure. Some of the collected blood sample was used for the 

measurement of hemoglobin and hematocrit concentrations. 

3.5.2.7a Hemoglobin Analyses (B1) 

Utilizing some of the collected blood sample, a quantitative measurement of 

hemoglobin concentration was acquired using the Hemocue system (HemoCue Hb 201+ 

Analyzer, Brea, CA, USA). Roughly 100 microliters (µL) of the blood sample was 

aspirated into the testing strip through capillary action. Following this, the testing strip 

was carefully inserted into the designated slot in the Hemocue system for analyses. 



 
 

88 
 

Following a one-minute waiting period, the  value was determined by the device and 

recorded. 

3.5.2.7b Hematocrit Analyses (B1) 

Some of the blood sample collected was placed into two capillary tubes, with each tube 

filled to approximately two-thirds of its capacity. A wax seal was then carefully applied 

to one end of each capillary tube. The tubes subsequently underwent centrifugation at a 

speed of 5,000 revolutions per minute (rpm) for a duration of 10 minutes. Following 

centrifugation, the blood sample was naturally separated into three distinct layers: the 

supernatant, which consists of plasma and occupies the uppermost portion; the buffy 

coat, located in the middle and composed of white blood cells and platelets; and finally, 

the pellet at the bottom, which is comprised mainly of red blood cells. Subsequently, the 

capillary tubes were positioned on a Micro-Hematocrit Tube reader chart (Critocaps), 

which enabled the measurement of hematocrit based on the location of the separation 

between the pellet and the supernatant. This placement involved aligning the base of 

the sample with the lowermost line on the reader’s chart. The positioning of the tube 

was adjusted until the upper meniscus of the plasma coincided precisely with the upper 

line on the hematocrit tube reader chart. By examining this alignment, we determined 

the hematocrit value by visually identifying where the red blood cells (pellet) separated 

from the plasma (supernatant). 
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The hemoglobin (Hb) and hematocrit (Hct) concentrations were determined to calculate 

the difference in plasm volume (ΔPV) after exercise. The Dill and Costill116 equations 

(below) were utilized to account for the hemoconcentration effect.  

∆𝑃𝑉 =
𝑃𝑉𝑝𝑜𝑠𝑡 − 𝑃𝑉𝑝𝑟𝑒

𝑃𝑉𝑝𝑟𝑒
=

𝐻𝑏𝑝𝑟𝑒  𝑋 (1 − 𝐻𝑐𝑡𝑝𝑜𝑠𝑡)

𝐻𝑏𝑝𝑜𝑠𝑡 𝑋 (1 − 𝐻𝑐𝑡𝑝𝑟𝑒)
− 1 

Concentration of biomarkers measured in the plasma or serum after the exercise test 

were corrected using the following equation.117 

𝑃𝑀𝑝𝑜𝑠𝑡,𝑐 =  𝑃𝑀𝑝𝑜𝑠𝑡,𝑢 𝑋 (1 +  𝛥𝑃𝑉) 

where PMpost,c and PMpost,u indicate corrected and uncorrected serum or plasma 

biomarker after the exercise test, respectively.  

3.5.2.8 Maximal Oxygen Consumption Test 

A graded exercise test was conducted on a treadmill to evaluate maximal oxygen 

consumption (VO2max) and induce a state of acute oxidative stress. The exercise 

protocol was clearly communicated to all participants prior to the commencement of the 

test. Additionally, participants were informed about the hand signals used to increase 

intensity and indicate volitional exhaustion. Subsequently, participants were fitted with 

a mask (Hans Rudolph 7450, Shawnee, KS, USA) that ensures a secure seal around the 

nose and mouth. A 3-lead electrocardiogram (ECG) system (Vyntx CPX, Vyaire 

Medical, Mettawa, IL) was utilized to monitor heart rate (HR) during the test. This ECG 
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system consisted of four electrodes, specifically the Right Arm (RA), Left Arm (LA), 

Right Leg (RL), and Left Leg (LL) electrodes. The RA electrode was positioned on the 

right interclavicular space aligned with the anterior axillary line, while the LA electrode 

was placed on the left interclavicular space in line with the anterior axillary line. The RL 

electrode was positioned beneath the last rib aligned with RA, and the LL electrode was 

placed beneath the last rib aligned with LA. Prior to electrode placement, participants 

were instructed to cleanse these areas of their skin using an alcohol pad containing 70% 

isopropyl alcohol provided by the researcher. The exercise test protocol comprised of 

three distinct phases: warm-up phase, testing phase, and recovery phase. The warm-up 

phase involved walking at a speed of 3 miles per hour (mph) for a duration of two 

minutes. Subsequently, participants transitioned to their self-selected running pace of 

either 5.5 mph of 7 mph, per their preference, specified before commencing the test. The 

testing phase required participants to run at a constant pace while the gradient was 

increased by 1% every minute until they reached volitional exhaustion. The duration of 

this phase was determined by the participant and typically lasted between 5 to 15 

minutes. Once participants were unable to continue running, they utilized a pre-

determined hand signal to indicate their point of exhaustion. Following the completion 

of the test, a cool-down phase occurred, during which participants walked on the 

treadmill at a slow pace of 2 mph for two minutes. At the end of the test, participants 
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were assisted with removing the mask (Hans Rudolph 7450 , Shawnee, KS, USA) and 

detaching the electrodes. 

Although for ethical and safety reasons, volitional exhaustion was used to end each test, 

there are four ways to determine if VO2max has been reached. They are as follows: 1) an 

increase in carbon dioxide expiration with a flattening of oxygen consumption with an 

increase in workload, 2) a flattening of oxygen consumption with an increase in 

workload (these first two are the most definitive ways to ascertain if someone reached 

their VO2max), 3) a respiratory exchange ratio greater than 1.0, and 4) sheer exhaustion. 

All the aforementioned determinations of ascertaining VO2max are incorporated in the 

Volpe Laboratory; however, sheer exhaustion is often used as the first measure, due to 

ethical and safety reasons. 

3.5.2.9 Baseline Blood Draw 2 (B2) 

Following the completion of the exercise test, participants remained seated for 20 

minutes, after which they were directed to sit in a dedicated phlebotomy chair for the 

second blood draw. A trained phlebotomist proceeded to identify a suitable vein for 

blood collection. The area was thoroughly cleansed using an alcohol pad to ensure 

proper hygiene. To enhance visibility and facilitate the extraction process, a rubber 

tourniquet was applied around the upper arm, effectively engorging the targeted vein. 

Subsequently, a fine-gauge (0.21 mm in diameter) needle was employed to puncture an 

appropriate arm vein located on the inner side of the elbow crease. This procedure 
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aimed to draw approximately two tablespoons of blood into a specialized vacutainer 

tube (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Once the desired 

sample was obtained, the needle was carefully withdrawn, and gentle pressure with 

sterile gauze was applied to minimize any potential bleeding. To prevent infection, 

either a band aid or gauze with an elastic wrap was securely placed over the puncture 

site. Participants received instructions to keep this dressing intact for at least 10 minutes 

following the procedure. Some of the collected blood sample was used for the 

measurement of hemoglobin and hematocrit concentrations. 

3.5.2.10a Hemoglobin Analyses (B2) 

 

Utilizing some of the collected blood sample, a quantitative measurement of 

hemoglobin concentration was acquired using the Hemocue system (HemoCue Hb 201+ 

Analyzer, Brea, CA, USA). Roughly 100 microliters (µL) of the blood sample was 

aspirated into the testing strip through capillary action. Following this, the testing strip 

was carefully inserted into the designated slot in the Hemocue system for analyses. 

Following a one-minute waiting period, the hemoglobin value was determined by the 

device and recorded. 

3.5.2.10b Hematocrit Analyses (B2) 

Some of the blood sample collected was placed into two capillary tubes, with each tube 

filled to approximately two-thirds of its capacity. A wax seal was then carefully applied 

to one end of each capillary tube. The tubes subsequently underwent centrifugation at a 
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speed of 5,000 rpm for a duration of 10 minutes. Following centrifugation, the blood 

sample was naturally separated into three distinct layers: the supernatant, which 

consists of plasma and occupies the uppermost portion; the buffy coat, located in the 

middle and composed of white blood cells and platelets; and finally, the pellet at the 

bottom, which is comprised mainly of red blood cells. Subsequently, the capillary tubes 

were positioned on a Micro-Hematocrit Tube reader chart (Critocaps), which enabled 

the measurement of hematocrit based on the location of the separation between the 

pellet and the supernatant. This placement involved aligning the base of the sample 

with the lowermost line on the reader’s chart. The positioning of the tube was adjusted 

until the upper meniscus of the plasma coincided precisely with the upper line on the 

hematocrit tube reader chart. By examining this alignment, we determined the 

hematocrit value by visually identifying where the red blood cells (pellet) separated 

from the plasma (supernatant). 

The hemoglobin (Hb) and hematocrit (Hct) concentrations were determined to calculate 

the difference in plasm volume (ΔPV) after exercise. The Dill and Costill116 equations 

(below) were utilized to account for the hemoconcentration effect.  

∆𝑃𝑉 =
𝑃𝑉𝑝𝑜𝑠𝑡 − 𝑃𝑉𝑝𝑟𝑒

𝑃𝑉𝑝𝑟𝑒
=

𝐻𝑏𝑝𝑟𝑒  𝑋 (1 − 𝐻𝑐𝑡𝑝𝑜𝑠𝑡)

𝐻𝑏𝑝𝑜𝑠𝑡 𝑋 (1 − 𝐻𝑐𝑡𝑝𝑟𝑒)
− 1 

Concentration of biomarkers measured in the plasma or serum after the exercise test 

were corrected using the following equation.117 
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𝑃𝑀𝑝𝑜𝑠𝑡,𝑐 =  𝑃𝑀𝑝𝑜𝑠𝑡,𝑢 𝑋 (1 +  𝛥𝑃𝑉) 

where PMpost,c and PMpost,u indicate corrected and uncorrected serum or plasma 

biomarker after the exercise test, respectively.  

3.5.2.11 Dietary Assessment 

Participants were asked to complete the 2015 Block Food Frequency Questionnaire 

(Appendix G) to assess habitual food intake. This questionnaire is self-guided, and 

participants were provided with a computer to complete the questionnaire.  

3.5.2.12 Theracurmin® Supplement/Placebo 

Participants were given the required number of capsules (28 capsules) and asked to 

consume the required dosage (2 capsules) every day for two weeks. Because this was a 

double-blind study, neither the participants nor the research team were cognizant to 

which group the participant had been allocated. Both the placebo and intervention 

capsules were modified to weight the same and look identical to each other.  

3.5.3. Mid-Point Visit (Session 2) 

3.5.3.1 Anthropometry 

Body weight was measured on a digital physician’s scale (Detecto 439, Webb City, 

Missouri, USA). Body weight was measured during every lab visit; however, height 

was measured only at the first visit. Both body weight was obtained in duplicate to 
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ensure the accuracy of the readings obtained. Body weight was measured to the nearest 

0.5 pounds and converted to kilograms (kg).  

3.5.3.2 Theracurmin® Supplement/Placebo 

Participants were requested to return any missed supplements to collect data on their 

adherence. Participants received an adequate supply of capsules at each visit and were 

instructed to take the required dosage of their respective pill on a daily basis for the 

following two weeks. 

3.5.4 Final Visit (Session 3) 

3.5.4.1 Pre-Arrival Correspondence  

Prior to participant arrival for their final visit, participants were informed via email of 

their requirement to adhere to specific guidelines, including maintaining a fasting 

period of at least four hours, abstaining from caffeine consumption for a duration of 12 

hours, and refraining from engaging in vigorous exercise or alcohol consumption for a 

period of 24 hours. Participants were asked if they adhered to these conditions on the 

day of their visit.  

3.5.4.2 Blood Pressure 

Participants were instructed to assume a relaxed upright posture and remain seated for 

a duration of 10 minutes. An automated blood pressure monitor (SunTech Tango M2 

Blood Pressure Monitor, Morrisville, NC) was utilized to measure resting blood 
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pressure and heart rate. Three readings were acquired, and subsequently, an average of 

the readings was calculated. 

3.5.4.3 Anthropometry 

Body weight was measured on a digital physician’s scale (Detecto 439, Webb City, 

Missouri, USA). Body weight was measured during every lab visit; however, height 

was measured only at the first visit. Both body weight was obtained in duplicate to 

ensure the accuracy of the readings obtained. Body weight was measured to the nearest 

0.5 pounds and converted to kilograms (kg).  

3.5.4.4 Final Blood Draw 1 (F1) 

Participants were seated in a designated phlebotomy chair and instructed to rest their 

arm on a provided arm rest. A trained phlebotomist proceeded to identify a suitable 

vein for blood collection. The area was thoroughly cleansed using an alcohol pad to 

ensure proper hygiene. To enhance visibility and facilitate the extraction process, a 

rubber tourniquet was applied around the upper arm, effectively engorging the 

targeted vein. Subsequently, a fine-gauge (0.21 mm in diameter) needle was employed 

to puncture an appropriate arm vein located on the inner side of the elbow crease. This 

procedure aimed to draw approximately two tablespoons of blood into a specialized 

vacutainer tube (Becton, Dickingson and Company, Franklin Lakes, NJ, USA). Once the 

desired sample was obtained, the needle was carefully withdrawn, and gentle pressure 

with sterile gauze was applied to minimize any potential bleeding. To prevent infection, 
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either a band aid or gauze with an elastic wrap was securely placed over the puncture 

site. Participants received instructions to keep this dressing intact for at least 10 minutes 

following the procedure. Some of the collected blood sample was used for the 

measurement of hemoglobin and hematocrit concentrations. 

3.5.4.5a Hemoglobin Analyses (F1) 

Utilizing some of the collected blood sample, a quantitative measurement of 

hemoglobin concentration was acquired using the Hemocue system (HemoCue Hb 201+ 

Analyzer, Brea, CA, USA). Roughly 100 microliters (µL) of the blood sample was 

aspirated into the testing strip through capillary action. Following this, the testing strip 

was carefully inserted into the designated slot in the Hemocue system for analyses. 

Following a one-minute waiting period, the hemoglobin value was determined by the 

device and recorded. 

3.5.4.5b Hematocrit Analyses (F1) 

Some of the blood sample collected was placed into two capillary tubes, with each tube 

filled to approximately two-thirds of its capacity. A wax seal was then carefully applied 

to one end of each capillary tube. The tubes subsequently underwent centrifugation at a 

speed of 5,000 rpm for a duration of 10 minutes. Following centrifugation, the blood 

sample was naturally separated into three distinct layers: the supernatant, which 

consists of plasma and occupies the uppermost portion; the buffy coat, located in the 

middle and composed of white blood cells and platelets; and finally, the pellet at the 
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bottom, which is comprised mainly of red blood cells. Subsequently, the capillary tubes 

were positioned on a Micro-Hematocrit Tube reader chart (Critocaps), which enabled 

the measurement of hematocrit based on the location of the separation between the 

pellet and the supernatant. This placement involved aligning the base of the sample 

with the lowermost line on the reader’s chart. The positioning of the tube was adjusted 

until the upper meniscus of the plasma coincided precisely with the upper line on the 

hematocrit tube reader chart. By examining this alignment, we determined the 

hematocrit value by visually identifying where the red blood cells (pellet) separated 

from the plasma (supernatant). 

The hemoglobin (Hb) and hematocrit (Hct) concentrations were determined to calculate 

the difference in plasm volume (ΔPV) after exercise. The Dill and Costill116 equations 

(below) were utilized to account for the hemoconcentration effect.  

∆𝑃𝑉 =
𝑃𝑉𝑝𝑜𝑠𝑡 − 𝑃𝑉𝑝𝑟𝑒

𝑃𝑉𝑝𝑟𝑒
=

𝐻𝑏𝑝𝑟𝑒  𝑋 (1 − 𝐻𝑐𝑡𝑝𝑜𝑠𝑡)

𝐻𝑏𝑝𝑜𝑠𝑡 𝑋 (1 − 𝐻𝑐𝑡𝑝𝑟𝑒)
− 1 

Concentration of biomarkers measured in the plasma or serum after the exercise test 

were corrected using the following equation.117 

𝑃𝑀𝑝𝑜𝑠𝑡,𝑐 =  𝑃𝑀𝑝𝑜𝑠𝑡,𝑢 𝑋 (1 +  𝛥𝑃𝑉) 

where PMpost,c and PMpost,u indicate corrected and uncorrected serum or plasma 

biomarker after the exercise test, respectively.  
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3.5.4.6 Maximal Oxygen Consumption Test 

A graded exercise test was conducted on a treadmill to evaluate maximal oxygen 

consumption (VO2max) and induce a state of acute oxidative stress. The exercise 

protocol was clearly communicated to all participants prior to the commencement of the 

test. Additionally, participants were informed about the hand signals used to increase 

intensity and indicate volitional exhaustion. Subsequently, participants were fitted with 

a mask (Hans Rudolph 7450, Shawnee, KS, USA) that ensures a secure seal around the 

nose and mouth. A 3-lead electrocardiogram (ECG) system (Vyntx CPX, Vyaire 

Medical, Mettawa, IL) was utilized to monitor heart rate (HR) during the test. This ECG 

system consisted of four electrodes, specifically the Right Arm (RA), Left Arm (LA), 

Right Leg (RL), and Left Leg (LL) electrodes. The RA electrode was positioned on the 

right interclavicular space aligned with the anterior axillary line, while the LA electrode 

was placed on the left interclavicular space in line with the anterior axillary line. The RL 

electrode was positioned beneath the last rib aligned with RA, and the LL electrode was 

placed beneath the last rib aligned with LA. Prior to electrode placement, participants 

were instructed to cleanse these areas of their skin using an alcohol pad containing 70% 

isopropyl alcohol provided by the researcher. The exercise test protocol comprised of 

three distinct phases: warm-up phase, testing phase, and recovery phase. The warm-up 

phase involved walking at a speed of 3 miles per hour (mph) for a duration of two 

minutes. Subsequently, participants transitioned to their self-selected running pace of 
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either 5.5 mph of 7 mph, per their preference, specified before commencing the test. The 

testing phase required participants to run at a constant pace while the gradient was 

increased by 1% every minute until they reached volitional exhaustion. The duration of 

this phase was determined by the participant and typically lasted between 5 to 15 

minutes. Once participants were unable to continue running, they utilized a pre-

determined hand signal to indicate their point of exhaustion. Following the completion 

of the test, a cool-down phase occurred, during which participants walked on the 

treadmill at a slow pace of 2 mph for two minutes. At the end of the test, participants 

were assisted with removing the mask (Hans Rudolph 7450 , Shawnee, KS, USA) and 

detaching the electrodes. 

Although for ethical and safety reasons, volitional exhaustion was used to end each test, 

there are four ways to determine if VO2max has been reached. They are as follows: 1) an 

increase in carbon dioxide expiration with a flattening of oxygen consumption with an 

increase in workload, 2) a flattening of oxygen consumption with an increase in 

workload (these first two are the most definitive ways to ascertain if someone reached 

their VO2max), 3) a respiratory exchange ratio greater than 1.0, and 4) sheer exhaustion. 

All the aforementioned determinations of ascertaining VO2max are incorporated in the 

Volpe Laboratory; however, sheer exhaustion is often used as the first measure, due to 

ethical and safety reasons. 
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3.5.4.7 Final Blood Draw 2 (F2) 

Following the completion of the exercise test, participants remained seated for 20 

minutes, after which they were directed to sit in a dedicated phlebotomy chair for the 

second blood draw. A trained phlebotomist proceeded to identify a suitable vein for 

blood collection. The area was thoroughly cleansed using an alcohol pad to ensure 

proper hygiene. To enhance visibility and facilitate the extraction process, a rubber 

tourniquet was applied around the upper arm, effectively engorging the targeted vein. 

Subsequently, a fine-gauge (0.21 mm in diameter) needle was employed to puncture an 

appropriate arm vein located on the inner side of the elbow crease. This procedure 

aimed to draw approximately two tablespoons of blood into a specialized vacutainer 

tube (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Once the desired 

sample was obtained, the needle was carefully withdrawn, and gentle pressure with 

sterile gauze was applied to minimize any potential bleeding. To prevent infection, 

either a band aid or gauze with an elastic wrap was securely placed over the puncture 

site. Participants received instructions to keep this dressing intact for at least 10 minutes 

following the procedure. Some of the collected blood sample was used for the 

measurement of hemoglobin and hematocrit concentrations. 

3.5.4.8a Hemoglobin Analyses (F2) 

Utilizing some of the collected blood sample, a quantitative measurement of 

hemoglobin concentration was acquired using the Hemocue system (HemoCue Hb 201+ 
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Analyzer, Brea, CA, USA). Roughly 100 microliters (µL) of the blood sample was 

aspirated into the testing strip through capillary action. Following this, the testing strip 

was carefully inserted into the designated slot in the Hemocue system for analyses. 

Following a one-minute waiting period, the hemoglobin value was determined by the 

device and recorded. 

3.5.4.8b Hematocrit Analyses (F2) 

Some of the blood sample collected was placed into two capillary tubes, with each tube 

filled to approximately two-thirds of its capacity. A wax seal was then carefully applied 

to one end of each capillary tube. The tubes subsequently underwent centrifugation at a 

speed of 5,000 rpm for a duration of 10 minutes. Following centrifugation, the blood 

sample was naturally separated into three distinct layers: the supernatant, which 

consists of plasma and occupies the uppermost portion; the buffy coat, located in the 

middle and composed of white blood cells and platelets; and finally, the pellet at the 

bottom, which is comprised mainly of red blood cells. Subsequently, the capillary tubes 

were positioned on a Micro-Hematocrit Tube reader chart (Critocaps), which enabled 

the measurement of hematocrit based on the location of the separation between the 

pellet and the supernatant. This placement involved aligning the base of the sample 

with the lowermost line on the reader’s chart. The positioning of the tube was adjusted 

until the upper meniscus of the plasma coincided precisely with the upper line on the 

hematocrit tube reader chart. By examining this alignment, we determined the 
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hematocrit value by visually identifying where the red blood cells (pellet) separated 

from the plasma (supernatant). 

The hemoglobin (Hb) and hematocrit (Hct) concentrations were determined to calculate 

the difference in plasm volume (ΔPV) after exercise. The Dill and Costill116 equations 

(below) were utilized to account for the hemoconcentration effect.  

∆𝑃𝑉 =
𝑃𝑉𝑝𝑜𝑠𝑡 − 𝑃𝑉𝑝𝑟𝑒

𝑃𝑉𝑝𝑟𝑒
=

𝐻𝑏𝑝𝑟𝑒  𝑋 (1 − 𝐻𝑐𝑡𝑝𝑜𝑠𝑡)

𝐻𝑏𝑝𝑜𝑠𝑡 𝑋 (1 − 𝐻𝑐𝑡𝑝𝑟𝑒)
− 1 

Concentration of biomarkers measured in the plasma or serum after the exercise test 

were corrected using the following equation.117 

𝑃𝑀𝑝𝑜𝑠𝑡,𝑐 =  𝑃𝑀𝑝𝑜𝑠𝑡,𝑢 𝑋 (1 +  𝛥𝑃𝑉) 

where PMpost,c and PMpost,u indicate corrected and uncorrected serum or plasma 

biomarker after the exercise test, respectively.  

3.5.4.9 Physical Activity Assessment 

Participants were asked to complete the 2015 Block Adult Physical Activity 

Questionnaire (Appendix H) to assess habitual physical activity patterns. This 

questionnaire is self-guided, and participants were provided with a computer to 

complete the questionnaire.  
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3.5.4.10 Blood Sample Storage and Analyses  

The blood samples from every blood draw (B1, B2, F1, and F2) were collected and 

stored in a freezer at a temperature of -80°C until analyses. Prior to storage, the samples 

underwent centrifugation at a speed of 3,500 rpm and a temperature of 4°C for a 

duration of 15 minutes. Following centrifugation, the plasma and serum samples were 

aliquoted into individual cryovials (Corning Incorporated, Corning, NY, USA) and 

preserved at -80°C. Analyses of the serum samples were conducted after all blood 

samples had been collected and the study was completed. The following biomarkers 

were evaluated for this study: serum protein carbonyl (PC) concentrations, serum 

glutathione (GSH) concentrations, serum glutathione disulfide (GSSG) concentrations, 

the ratio of GSH:GSSG, serum total antioxidant capacity (TAC), serum C-reactive 

protein (CRP) concentrations, serum Interleukin-6 (IL-6) concentrations, serum tumor 

necrosis factor-alpha (TNF-α) concentrations, and serum creatine kinase (CK) 

concentrations. These biomarkers were assessed using commercially available enzyme-

linked immunosorbent assay (ELISA) kits purchased from Abcam for PC (kit# 

ab238536), GSH (kit# 205811), GSSG (kit# 205811), GSH:GSSG ratio (kit# 205811), and 

TAC (kit# ab65329); ALPCO for CRP (kit# 30-9710S) and IL-6 (kit# 04-BI-IL6); R&D 

systems for TNF-α (kit #QK210); and RayBiotech for CK (kit# ELH-CKMB). A BioTek 

Synergy H1 Hybrid Multi-Mode Monochromator Fluorescence Microplate reader 

(Fisher Scientific, Hanover Place, IL) was used for analyses. These analyses included 
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samples obtained during both the baseline (B1 and B2) and final visits (F1 and F2). All 

blood analyses were conducted during the same week, in duplicate, at the Virginia Tech 

Metabolism Core by Dr. Ryan McMillan at the end of the study to minimize differences 

among ELISA kits. 

3.6 Statistical Design  

The proposed experimental study was a randomized, double-blind, placebo-controlled 

study that was conducted in a cohort of recreationally active individuals, 18 to 45 years 

of age. Participants were randomly assigned to one of three groups: 1) a placebo group 

who received 50 mg of microcrystalline cellulose, 2) a group who received 300 mg of 

Theracurmin® (containing 90 mg of active curcuminoids), and 3) a group who received 

600 mg of Theracurmin® (containing 180 mg of active curcuminoids). The allocation of 

participants into one of these three groups was determined through the utilization of a 

software-generated randomization plan, employing the randomization tool available at 

http://www.graphpad.com/quickcalcs/index.cfm. Each group consisted of a total of 17 

participants.  

3.6.1 Preliminary Analyses 

Descriptive statistics, including measures of central tendency (mean, median) and 

variation (standard deviation, interquartile range, range) for continuous measures and 

frequencies and percentages for dichotomous and categorical measures, were used to 

characterize the sample. If deviations from normality emerged, transformations were 



 
 

106 
 

applied, or non-parametric tests were implemented and compared to parametric tests. 

Of note, while it is expected that the groups were balanced on baseline characteristics 

due to randomization, imbalances that occurred by chance were adjusted in all 

analyses. 

3.6.2. Statistical Analyses of Aims 

The primary aim of this study was to examine the effects of consuming different doses 

of curcumin for four weeks on biomarkers of oxidative stress and inflammation. A 

repeated measure multivariate analysis of variance (MANOVA) was used to calculate 

the differences in markers of oxidative stress and inflammation at baseline and post-

intervention. The secondary aim of this study was to determine if fitness levels 

moderated the effect of curcumin supplementation on biomarkers of oxidative stress 

and inflammation. A within-group multiple regression was used to test the moderation 

effect of fitness (VO2max and percent body fat) by testing the regression coefficient of 

interaction. 

3.7 Timeline 

This study was conducted over a 10-month period, from June 2023 to March 2024. The 

duration of an individual's participation in this study was approximately 40 days, with 

a four-week intervention phase (40 days denotes the time participants were recruited 

and entered the study, until they completed the study). This protocol was approved by 
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the Institutional Review Board (IRB) at Virginia Polytechnic Institute and State 

University (Virginia Tech) (IRB# 22-646).  
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Abstract 

 

Objective: The aim of our research was to assess the effect four weeks of oral 

supplementation of 300 mg/day vs 600 mg/day of Theracurmin® compared to a placebo 

on markers associated with exercise-induced oxidative stress in physically active 

women and men, 18 to 45 years of age. 

Methods: We conducted a randomized, double-blind, placebo-controlled trial in which 

participants underwent two incline-based maximal graded exercise tests (GXT) to 

exhaustion on a treadmill. The GXTs were separated by a four-week supplementation 

period. Blood samples were collected before and 20 minutes after the GXT protocol to 

assess the concentration of protein carbonyl (PC), glutathione (GSH), glutathione 

disulfide (GSSG), ratio of glutathione to oxidized glutathione (GSH:GSSG), and total 

antioxidant capacity (TAC). Participants' anthropometry, body composition, bone 

mineral density, and dietary intake were also assessed. 

Results: We found significant reductions in PC concentrations post-GXT in both the 

placebo (p=0.01) and 300 mg Theracurmin® (p=0.019) groups at baseline (Week 0), 

although no significant differences were observed after the supplementation period. 

GSH concentrations were significantly different at baseline in the placebo (p=0.01) and 

300 mg Theracurmin® (p=0.04) groups, with no significant effects observed at Week 4. 

GSSG concentrations were significantly elevated in all groups post-GXT at Week 0, but 

at Week 4, only the placebo (p=0.02) and 600 mg Theracurmin® (p=0.01) groups 
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exhibited differences between the two GXT conditions. TAC remained unaffected at 

both timepoints. Linear Mixed Effect Model analyses revealed non-significant effects of 

curcumin dosage on biomarkers associated with oxidative stress. 

Conclusion: Our results indicate that an incline-based treadmill test to exhaustion can 

potentially induce acute oxidative stress in physically active individuals. Nevertheless, 

there were no statistically significant effects observed on the markers of exercise-

induced oxidative stress following curcumin supplementation in either of the 

intervention groups. Our results suggest that four weeks of curcumin supplementation 

does not influence markers of oxidative stress in recreationally active women and men, 

18 and 45 years of age. Additional studies are warranted to elucidate the mechanisms 

involved in exercise-induced oxidative stress and the potential effect of curcumin on 

these physiological processes. 
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4.1 Introduction  

Oxidative stress is characterized by the dysregulation between pro-oxidants and 

antioxidant status, with the former surpassing the latter.6 This imbalance can result in 

physiological effects by enhancing the susceptibility of cells and cellular components 

(such as membranes, lipids, proteins, deoxyribonucleic acid [DNA], and lipoproteins) to 

attacks from reactive oxygen species (ROS). If not effectively regulated and countered, 

oxidative stress can lead to acute pathologies (such as trauma and stroke) and 

contribute to the development of various chronic and degenerative diseases.6,44,118 To 

adequately shield cells against the detrimental effects of free radicals, the human body 

employs a series of defense mechanisms encompassing preventive, reparative, and 

scavenging processes, as well as enhancement of antioxidant activities.6,115,119  

Physical activity in the form of aerobic or anerobic exercise can result in exercise-

induced oxidative stress. The redox homeostasis is offset primarily through the 

generation of ROS including hydroxyl ions, superoxide, hydroperoxyl, and lipid 

peroxyl radicals due to increased phospholipase A2 (PLA2), nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase, and xanthine oxidase (XO) 

activities.115,120,120,121 During activities involving strength-based exercises, short-term 

maximal sprints, and exercise near the anaerobic threshold, there is a notable increase in 

lipid peroxidation concentrations immediately post-exercise and up to 48 hours 

thereafter.64,122–124 This rise in oxidative stress is attributed to various factors including 
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the mitochondrial electron transport chain complex, ischemia-reperfusion injury, and 

local inflammation which contribute to the production of free radicals during physical 

exertion.122,123,125 The principal adverse effects of prolonged oxidative metabolism during 

endurance exercise are the accumulation of hydrogen ions, resulting in lactic acidosis, 

and an increase in body temperature, known as hyperthermia.88 To sustain muscle 

redox homeostasis, the antioxidant defense system initiates a series of protective 

responses to mitigate the accumulation of ROS. Failure of the antioxidant defense 

system to neutralize ROS accumulation can lead to oxidative stress, causing potential 

muscle damage. Consequently, this can result in fatigue, muscle soreness, initiation of 

muscle damage, reduced muscle strength and range of motion (ROM), and elevated 

creatine kinase (CK) concentrations in blood samples.88,89 

To counteract oxidative stress, the consumption of antioxidants has been shown to 

enhance the antioxidant defense system and inhibit the accumulation of ROS, by either 

augmenting the effectiveness of the antioxidant defense system, directly combating 

ROS, or both. While some researchers have indicated that anti-inflammatory agents are 

effective in mitigating exercise-induced oxidative stress, others have not observed such 

effects.89,125–127 The heterogeneity in findings can be attributed to variations in the type of 

substances utilized, experimental methodologies, dosages administered, duration of 

interventions, and the nature of exercise protocols used to induce oxidative stress in a 

laboratory setting. Antioxidants such as tart cherry juice, pomegranate extract, 
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quercetin, among others, have demonstrated potential in mitigating oxidative stress.128–

130 

Curcumin, a flavonoid compound and naturally occurring polyphenol derived from 

turmeric (Curcuma longa), an herbaceous perennial plant of the Zingiberaceae family, 

has garnered increased attention in scientific research due to its therapeutic potential in 

treating a variety of conditions. As the primary metabolite found in turmeric, curcumin 

possesses numerous beneficial properties such as antioxidant, anti-inflammatory, anti-

mutagenic, anti-microbial, and anti-cancer activities.56,131 

It has been demonstrated in in vivo studies that curcumin exhibits antioxidant and anti-

inflammatory properties by modulating the nuclear factor-kappa B (NF-κB) pathway, 

leading to the downregulation of interleukin-6 (IL-6) and tumor necrosis factor-alpha 

(TNF-α) expression concentrations.98,99,102,132,133 Moreover, the antioxidant and anti-

inflammatory effects of curcumin have been utilized in the management of various 

medical conditions including diabetes mellitus, rheumatoid arthritis, inflammatory 

bowel disease, and multiple sclerosis.56 Supplementation with curcumin has been 

shown to attenuate increases in IL-6 and TNF-α concentrations in murine muscles 

following downhill running.134,135 Additionally, recent findings by Kawanishi et al.136 

suggest that oral administration of curcumin at a dosage of 3 mg can mitigate oxidative 

stress by reducing hydrogen peroxide concentration in skeletal muscle post downhill 

running-induced muscle damage in mice. In human studies, the effect of curcumin 
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supplementation on oxidative stress markers remains inconclusive. While some 

researchers have reported positive effects, others have failed to observe any significant 

changes.37,85,89–91,93,137–139 

To date, there are few human studies that have examined the effect of varying dosages 

of curcumin ingestion on oxidative stress markers induced by a maximal graded 

exercise test. As such, the primary aim of this research was to explore the antioxidative 

potential of curcumin in a recreationally active adult population. We evaluated the 

effect of oral supplementation with 300 mg and 600 mg of Theracurmin® compared to a 

placebo over a four-week period on oxidative stress markers elicited by a maximal 

graded exercise test in physically active female and male participants.  

4.2 Materials and Methods  

4.2.1 Ethical Approval  

The research protocols outlined in this study were approved by the Institutional Review 

Board (IRB) of Virginia Polytechnic Institute and State University (Virginia Tech). Prior 

to participating, all individuals provided their verbal and written informed consent. 

The procedures adhered to the guidelines established in the most recent version of the 

Declaration of Helsinki and were conducted in compliance with the regulations set 

forth by the Virginia Tech IRB. 

4.2.2 Study Design  
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We used a randomized, double-blind, placebo-controlled study design to investigate 

the effect of curcumin supplementation (Theracurmin®) in modulating biomarkers 

associated with oxidative stress. The study consisted of three scheduled visits to the 

laboratory: baseline (Week 0 [W0]), midpoint (Week 2 [W2]), and final (Week 4 [W4]). 

Each visit was spaced two weeks apart. The supplementation phase spanned four 

weeks, commencing from W0 to W4. Physiological measurements were taken during 

the W0 and W4 visits. Lean body mass, percent body fat, and total body bone mineral 

density were measured at the W0 timepoint to retrospectively analyze the mediating 

effect of these parameters on the efficacy of the intervention. The graded exercise test 

(GXT) protocol was administered at both W0 and W4. Blood samples were collected 

twice, before and after the GXT, during the W0 and W4 assessments. Body weight was 

measured at W0, W2, and W4, whereas height was only measured at W0. W2 

assessment also served to monitor adherence to the supplementation regimen and 

assessed participants' self-reported general well-being (Figure 4.1).  

4.2.3 Study Population  

A total of 42 physically active female and male individuals who met the criteria of 

engaging in recreational exercise at least three times a week, were recruited for this 

research study. During the study period, participants were instructed to adhere to their 

usual dietary intake and exercise routine while avoiding the consumption of any 

substances that could potentially affect the study outcomes. 
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4.2.4 Inclusion and Exclusion Criteria  

To ensure the eligibility of participants in this study, stringent inclusion and exclusion 

criteria were employed. Inclusion criteria necessitated individuals to be 18 to 45 years of 

age, actively engaged in regular physical activity (at least three days per week) for a 

minimum of 12 months, non-smokers, free from chronic illnesses, refraining from the 

intake of dietary supplementation that could affect study outcomes, and in overall good 

health with the ability to perform treadmill running. Conversely, individuals were 

excluded if they smoked, engaged in less than two days of exercise per week, had 

orthopedic restrictions, were outside the specified age range (under 18 or over 45 years 

of age), suffered from uncontrolled chronic ailments, exhibited systolic blood pressure 

exceeding 140 mmHg or diastolic blood pressure surpassing 90 mmHg, possessed a 

body mass index (BMI) exceeding 35 kg/m2, or were pregnant. 

4.2.5 Study Familiarization and Informed Consent  

Before commencing the study protocol, all participants engaged in a Health Insurance 

Portability and Accountability Act (HIPAA)-compliant video call during which the 

detailed methodology utilized in our study was explained. In this session, all 

participants were apprised of the complexities of the study protocol, and any queries 

they had were addressed. Verbal and written informed consent were procured from all 
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participants in the presence of a witness prior to the initiation of any data collection 

procedures. 

 4.2.6 Randomization, Determination of Dosing and Supplementation Protocol 

Participants were randomly assigned into one of three groups: 1) a placebo group who 

received 50 mg of microcrystalline cellulose, 2) a group who received 300 mg of 

Theracurmin® (containing 90 mg of active curcuminoids), and 3) a group who received 

600 mg of Theracurmin® (containing 180 mg of active curcuminoids). Each participant 

was instructed to consume two capsules daily with breakfast to enhance absorption, 

because research has shown that curcumin absorption is increased when consumed 

with dietary fat. 20The allocation of participants into one of these three groups was 

determined through the utilization of a software-generated randomization plan, 

employing the randomization tool available at 

http://www.graphpad.com/quickcalcs/index.cfm.  

4.2.7 Collection of Physiological Measures 

Our study had three visits in total, with each visit being two weeks apart (Figure 4.1). 

During Week 0 (W0) and Week 4 (W4), blood pressure, body weight. Height, lean body 

mass, percent body fat, and total body bone mineral density were only measured at W0. 

All measurements (except lean body mass, percent body fat, and bone mineral density) 

were taken in duplicate for accuracy. Blood pressure was assessed using an automated 
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blood pressure monitor (SunTech Tango M2 Blood Pressure Monitor, Morrisville, NC). 

Body weight and height were measured on a digital physician’s scale (Detecto 439, 

Webb City, Missouri, USA) and stadiometer (SECA 777, GMBH & CO., Germany), 

respectively. Lean body mass, percent body fat, and total body bone mineral density 

were analyzed using dual x-ray absorptiometry (DXA) (iDXA, GE Healthcare, Madison, 

WI) by a certified DXA technician only at W0. During the midpoint visit, body weight 

was measured, adherence to the supplementation was checked, and well-being was 

assessed to ensure absence of any adverse events related to the supplementation.  

4.2.8 Maximal oxygen consumption (VO2max)  

Maximal oxygen consumption (VO2max) was measured at W0 and W4 using an incline-

based graded exercise test (GXT). The VO2max test was separated by four weeks of 

supplementation (placebo, 300 mg or 600 mg Theracurmin®). The GXT was conducted 

using a metabolic cart (Vyntx CPX, Vyaire Medical, Mettawa, IL) and treadmill 

(Trackmaster TMX428CP Treadmill, Full Vision, Kansas) to assess VO2max and induce 

acute oxidative stress by increasing physical exertion until the point of exhaustion. The 

exercise protocol consisted of three phases: warm-up, testing, and recovery. The warm-

up phase involved walking at a speed of 3 mph for two minutes. Subsequently, 

participants transitioned to their self-selected running pace of either 5.5 or 7 mph 

during the testing phase. The exercise intensity was incrementally increased by raising 

the gradient by 1% every minute until volitional exhaustion was reached (modified 
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Taylor Protocol)24. Although for ethical and safety reasons, volitional exhaustion was 

used to end each test, there are four ways to determine if VO2max has been reached. 

They are as follows: 1) an increase in carbon dioxide expiration with a flattening of 

oxygen consumption with an increase in workload, 2) a flattening of oxygen 

consumption with an increase in workload (these first two are the most definitive ways 

to ascertain if someone reached their VO2max), 3) a respiratory exchange ratio greater 

than 1.0, and 4) sheer exhaustion. All the aforementioned determinations of ascertaining 

VO2max are incorporated in our laboratory; however, sheer exhaustion is often used as 

the first measure, due to ethical and safety reasons. Following the testing phase, 

participants walked on the treadmill at a pace of 2 mph for two minutes. 

4.2.9 Blood Sample Collection 

Plasma and serum blood samples were obtained at four distinct time points, comprising 

two collections during the baseline visit (W0) and two during the final visit (W4) to 

assess biomarkers of oxidative stress. A certified phlebotomist conducted venipuncture 

to collect all blood samples. The first sample was obtained prior to the commencement 

of the GXT, while the second was drawn 20 minutes post-exercise. Similarly, blood 

samples were obtained both before and after 20 minutes of the GXT during the final 

visit. These blood samples were promptly assessed for hemoglobin and hematocrit 

concentrations to account for the change in plasma volume immediately after 

exercise.116 Plasma and serum blood samples were centrifuged at 3,500 revolutions per 
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minute (rpm) at 4°C for 15 minutes and stored at -80°C for analyses of serum protein 

carbonyl concentrations, serum glutathione (GSH) concentrations, serum glutathione 

disulfide (GSSG) concentrations, the GSH:GSSG ratio, and serum total antioxidant 

capacity. They were then stored in -80 C freezers until further analyses.  

4.2.10 Calculation of Change in Plasma Volume 

Intense exercise leads to an acute change in plasma volume due to the 

hemoconcentration effect.117 The Dill and Costill40 equations with hemoglobin 

concentration (Hb) and hematocrit (Hct) measurements were used to calculate the 

change in plasma volume (ΔPV).116,117  

∆𝑃𝑉 =
𝑃𝑉𝑝𝑜𝑠𝑡 − 𝑃𝑉𝑝𝑟𝑒

𝑃𝑉𝑝𝑟𝑒
=

𝐻𝑏𝑝𝑟𝑒  𝑋 (1 − 𝐻𝑐𝑡𝑝𝑜𝑠𝑡)

𝐻𝑏𝑝𝑜𝑠𝑡 𝑋 (1 − 𝐻𝑐𝑡𝑝𝑟𝑒)
− 1 

Concentration of biomarkers measured in the plasma or serum after the GXT were 

corrected using the following equation.  

𝑃𝑀𝑝𝑜𝑠𝑡,𝑐 =  𝑃𝑀𝑝𝑜𝑠𝑡,𝑢 𝑋 (1 +  𝛥𝑃𝑉) 

where PMpost,c and PMpost,u indicate corrected and uncorrected serum or plasma 

biomarker after the GXT, respectively. Note that we adjusted for plasma volume 

changes for all biomarkers assessed. 

4.2.11 Blood Sample Storage and Analyses  
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The blood samples from every blood draw (pre- and post-GXT in both W0 and W4) 

were collected and stored in a freezer at a temperature of -80°C until analyses. Prior to 

storage, the samples underwent centrifugation at a speed of 3,500 rpm and a 

temperature of 4°C for a duration of 15 minutes. Following centrifugation, the plasma 

and serum samples were aliquoted into individual cryovials (Corning Incorporated, 

Corning, NY, USA) and preserved at -80°C. Analyses of blood samples were conducted 

after all blood samples had been collected and the study was completed. Serum protein 

carbonyl (PC) concentrations, serum glutathione (GSH) concentrations, serum 

glutathione disulfide (GSSG) concentrations, the GSH:GSSG ratio, and serum total 

antioxidant capacity (TAC) were all analyzed with commercially available enzyme-

linked immunosorbent assay (ELISA) kits purchase from Abcam (Cambridge, UK) for 

PC (kit# ab238536), GSH (kit# 205811) , GSSG (kit# 205811), GSH:GSSG (kit# 205811), 

and TAC (kit# ab65329). A BioTek Synergy H1 Hybrid Multi-Mode Monochromator 

Fluorescence Microplate reader (Fisher Scientific, Hanover Place, IL) was used for 

analyses. These analyses included samples obtained at pre- and post-GXT in both W0 

and W4. All blood analyses were conducted during the same week, in duplicate, at the 

Virginia Tech Metabolism Core at the end of the study to minimize differences among 

ELISA kits. 

4.2.10 Dietary and Physical Activity Records 
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To evaluate the overall dietary intake and physical activity, participants completed a 

2015 Block Food Frequency Questionnaire (FFQ) and the 2015 Block Adult Physical 

Activity Questionnaire (PAQ), respectively.140 Detailed verbal instructions were 

provided to all participants regarding the protocol for documenting their diet and 

physical activity. The Block FFQ and PAQ evaluate dietary and intake over the past 

year and habitual physical activity. Participants were instructed to maintain their 

typical dietary and physical activity routines during the four-week supplementation 

period.  

4.2.12 Statistical Analyses  

A Wilcoxon signed-rank test was conducted to evaluate the effect of the GXT on the 

concentration of the biomarkers of oxidative stress obtained from blood samples before 

and after the GXT in all groups.  

To address the hierarchical nature of the data and effectively capture the correlations 

within grouped observations, a linear mixed-effects (LME) model was utilized. This 

method enabled the examination of the fixed effects related to supplementation dosage 

(placebo, 300 mg and 600 mg of Theracurmin®), timepoint (W0 and W4), and GXT (pre- 

and post-GXT), while also accounting for random variability attributed to individual 

participants. The study's dependent variables (oxidative stress markers) were analyzed 

utilizing a model in which they were treated as a function of fixed effects such as 
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supplementation dosage, timepoint, and GXT. Participant identification (ID) was 

incorporated into the model as a random effect to accommodate participant-level 

variability. The formula for the model was specified as follows: 

𝐷𝑉 =  𝛽0 + 𝛽1(𝑆𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐷𝑜𝑠𝑎𝑔𝑒) + 𝛽2(𝑇𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡) + 𝛽3(𝐺𝑋𝑇 𝑆𝑡𝑎𝑡𝑢𝑠) +∪𝑠𝑢𝑏𝑗𝑒𝑐𝑡+ ε 

where β0 is the intercept, β1, β2, β3 are the coefficients for the fixed effects, ∪subject 

represents the random effect for each participant, and ε is the error term. 

All statistical analyses were conducted using the IBM SPSS Statistics (V.27, SPSS Inc., 

Chicago, IL) software. Significance was set a priori at p<0.05.  

4.3 Results  

4.3.1 Baseline characteristics  

A cohort of 42 recreationally active individuals, consisting of 17 women and 25 men, 

was recruited for the study. Participants were randomly assigned to one of three 

groups: 1) a placebo group who received 50 mg of microcrystalline cellulose, 2) a group 

who received 300 mg of Theracurmin® (containing 90 mg of active curcuminoids), and 

3) a group who received 600 mg of Theracurmin® (containing 180 mg of active 

curcuminoids), with each group comprising 14 individuals. Baseline characteristics of 

all participants are detailed in Table 4.1. There were no significant differences observed 

in baseline characteristics among the three groups, with the exception of resting heart 

rate. There were expected differences between the female and male participants (Table 
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4.1). Dietary habits are presented in Table 4.2. The distribution of concentrations for 

protein carbonyl (PC), glutathione (GSH), glutathione disulfide (GSSG), GSH:GSSG 

ratio, and total antioxidant capacity (TAC) in the dataset are depicted in Figures 4.2, 4.3, 

4.4, 4.5, and 4.6, respectively. 

4.3.3. The Effect of Graded Exercise Test (GXT) on Biomarkers of Oxidative Stress 

A Wilcoxon signed-rank test was conducted to evaluate the effect of the GXT on the 

concentration of oxidative biomarkers before and after the GXT. At W0, the mean 

protein carbonyl concentrations prior to GXT for the placebo, 300 mg and 600 mg 

Theracurmin® groups were 136.7±19.7, 144.6±49.8, and 144.2±52.1 pmol/mg, 

respectively. Following GXT, mean protein carbonyl concentrations for the placebo, 300 

mg and 600 mg Theracurmin® groups were 110.2±40.5, 105.8±31.3, and 115.7±36.3 

pmol/mg respectively. There were significant reductions in protein carbonyl 

concentrations at W0 from pre-GXT to post-GXT in the placebo group (p=0.013) and the 

300 mg Theracurmin® group (p=0.019). However, no significant changes were observed 

in the 600 mg Theracurmin® group (p=0.241). At W4, the mean protein carbonyl 

concentrations prior to the GXT for the placebo, 300 mg and 600 mg Theracurmin® 

groups were 119.4±40.8, 98.3±30.5, and 112.6±20.8 pmol/mg, respectively. Following the 

GXT, mean protein carbonyl concentrations for the placebo, 300 mg and 600 mg 

Theracurmin® groups were 120.5±35.7, 118.1±43.4, and 152.0±79.4 pmol/mg, 

respectively. Furthermore, at W4, no statistically significant differences were observed 
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between pre-GXT and post-GXT conditions in any of the three groups, suggesting that 

the GXT did not induce a significant increase in protein carbonyl concentrations (Figure 

4.7). 

At W0, the average glutathione concentrations prior to the GXT in the placebo, 300 mg 

and 600 mg Theracurmin® groups were 9.7±1.6, 8.41±0.9, and 9±0.9 µM, respectively. 

Post-GXT, the mean glutathione concentrations in the placebo, 300 mg, and 600 mg 

Theracurmin® groups were 9.1±0.8, 8.2±1.1, and 8.7±1.2 µM, respectively. Significant 

differences in glutathione concentrations were observed in the placebo (p=0.017) and 

300 mg Theracurmin® (p=0.04) groups, but not in the 600 mg Theracurmin® group at 

W0. At W4, the mean glutathione concentrations in the placebo, 300 mg and 600 mg 

Theracurmin® groups before and after the GXT were 9.5±1.4, 8.6±1.5, and 8.9±1.2 µM, 

respectively, with concentrations changing to 8.5±0.9, 8.5±1.1, and 8.6±1.3 µM, 

respectively. A significant difference was observed only in the placebo group (p=0.02), 

with no significant differences noted in the other two groups receiving different doses 

of Theracurmin® supplementation (300 mg or 600 mg) (Figure 4.9). 

At W0, the average glutathione disulfide (GSSG) concentrations prior to the GXT for the 

placebo, 300 mg and 600 mg Theracurmin® groups were 4.8±0.8, 4.2±0.5, and 4.3±0.6 

µM, respectively. Post-GXT, the mean GSSG concentrations for the placebo, 300 mg and 

600 mg Theracurmin® groups were 4.6±0.6, 3.9±0.3, and 4.2±0.5 µM, respectively. There 

was a statistically significant change (p<0.05) in GSSG concentrations at W0 in all 
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groups following the GXT. At W4, average GSSG concentrations before the GXT for the 

placebo, 300 mg and 600 mg Theracurmin® groups were 4.7±0.7, 4.2±0.7, and 4.3±0.6 

µM, respectively. After the GXT, the mean concentrations were observed as 4.4±0.6 µM 

for placebo, 4.1±0.6 µM for 300 mg Theracurmin® group and 4.1±0.5 µM for the 600 mg 

Theracurmin® group. At W4, there were significant differences in both the placebo 

(p=0.02) group and the 600 mg Theracurmin® group (p=0.01), but not in the 300 mg 

Theracurmin® group (Figure 4.11). 

In the 600 mg Theracurmin® group, the mean total antioxidant capacity (TAC) at 

baseline was 109.06±12.51 mM before the GXT and 105.03±8.81 mM post-GXT. At W4, 

the mean TAC for the 600 mg Theracurmin® group was 107.72±8.59 mM pre-GXT and 

108.93±9.09 mM post-GXT. In the 300 mg Theracurmin®group, the mean TAC at 

baseline was 107.46±12.46 mM pre-GXT and 104.43±13.56 mM post-GXT, with W4 

measurements of 107.75±13.19 mM pre-GXT and 107.84±9.15 mM post-GXT. For the 

placebo group, initial TAC was 108.14±12.78 mM pre-GXT and 106.46±13.08 mM post-

GXT, with W4 measurements of 108.28±13.56 mM pre-GXT and 106.30±11.93 mM post-

GXT. There was no statistically significant effect of the GXT on TAC in any of the 

groups at both timepoints, suggesting that the GXT did not lead to notable alterations in 

TAC among participants receiving different doses of Theracurmin® supplementation 

(Figure 4.15). 
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4.3.4 The effect of Theracurmin® supplementation on Biomarkers of Exercise-Induced 

Oxidative Stress 

Linear Mixed Effect Model (LMEM) analyses were conducted to assess the effect of 

Theracurmin® supplementation, time, influence of the GXT, and sex on oxidative stress 

markers. The model included fixed effects for Theracurmin® dosage groups, timepoints, 

and GXT, with interactions among these factors. The random effect was participant ID 

to control for repeated measures within participants. 

With respect to serum protein carbonyl concentrations, the 300 mg Theracurmin® group  

had a non-significant decrease of 30.9±27.8 pmol/mg compared to the control group 

(p=0.266), while the 600 mg Theracurmin® group showed a non-significant decrease of 

5.8±27.7 pmol/mg (p=0.834). There was a non-significant increase of 32.7±25.4 pmol/mg 

in protein carbonyl concentrations (p=0.198) from W0 to W4. The pre-GXT was 

associated with a non-significant increase of 40.2±25.4 pmol/mg in protein carbonyl 

concentrations compared to post-GXT (p=0.114). Male participants had a non-significant 

increase of 3.8±14.1 pmol/mg in protein carbonyl concentrations compared to females 

(p=0.789). All tested interactions among group, timepoint, and GXT were found to be 

non-significant, with p-values ranging from p=0.121 to p=0.918 (Figure 4.4).  

For plasma glutathione concentration, no significant effects of Theracurmin® dosage 

were observed. The 300 mg Theracurmin® group had a non-significant increase of 
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4.02±40.8 µM compared to the control group (p=0.921), while the 600 mg Theracurmin® 

group had a non-significant increase of 3.98 ± 40.8 µM (p=0.922). The change from W0 to 

W4 resulted in a negligible non-significant decrease of 0.07±33.2 uM in GSH 

concentrations (p=0.998). Pre-GXT was associated with a non-significant increase of 

0.53±33.2 µM GSH concentrations compared to post-GXT (p=0.987). Male participants 

exhibited a non-significant decrease of 32.0±24.1 µM in GSH concentrations compared 

to females (p=0.184) at both the W0 and W4 timepoints. All tested interactions among 

group, timepoint, and GXT were found to be non-significant with p-values ranging 

from p=0.132 to p=0.999 (Figure 4.7). 

There were no significant effects of Theracurmin® dosage on plasma glutathione 

disulfide concentrations. Both the 300 mg and 600 mg of Theracurmin® groups showed 

decreased GSSG concentrations compared to the control group; however, these changes 

were not statistically significant (0.30±0.281 µM (p=0.272) and 0.32±0.281 µM (p=0.246), 

for the 300 mg and 600 mg Theracurmin® groups, respectively). The change from W0 to 

W4 resulted in a negligible decrease of 0.01±0.1 µM in GSSG concentrations (p=0.866). 

Pre-GXT was associated with an increase of 0.3±0.1 µM in GSSG concentrations 

compared to post-GXT, and this difference was statistically significant (p=0.006). Male 

participants exhibited a slight decrease of 0.08±0.2 µM in GSSG concentrations 

compared to females, but this difference was not statistically significant (p=0.707). All 
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tested interactions among group, timepoint, and GXT were found to be non-significant 

with p-values ranging from p=0.266 to p=0.848 (Figure 4.10). 

There were no significant effects of Theracurmin® dosage on TAC. The 300 mg 

Theracurmin® group showed a decrease of 1.74±4.7 mM compared to the control group, 

which was not statistically significant (p=0.712). The 600 mg Theracurmin® group had 

an increase of 2.65±4.7 mM, also not statistically significant (p=0.574). There was a non-

significant decrease of 0.895±2.9 mM in TAC from W0 to W4 (p=0.763). Pre-GXT was 

associated with a non-significant increase of 0.939±2.9 mM in TAC compared to post-

GXT, (p=0.752). Male participants showed a significant decrease of 7.154±3.2 mM in 

TAC compared to females (p=0.030). All tested interactions among group, timepoint, 

and GXT were found to be non-significant, with p-values ranging from p=0.307 to 

p=0.925 (Figure 4.16).  

4.4 Discussion  

We evaluated the effect of a four-week regimen of daily oral supplementation with 300 

mg and 600 mg of Theracurmin® on exercise-induced oxidative stress biomarkers in 

physically active women and men, 18 to 45 years of age, in a randomized, double-blind, 

placebo-controlled study. We found that supplementation with Theracurmin® did not 

yield statistically significant effects on oxidative stress biomarkers, including serum 

protein carbonyl, plasma glutathione (GSH), plasma glutathione disulfide (GSSG), the 
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GSH:GSSG ratio, and serum total antioxidant capacity (TAC). These biomarkers were 

selected due to their ability to reflect aspects of oxidative stress and antioxidant defense 

mechanisms within the body.  

4.4.1 Bioavailability of Theracurmin® 

Turmeric is well-known for its poor bioavailability and limited absorption due to the 

rapid metabolism of its active compound, curcumin. Curcumin is quickly metabolized 

through glucuronidation and sulfation processes, forming curcumin glucuronides and 

curcumin sulfates that are rapidly excreted from the body.21,141 To address this issue and 

improve the efficacy of turmeric supplementation, we used Theracurmin® for our 

supplement. Theracurmin® is a novel form of curcumin that enhances bioavailability by 

reducing curcumin to nanoscale particles enclosed within micelles, providing a 

protective barrier. The decreased particle size of Theracurmin® improves absorption by 

increasing surface area, while micellar encapsulation prevents aggregation and 

premature metabolism. Furthermore, the reduced particle size of Theracurmin® enables 

better passage through the intestinal lining into the bloodstream, while micellar 

encapsulation inhibits interactions via conjugation with other molecules in the gut.21,22 A 

number of researchers have reported on the improved bioavailability of Theracurmin®. 

For example, Nakagawa et al.23 showcased a 27-fold rise in the blood concentration-time 

curve of Theracurmin® in comparison to curcumin powder.23 Stohs et al.142 reported that 

the oral ingestion of Theracurmin® yielded significantly elevated serum concentrations 



 
 

131 
 

of curcumin metabolites when compared with other forms of curcumin.142 However, 

due to the lack of testing for curcumin metabolites in the bloodstream our study, the 

efficacy of Theracurmin® in enhancing the bioavailability of curcumin and facilitating 

its pharmacological actions could not be definitively determined. 

4.4.2. Effect of Graded Exercise Test (GXT) 

The primary objective of the GXT in our study was to induce an acute state of oxidative 

stress by systematically increasing exercise intensity until volitional exhaustion was 

attained by the participants, thereby stimulating both aerobic and anaerobic metabolism 

to a maximal extent. The escalation in ROS production from contracting skeletal 

muscles, as well as enzymatic activities of NADPH oxidase and xanthine oxidase 

during exercise, leads to a transient shift in the intracellular redox balance towards a 

pro-oxidant state. Researchers have demonstrated the induction of acute oxidative 

stress through physical activity, whether aerobic or anaerobic in nature.63,115,127,143 

Notably, maximal exhaustive aerobic exercise has been reported to result in higher 

oxidative stress concentrations compared to nonaerobic isometric exercises.144 

Furthermore, researchers have shown that an incline-based treadmill protocol elicits a 

more pronounced increase in energy expenditure compared to a speed-based protocol, 

wherein exercise intensity is modulated by elevating speed.24 The heightened metabolic 

demand on musculature during uphill running intensifies oxygen uptake to a greater 

degree than incremental speed adjustments on a consistent gradient, elevating acute 
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oxidative stress concentrations. We found significant disparities between pre-GXT and 

post-GXT conditions in serum protein carbonyl concentrations within all groups, as 

well as plasma concentrations of reduced GSH and oxidized GSSG across all groups at 

W0 and W4. These findings indicate that the GXT successfully induced an acute state of 

oxidative stress to a modest degree. 

4.4.3 Effect of GXT and Theracurmin® Supplementation on Protein Carbonyl 

Concentration 

Protein carbonyl is frequently utilized as a biomarker for oxidative stress due to its 

chemical stability.32 The transient nature of ROS in the blood poses challenges in their 

quantification, making protein carbonyl a valuable proxy marker for oxidative stress. 

Protein carbonyls are generated through protein oxidation via a process known as 

protein carbonylation, which can be facilitated by ROS.32 The increased presence of 

protein carbonyls resulting from the oxidation of proteins presents a significant concern 

due to the resistance of protein aggregates to cellular degradation, leading to impaired 

cellular function.32 Elevated concentrations of protein carbonyl have been documented 

in various conditions such as aging, neurodegenerative disorders, obesity, diabetes 

mellitus, age-related macular degeneration, anemia, sickle cell disease, neonatal 

bronchopulmonary dysplasia, and hepatocellular carcinoma.145 Additionally, the 

concentrations of protein carbonyl is reported to be elevated in the immediate aftermath 

of aerobic exercise.32,146,147 This elevation gradually returns to baseline concentrations 
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within a few hours. Bloomer et al.146 have shown a transient rise in protein carbonyl 

concentrations following various cycling protocols of differing durations and 

intensities, in both female and male participants. Additionally, Alessio et al.144 observed 

a 67% increase in protein carbonyl concentrations following exhaustive aerobic exercise 

in male participants. However, despite a number of researchers documenting acute 

elevations in protein carbonyl concentrations in response to exercise, some researchers 

have observed reductions in protein carbonyl concentrations following exercise in both 

trained and untrained individuals.124,147–150 Wadley et al.148 demonstrated a significant 

10% decrease in plasma protein carbonyl concentrations immediately after a GXT to 

volitional exhaustion in active young men. The inconsistent trends in protein carbonyl 

concentrations post-exercise are intriguing and may be attributed to the involvement of 

the 20S proteasome system in mediating the clearance of plasma protein carbonyl 

following physical activity. It has been proposed that exercise could enhance the 

removal of baseline plasma protein carbonyl, while simultaneously increasing the 

production of ROS that promote the formation of new protein carbonyl groups.147 The 

equilibrium between these processes likely accounts for why certain researchers have 

reported no change or even decreases in plasma protein carbonyl concentrations post-

exercise, when other indicators of oxidative stress (such as markers of lipid 

peroxidation) were elevated. We observed that serum protein carbonyl concentrations 

exhibited considerable variability among participants both pre- and post-GXT. At W0, a 



 
 

134 
 

statistically significant reduction in protein carbonyl concentrations was noted 

following the GXT across all groups (placebo, 300 mg and 600 mg Theracurmin®  

groups: 19%, 13%, and 21% reduction, respectively). Conversely, at W4, a statistically 

significant increase in protein carbonyl concentrations was observed after the GXT in all 

groups (placebo, 300 mg and 600 mg Theracurmin® groups: increase of 14%, 7%, and 

19%, respectively). This unexpected reversal in trends cannot be attributed to 

Theracurmin® supplementation alone because it was also evident in the placebo group. 

4.4.4 Effect of GXT and Theracurmin® Supplementation on Glutathione, Glutathione 

Disulfide and Ratio of Reduced to Oxidized Glutathione 

Glutathione (GSH) is a tripeptide composed of glutamate, cysteine, and glycine, 

primarily synthesized within hepatic cells.151 GSH serves as the principal non-enzymatic 

antioxidant defense system in all cells of the body. As the most abundant low molecular 

weight thiol, GSH fulfills crucial functions as a reducing agent that shields cells against 

oxidative harm, hinders lipid peroxidation, preserves redox balance, and facilitates 

cellular detoxification.151 It stands as one of the most abundant antioxidants within the 

organism, with a considerable portion of cellular GSH utilized by three isoforms of 

glutathione peroxidase (GPx) for enzymatic defensive countermeasures against free 

radicals. Under conditions of oxidative stress, GSH undergoes oxidation to form 

glutathione disulfide (GSSG) in response to pro-oxidants such as free radicals, 

subsequently being reduced back to its original form by the enzyme glutathione 
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reductase.151 The ratio of reduced glutathione to oxidized glutathione (GSH:GSSG) 

holds significant importance as a marker of oxidative stress because it determines 

intracellular redox potential and serves as a pivotal indicator of cellular well-being. Our 

findings indicate that factors such as curcumin supplementation (300 and 600 mg), 

duration of supplementation (4 weeks), and exercise (pre- or post-GXT), do not exert a 

significant influence on glutathione (GSH) concentration in our study population. We 

found that the only significant effect on GSH and glutathione disulfide (GSSG) 

concentrations was observed in relation to exercise, where individuals exhibited higher 

concentrations before the GXT compared to after the GXT. Theracurmin® 

supplementation, time duration, and sex were not found to have a significant effect on 

GSH or GSSG concentrations within our study cohort. Consequently, this lack of effect 

also extended to the GSH:GSSG ratio, with no significant differences observed. As such, 

these results indicate that a four-week regimen of Theracurmin® supplementation did 

not lead to a significant increase in endogenous glutathione concentration. 

Additionally, when oxidative stress was induced through exercise, all study groups 

displayed comparable glutathione concentrations at W4 regardless of the Theracurmin® 

dose administered. In contrast, McAllister et al.152 observed a significant attenuating 

effect of curcumin supplementation (1.5 g of curcumin over a three-day period) on the 

reduction of whole blood GSH concentration 30 minutes after 35 minutes of exercise at 

60% of peak oxygen consumption (VO2peak).  
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4.4.5. Effect of GXT and Theracurmin® Supplementation on Total Antioxidant Capacity 

Concentration 

The total antioxidant capacity (TAC) represents the combined action of all antioxidants 

in the serum and is considered a comprehensive indicator of antioxidant 

effectiveness.129,153 TAC is a significant marker in assessing redox status and monitoring 

antioxidant intake. Regular physical activity typically results in an elevation of TAC; 

however, immediately post-exercise, TAC in the serum tend to decrease due to 

heightened oxidative stress.34,153 Although variations in TAC were observed following 

the GXT protocol, these changes did not reach statistical significance in our study. The 

findings suggest that Theracurmin® supplementation may potentially exhibit a 

stabilizing effect on TAC, particularly in the higher dosage group (600 mg). The changes 

observed in TAC were moderate across all groups, indicating that the antioxidant 

properties of curcumin may contribute to maintaining antioxidant capacity in 

conditions of elevated oxidative stress. Furthermore, no significant interaction was 

found among group, timepoint, and exercise conditions. The lack of substantial changes 

in TAC following the exercise test could be attributed to several factors. The study 

participants were all physically active individuals with a proficient antioxidant defense 

system, suggesting that Theracurmin® did not significantly affect TAC after four weeks 

of supplementation. While some researchers have reported significant differences in 

TAC, there are conflicting findings from other researchers, as well.85,154 Nakhastin-Roohi 
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et al.154 reported elevated TAC immediately post-resistance exercise in untrained men 

supplemented with an acute dose of 150 mg of curcuminoids prior to the exercise 

protocol. In contrast, Basham et al.85  reported significant reductions in TAC after a bout 

of intense exercise in elite athletes who were supplemented with 500 mg of 

curcuminoids.  

4.4.6. Conclusion 

Our study represents a novel approach in researching the effect of Theracurmin® 

supplementation on markers of oxidative stress in physically active individuals. It is the 

first study of its kind to utilize a four-week supplementation phase within a 

randomized, double-blind, placebo-controlled design. We also examined the dose-

response relationship of curcumin supplementation by including two different dosages 

of Theracurmin® alongside a placebo group. Additionally, our research incorporated a 

maximal GXT in conjunction with the supplementation protocol to assess the effect of 

Theracurmin® on exercise-induced oxidative stress. Importantly, our study included 

both female and male participants; previous research in this area has predominantly 

focused on male participants. Moreover, we used the Dill and Costill40 equations to 

appropriately account for variations in plasma volume post-exercise by measuring 

alterations in hemoglobin and hematocrit concentrations. This practice, often 

overlooked in research studies, enhanced the precision and dependability of our results. 

However, our study is subject to several limitations. One of these was the inclusion of a 
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physically active healthy population, which restricts the extent to which oxidative stress 

can be induced with physical exertion. This limitation arises from the fact that the study 

participants were physically active individuals who were well accustomed to exercise, 

resulting in an optimal and robust antioxidant defense system that may limit the 

potential for detecting changes in oxidative stress. Additionally, the GXT protocol we 

used may not have induced enough of a stressor to substantially increase the oxidative 

stress markers across all timepoints and groups, thereby limiting the ability to assess 

any potential effect of curcumin on exercise-induced oxidative stress. This lack of a 

robust response may be attributed to insufficient time spent at high intensities during 

the GXT protocol. Furthermore, we only included one blood draw following the GXT, 

potentially missing peak concentrations of certain oxidative stress markers in the 

bloodstream that may have occurred after the initial response to the GXT protocol. 

Additionally, a limitation of our study was the absence of measurements for curcumin 

metabolites in blood samples, making it difficult to determine if the supplementation 

protocol resulted in adequate absorption of curcumin in serum for potential beneficial 

effects.  

In conclusion, the novel discovery of the current investigation indicates that daily oral 

supplementation with 300 mg and 600 mg of Theracurmin® over a period of four weeks 

did not yield statistically significant alterations in concentrations of serum protein 

carbonyl, plasma glutathione (GSH), glutathione disulfide (GSSG), and total antioxidant 
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capacity (TAC) in physically active female and male participants. Subsequent research 

endeavors should aim to meticulously investigate the intricate relationship between 

oral curcumin dosage, concentration of oxidative stress biomarkers, blood curcumin 

metabolites, and various exercise modalities. Furthermore, future researchers should 

incorporate the assessment of localized and intracellular oxidative stress within various 

sites such as the skeletal muscle tissue. 
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Table 4.1. Baseline Characteristics of All Participants 

 Total Group Sex 

Variable n=42 
Placebo 

(n=14) 

300 mg 

(n=14) 

600 mg 

(n=14) 

Females 

(n=17) 

Males 

(n=25) 

Age, years 30  8 30  7 32  7 29  8 31.1  8 30  8 

Weight, kg 74.3  13.9 70.1  12.2 73.3  12.9 80.7  14.8 64.5  8.9 81.7  12.1* 

Height, cm 171.7  8.9  168.7  8.6 171.4  7.6 176.0  8.9 164.2  5.3 177.4  6.2* 

BMI, kg/m2 25.0  3.0 24.4  2.2 24.8  2.7 26.0  3.8 23.9  2.9 25.9  2.8* 

SBP, mmHg 126  10 128  12 128  6 123  11 121  9 130  10* 

DBP, mmHg 77  9 80  9 79  10 72  7 77  8 77  10 

HR, bpm 63  11 67  9 63  14 57  10* 68  12 60  10** 

Body Fat, % 24.7  8.4 25  7.4 25  8.9 23.4  9.3 30.5  6.7 20.4  6.9** 

FFM, kg 56.8  12.7  53.3  12.9 55.9  12.0 62.3  11.8 45.3  6.7 65.3  8.4* 

SAT mass, kg 0.83  0.57 0.73  0.42 0.90  0.56 0.88  0.75 0.86  0.48 0.82  0.65 

VAT mass, kg 0.33  0.35  0.28  0.20 0.37  0.33 0.33  0.50 0.16  0.16 0.44  0.41* 

RMR, 

kcal/day 
1,531  252 1,468  264 1,512  237 1,638  231 1,303  132 1,700  168* 

BMD, g/cm2 1.28  0.15 1.25  0.10 1.26  0.16 1.34  0.14 1.21  0.11 1.33  0.14* 

Data presented as mean  standard deviation 

kg, kilograms; cm, centimeters; BMI, body mass index; m2, meters squared; SBP, systolic 

blood pressure; mmHg, millimeters of mercury; DBP, diastolic blood pressure; HR, 

heart rate; bpm, beats per minute; %, percent; FFM, fat free mass; SAT mass, 

subcutaneous adipose tissue mass; VAT mass, visceral adipose tissue mass; RMR, 

resting metabolic rate; kcal, kilocalories; BMD, bone mineral density; g, grams; cm2, 

centimeters squared 

* Males significantly greater than females (p<0.05) 

** Males significantly lower than females (p<0.05) 
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Table 4.2. Habitual Dietary Intake of Participants Obtained from Food Frequency 

Questionnaire at Baseline 

 Total Group 

Variable  n=39 Placebo (n=14) 300 mg (n=13) 600 mg (n=12) 

Energy Intake, 

kcal/day 

1,962  697 2,067  655 1,852  505 2,002  929 

Fat, g/day 82.3  29.5 88.2  26.0 79.6  29.3 78.5  34.7 

Saturated Fat, g/day 25.2  10.6 26.5  9.0 26.0  11.7 22.5  11.3 

MUFA, g/day 31.1  11.7 33.7  10.2 29.6  12.6 29.8  12.6 

PUFA, g/day 19.3  8.1 20.7  8.6 17.7  4.9 19.8  10.5 

Protein, g/day 80.3  33.6 88.7  30.5 70.0  18.3 84.3  45.0 

Carbohydrates, g/day 224.2  94.5 227.3  93.8 211.7  73.3 242.1  118.6 

Cholesterol, mg/day 299.3  196.5 350.3  208.0 264.8  157.0 298.8  225.3 

Dietary Fiber, g/day 23.2  12.5 23.8  12.7 22.5  12.8 23.9  13.0 

Vitamin A, RAE/day 1,132  594 1,106  406 1,108  583 1,178  806 

Beta-carotene, mg/day 5,573  4,499 4,620  2,632 5,796  4,865 6,5423  5,804 

Vitamin C, mg/day 110.8  74.9 108.1  63.2 107.6  88.1 124.7  77.1 

Vitamin E, mg/day 11.6  5.7 12.0  5.3 10.5  4.5 12.5  7.4 

Iron, mg/day 15.5  6.9 15.8  6.2 14.3  5.4 16.8  9.1 

Zinc, mg/day 12.9  6.1 12.9  4.3 12.6  8.0 13.2  5.8 

Sodium, mg/day 3,456.7  1363.5 3,577  1292 3,166  1003 3,829  1850 

Data presented as mean  standard deviation 

kcal, kilocalories; g, grams; MUFA, monounsaturated fatty acids; PUFA, 

polyunsaturated fatty acids; mg, milligrams; RAE, retinol activity equivalents 
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Figure 4.1. Diagram of the protocol employed in the study. 
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Figure 4.2. Serum protein carbonyl concentrations in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4.  
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Figure 4.3. Plasma glutathione concentrations in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4.  
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Figure 4.4. Plasma glutathione disulfide concentrations in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4.  

 



 
 

164 
 

Placebo 
Week 0

Placebo
Week 4

300mg
Week 0

300mg
Week 4

600mg
Week 0

600mg
Week 4

0.0

1.5

3.0

4.5

G
 r

a
ti

o

Pre-Exercise

Post-Exercise

 

Figure 4.5. The ratio of reduced glutathione to oxidized glutathione (GSH:GSSG) in 

placebo, 300 mg and 600 mg Theracurmin® groups during pre- and post-graded exercise 

testing at Week 0 and Week 4.  
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Figure 4.6. Serum total antioxidant capacity in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4. 
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Figure 4.7. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect protein carbonyl 

concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 4.8. The Forest plot displays the interactions and their confidence intervals from 

the fitted linear mixed model for protein carbonyl concentrations. This plot visualizes 

the coefficient estimates for each interaction along with their confidence intervals, 

providing a clear overview of the effects and their statistical significance. 
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Figure 4.9. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect glutathione 

concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 

 

 



 
 

169 
 

 

 

Figure 4.10. The Forest plot displays the interactions and their confidence intervals from 

the fitted linear mixed model for glutathione concentrations. This plot visualizes the 

coefficient estimates for each interaction along with their confidence intervals, 

providing a clear overview of the effects and their statistical significance. 
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Figure 4.11. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect glutathione 

disulfide concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 4.12. The Forest plot displays the interactions and their confidence intervals from 

the fitted linear mixed model for glutathione disulfide concentrations. This plot 

visualizes the coefficient estimates for each interaction along with their confidence 

intervals, providing a clear overview of the effects and their statistical significance. 
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Figure 4.13. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect the ratio of 

reduced glutathione to oxidized glutathione (GSH:GSSG). 

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 4.14. The Forest plot displays the interactions and their confidence intervals from 

the fitted linear mixed model for the ratio of reduced glutathione to oxidized 

glutathione (GSH:GSSG). This plot visualizes the coefficient estimates for each 

interaction along with their confidence intervals, providing a clear overview of the 

effects and their statistical significance. 

 

 

 



 
 

174 
 

 

 

 

Figure 4.15. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect total antioxidant 

capacity. 

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 4.16. The Forest plot displays the interactions and their confidence intervals from 

the fitted linear mixed model for total antioxidant capacity. This plot visualizes the 

coefficient estimates for each interaction along with their confidence intervals, 

providing a clear overview of the effects and their statistical significance. 
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Abstract 

Objective: To investigate a four-week daily oral supplementation regimen with 300 mg 

and 600 mg of Theracurmin® compared to a placebo on biomarkers of inflammation and 

muscle damage in physically active individuals, 18 to 45 years of age. 

Methods: We used a randomized, double-blind, placebo-controlled study design in 

which participants underwent two incline-based maximal graded exercise tests (GXT) 

to exhaustion on a treadmill. The GXTs were separated by a four-week supplementation 

period. Blood samples were collected before and 20 minutes after the GXT protocol to 

assess the concentration of interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), C-

reactive protein (CRP), and creatine kinase (CK) concentrations after a maximal GXT. 

Anthropometry, body composition, bone mineral density, and dietary intake were also 

assessed. 

Results: There were no significant changes in IL-6, TNF-α, CRP, and CK concentrations 

following GXT at Week 0 and Week 4 across all groups. Analysis of covariance 

(ANCOVA) indicated no significant differences in inflammatory biomarkers among 

groups at Week 0 and Week 4. These findings suggest that Theracurmin® 

supplementation did not significantly affect biomarkers of inflammation and muscle 

damage in physically active individuals, 18 to 45 years of age. 
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Conclusion: We reported no statistically significant effects on biomarkers of 

inflammation and muscle damage following Theracurmin® supplementation in either 

intervention group following a GXT. Further research is needed to elucidate the 

underlying mechanisms of inflammation and the potential role of curcumin in 

modulating these physiological processes. 
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5.1 Introduction  

Inflammation is a biological response elicited by the immune system in response to 

various stimuli, such as pathogens, cellular damage, and toxic substances.155,156 It serves 

as a crucial component of the body's defense mechanisms, facilitating the identification 

and elimination of harmful foreign agents, while initiating the healing process. 

Inflammation can manifest as either acute or chronic. Acute inflammation arises from 

tissue damage caused by trauma, microbial invasion, or exposure to harmful 

substances.155 On the other hand, chronic inflammation is characterized by a persistent, 

long-term inflammatory state lasting for extended periods ranging from months to 

years. The severity and consequences of chronic inflammation are contingent upon the 

underlying cause of injury and the body's capacity to repair and overcome the resulting 

damage.155 

Chronic inflammation is a significant contributor to a variety of diseases affecting 

multiple organ systems, including the respiratory (such as asthma and chronic 

obstructive pulmonary disease), cardiovascular (such as atherosclerosis, myocardial 

infarction, and stroke), neurological (including dementia and Alzheimer’s disease), 

musculoskeletal (such as systematic lupus, rheumatoid arthritis, and psoriasis), 

gastrointestinal (including Crohn’s and Celiac diseases, ulcerative colitis), dental (such 

as Oral Lichen Planus), and endocrine (including diabetes mellitus and 

hypothyroidism) systems.12,155,157 Additionally, chronic inflammation has been shown to 
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increase the risk of cancer.19 Treatment of chronic inflammation with anti-inflammatory 

drugs has demonstrated efficacy in slowing disease progression in many of these organ 

systems.19,158,159 However, the long-term use of traditional anti-inflammatory drugs is 

associated with serious side effects.160,161 Furthermore, newer biological agents used for 

treatment are often prohibitively expensive.162,163 As a result, individuals are 

increasingly turning to lifestyle modifications and naturopathic remedies as alternative 

approaches to managing chronic inflammation. In contrast, acute inflammation 

represents the organism's immediate reaction to noxious stimuli, typically enduring for 

a brief period ranging from days to weeks. Conversely, chronic inflammation persists 

over extended durations, spanning months to years. The progression from acute to 

chronic inflammation occurs when the body fails to eliminate the offending agent 

responsible for initiating the inflammatory response. Specifically, in cases where the 

organism is unable to expel an irritant, toxin, or pathogenic microorganism, the 

immune system maintains the inflammatory cascade.155 

Exercise-induced inflammation is a well-documented phenomenon in the field of 

exercise physiology. It is widely recognized that intense exercise can lead to muscle 

damage and inflammation, with the extent of these effects being influenced by factors 

such as exercise mode, intensity, and duration.127,164 Research has shown that exercise 

can trigger an inflammatory response in the body, characterized by an increase in 

inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 



 
 

181 
 

necrosis factor-alpha (TNF-α).19,165 While it was initially believed that these cytokines 

were solely expressed in immune cells, it is now understood that they are also produced 

in various tissues throughout the body. The regulation of inflammatory cytokines 

involves complex pathways involving molecules such as nuclear factor-kappa B (NF-

κB), activator protein-1 (AP-1), and cyclooxygenase-2 (COX-2).35,39 Muscle damage 

caused by exercise-induced free radicals can activate these pathways, leading to an up-

regulation of inflammatory cytokine production.127 This cascade of events can result in 

pain and performance deficits in muscle function. The understanding of these 

mechanisms is crucial for developing strategies to mitigate the negative effects of 

exercise-induced inflammation on overall health and well-being.  

Researchers have provided compelling evidence indicating that turmeric (Curcuma 

longa rhizomes) exhibits potent anti-inflammatory properties across various 

inflammation models.166 The principal bioactive polyphenolic-flavonoid present in 

turmeric, curcumin, has been identified as the main contributor to its anti-inflammatory 

effects. Researches have shown that in certain experimental conditions, curcumin 

demonstrates comparable anti-inflammatory efficacy to commonly used nonsteroidal 

anti-inflammatory drugs (NSAIDs), while mitigating many of the associated side effects 

such as gastrointestinal disturbances and cardiovascular complications.167 The 

mechanistic basis of curcumin's anti-inflammatory activity is attributed to its 

modulation of multiple targets including transcription factors, growth regulators, and 
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cellular signaling molecules. Specifically, curcumin directly effects various 

inflammatory regulators by reducing NF-κB activation, inhibiting AP-1 binding to 

deoxyribonucleic acid (DNA), and suppressing the expression of COX-2 enzyme, all 

pivotal players in the inflammatory cascade.39,95 Furthermore, several researchers have 

indicated that curcumin indirectly hampers these inflammatory mediators by 

scavenging free radicals.81 Despite evidence supporting the anti-inflammatory 

properties of curcumin, there remains a scarcity of literature on its potential benefits in 

alleviating inflammation and enhancing recovery post-exercise-induced muscle 

damage.165  

There are few human studies where the effect of varying dosages of curcumin ingestion 

over a four-week period on inflammatory markers induced by a maximal graded 

exercise test (GXT) is used to induce oxidative stress. As such, the primary aim of our 

research was to explore the anti-inflammatory potential of curcumin. We evaluated the 

effect of oral supplementation with 300 mg or 600 mg of Theracurmin® compared to a 

placebo over a four-week period on biomarkers of inflammation and muscle damage at 

baseline and when a state of acute inflammation was elicited by a maximal GXT in 

recreationally active female and male participants.  

5.2 Materials and Methods  

5.2.1 Ethical Approval  
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The research protocol outlined in our study was approved by the Institutional Review 

Board (IRB) of Virginia Polytechnic Institute and State University (Virginia Tech). Prior 

to participating, all individuals provided their verbal and written informed consent. 

The procedures adhered to the guidelines established in the most recent version of the 

Declaration of Helsinki and were conducted in compliance with the regulations set 

forth by the Virginia Tech IRB. 

5.2.2 Study Design  

We utilized a randomized, double-blind, placebo-controlled study design to investigate 

the effect of four weeks of Theracurmin® supplementation in modulating biomarkers 

associated with inflammation. Our study consisted of three scheduled visits to the 

laboratory: baseline (Week 0 [W0]), midpoint (Week 2 [W2]), and final (Week 4 [W4]). 

Each visit was spaced two weeks apart. Physiological measurements of participants 

were taken during the W0 and W4 visits. Lean body mass, percent body fat, and total 

body bone mineral density were measured at W0. The graded exercise test (GXT) 

protocol was administered at both W0 and W4. Blood samples were collected twice, 

before and after the GXT, during W0 and W4. At W2, we assessed body weight, 

monitored adherence to the supplementation regimen, and evaluated participants' self-

reported general well-being (Figure 5.1). 

5.2.3 Study Population  
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A total of 42 physically active female and male recreationally active adults, who met the 

criteria of engaging in recreational exercise at least three times a week, were recruited 

for our study. During the study period, participants were instructed to adhere to their 

usual dietary intake and exercise routine, while avoiding the consumption of any 

substances that could potentially affect the study outcomes. 

5.2.4 Inclusion and Exclusion Criteria  

To ensure the eligibility of participants in this study, stringent inclusion and exclusion 

criteria were employed. Inclusion criteria required individuals to be 18 to 45 years of 

age, actively engaged in regular physical activity (at least three days a week) for a 

minimum of 12 months, non-smokers, free from chronic illnesses, refraining from the 

intake of dietary supplementation that could affect study outcomes, and in overall good 

health with the ability to perform treadmill running. Conversely, individuals were 

excluded if they smoked, engaged in less than two days of exercise per week, had 

orthopedic restrictions, were outside the specified age range (under 18 or over 45 years), 

suffered from uncontrolled chronic ailments, exhibited systolic blood pressure 

exceeding 140 mmHg or diastolic blood pressure surpassing 90 mmHg, possessed a 

body mass index (BMI) exceeding 35 kg/m2, or were pregnant. 

5.2.5 Study Familiarization and Informed Consent  
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Before commencing the study protocol, all participants engaged in a Health Insurance 

Portability and Accountability Act (HIPAA)-compliant video call during which the 

detailed methodology utilized in our study was explained. In this session, all 

participants were apprised of the complexities of the study protocol, and any queries 

they had were addressed. Verbal and written informed consent were procured from all 

participants in the presence of a witness prior to the initiation of any data collection 

procedures. 

5.2.6. Randomization, Determination of Dosing and Supplementation Protocol 

Participants were randomly assigned into one of three groups: 1) a placebo group who 

received 50 mg of microcrystalline cellulose, 2) a group who received 300 mg of 

Theracurmin® (containing 90 mg of active curcuminoids), and 3) a group who received 

600 mg of Theracurmin® (containing 180 mg of active curcuminoids). Each participant 

was instructed to consume two capsules daily with breakfast to enhance absorption, 

because research has shown that curcumin absorption is increased when consumed 

with dietary fat.20 The allocation of participants into one of these three groups was 

determined through the utilization of a software-generated randomization plan, 

employing the randomization tool available at 

http://www.graphpad.com/quickcalcs/index.cfm.  

5.2.7. Collection of Physiological Measures 
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Our study comprised of three visits in total, with each visit being two weeks apart 

(Figure 5.1). During Week 0 (W0) and Week 4 (W4), blood pressure, body weight, 

height, lean body mass, percent body fat, and total body bone mineral density were 

collected. Height, lean body mass, percent body fat, and total body bone mineral 

density were only measured at W0. All measurements (except lean body mass, percent 

body fat, and bone mineral density) were taken in duplicate for accuracy. Blood 

pressure was assessed using an automated blood pressure monitor (SunTech Tango M2 

Blood Pressure Monitor, Morrisville, NC). Body weight and height were measured on a 

digital physician’s scale (Detecto 439, Webb City, Missouri, USA) and stadiometer 

(SECA 777, GMBH & CO., Germany), respectively. Lean body mass, percent body fat, 

and total body bone mineral density were analyzed using dual x-ray absorptiometry 

(DXA) (iDXA, GE Healthcare, Madison, WI) by a certified DXA technician only at W0. 

At W2, we assessed body weight, monitored adherence to the supplementation 

regimen, and evaluated participants' self-reported general well-being (Figure 5.1). 

5.2.8 Maximal oxygen consumption (VO2max)  

Maximal oxygen consumption (VO2max) was measured at W0 and W4 using an incline-

based graded exercise test (GXT). The VO2max test was separated by four weeks of 

supplementation (placebo, 300 mg or 600 mg Theracurmin®). The GXT was conducted 

using a metabolic cart (Vyntx CPX, Vyaire Medical, Mettawa, IL) and treadmill 

(Trackmaster TMX428CP Treadmill, Full Vision, Kansas) to assess VO2max and induce 
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acute oxidative stress by increasing physical exertion until the point of exhaustion. The 

exercise protocol consisted of three phases: warm-up, testing, and recovery. The warm-

up phase involved walking at a speed of 3 mph for two minutes. Subsequently, 

participants transitioned to their self-selected running pace of either 5.5 or 7 mph 

during the testing phase. The exercise intensity was incrementally increased by raising 

the gradient by 1% every minute until volitional exhaustion was reached (modified 

Taylor Protocol)24. Although for ethical and safety reasons, volitional exhaustion was 

used to end each test, there are four ways to determine if VO2max has been reached. 

They are as follows: 1) an increase in carbon dioxide expiration with a flattening of 

oxygen consumption with an increase in workload, 2) a flattening of oxygen 

consumption with an increase in workload (these first two are the most definitive ways 

to ascertain if someone reached their VO2max), 3) a respiratory exchange ratio greater 

than 1.0, and 4) sheer exhaustion. All the aforementioned determinations of ascertaining 

VO2max are incorporated in our laboratory; however, sheer exhaustion is often used as 

the first measure, due to ethical and safety reasons. Following the testing phase, 

participants walked on the treadmill at a pace of 2 mph for two minutes. 

5.2.9 Blood Sample Collection 

Blood samples were obtained at four distinct time points, comprising two collections 

during the baseline visit (W0) and two during the final visit (W4) to assess biomarkers 

of inflammation and muscle damage. A certified phlebotomist conducted venipuncture 
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to collect all blood samples. The first sample was obtained prior to the commencement 

of the GXT, while the second was drawn 20 minutes post-exercise. Similarly, blood 

samples were obtained both before and after 20 minutes of the GXT during the final 

visit. These blood samples were promptly assessed for hemoglobin and hematocrit 

concentrations to account for the change in plasma volume immediately after 

exercise.116 Plasma and serum blood samples were centrifuged at 3,500 revolutions per 

minute (rpm) at 4°C for 15 minutes and stored at -80°C for analyses of interleukin-6 (IL-

6), tumor necrosis factor-alpha (TNF-α), C-reactive protein (CRP), and creatine kinase 

(CK) concentrations. 

5.2.10. Calculation of Change in Plasma Volume 

Intense exercise leads to an acute change in plasma volume due to the 

hemoconcentration effect.117 The Dill and Costill24 equations with hemoglobin 

concentration (Hb) and hematocrit (Hct) measurements were used to calculate the 

change in plasma volume (ΔPV).116,117  

∆𝑃𝑉 =
𝑃𝑉𝑝𝑜𝑠𝑡 − 𝑃𝑉𝑝𝑟𝑒

𝑃𝑉𝑝𝑟𝑒
=

𝐻𝑏𝑝𝑟𝑒  𝑋 (1 − 𝐻𝑐𝑡𝑝𝑜𝑠𝑡)

𝐻𝑏𝑝𝑜𝑠𝑡 𝑋 (1 − 𝐻𝑐𝑡𝑝𝑟𝑒)
− 1 

Concentration of biomarkers measured in the plasma or serum after the GXT were 

corrected using the following equation.  

𝑃𝑀𝑝𝑜𝑠𝑡,𝑐 =  𝑃𝑀𝑝𝑜𝑠𝑡,𝑢 𝑋 (1 +  𝛥𝑃𝑉) 
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where PMpost,c and PMpost,u indicate corrected and uncorrected serum or plasma 

biomarker after the GXT, respectively. Note that we adjusted for plasma volume 

changes for all biomarkers assessed. 

5.2.11 Blood Sample Storage and Analyses  

The blood samples from every blood draw (pre- and post-GXT in both W0 and W4) 

were collected and stored in a freezer at a temperature of -80°C until analyses. Prior to 

storage, the samples underwent centrifugation at a speed of 3,500 rpm and a 

temperature of 4°C for a duration of 15 minutes. Following centrifugation, the plasma 

and serum samples were aliquoted into individual cryovials (Corning Incorporated, 

Corning, NY, USA) and preserved at -80°C. Analyses of blood samples were conducted 

after all blood samples had been collected and the study was completed. To assess 

concentrations of biomarkers of inflammation and muscle damage (interleukin-6 [IL-6], 

tumor necrosis factor-alpha [TNF-α], C-reactive protein [CRP], and creatine kinase [CK] 

concentrations) commercially available enzyme-linked immunosorbent assay (ELISA) 

were purchased from ALPCO (Westlake, OH, USA) for IL-6 (kit# 04-BI-IL6) and CRP 

(kit# 30-9710S), R&D systems (Minneapolis, MN,USA) for TNF-α (kit #QK210), and 

RayBiotech (Norcross, GA, USA) for CK (kit# ELH-CKMB). A BioTek Synergy H1 

Hybrid Multi-Mode Monochromator Fluorescence Microplate reader (Fisher Scientific, 

Hanover Place, IL) was used for analyses. These analyses included samples obtained at 

pre- and post-GXT in both W0 and W4. All blood analyses were conducted during the 
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same week, in duplicate, at the Virginia Tech Metabolism Core at the end of the study 

to minimize differences among ELISA kits. 

5.2.12 Dietary and Physical Activity Records 

To evaluate the overall dietary intake and physical activity, participants completed a 

2015 Block Food Frequency Questionnaire (FFQ) and the 2015 Block Adult Physical 

Activity Questionnaire (PAQ), respectively.140 Detailed verbal instructions were 

provided to all participants regarding the protocol for documenting their diet and 

physical activity. The Block FFQ and PAQ evaluate dietary and intake over the past 

year and habitual physical activity. Participants were instructed to maintain their 

typical dietary and physical activity routines during the four-week supplementation 

period.  

5.2.13 Statistical Analyses  

To evaluate the effects of four weeks of supplementation of Theracurmin® on 

biomarkers of inflammation and muscle damage, an Analysis of Covariance 

(ANCOVA) was utilized. The primary hypothesis tested was whether there would be a 

significant difference in the W4 biomarker and muscle damage concentrations among 

supplementation groups, after adjusting for sex and baseline biomarker concentrations.  
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A paired t-test was conducted to evaluate the effect of the GXT on biomarkers of 

inflammation and muscle damage obtained from blood samples before and after the 

GXT in all groups.  

This statistical methodology was selected to account for potential confounding factors, 

particularly sex differences, that may affect the primary outcomes. The dependent 

variables in the analyses were the concentrations of inflammatory and muscle damage 

biomarkers measured at two time points prior to the administration of GXT: baseline 

(Week 0 [W0]) and post-intervention (Week 4 [W4]), while the independent variable 

was the supplementation group (placebo, 300 mg and 600 mg of Theracurmin®). The 

covariate included in the model was sex, incorporated to control for any sex-specific 

influences on the biomarker concentrations. The model was structured as follows:  

𝐵𝑖𝑜𝑚𝑎𝑟𝑘𝑒𝑟𝑝𝑜𝑠𝑡 =  𝛽0 + 𝛽1(𝐺𝑟𝑜𝑢𝑝) + 𝛽2(𝑆𝑒𝑥) + 𝛽3 (𝐵𝑖𝑜𝑚𝑎𝑟𝑘𝑒𝑟𝑝𝑟𝑒) + 𝜀 

Where Biomarkerpost is the post-intervention concentration of the biomarker, group 

indicates dosage of Theracurmin® supplementation (placebo, 300 mg, 600 mg), sex is a 

binary variable indicating female or male, Biomarkerpre is the baseline concentration of 

the biomarker, β0, β1, β2, β3 are the parameters estimated by the model and ε is the error 

term. All statistical procedures were conducted using IBM SPSS Statistics (V.27, SPSS 

Inc., Chicago, IL) software. Significance level was set a priori at p<0.05.  
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5.3 Results  

5.3.1 Baseline characteristics 

A cohort of 42 recreationally active individuals, consisting of 17 females and 25 males, 

was recruited for the study. Participants were randomly assigned to one of three 

groups: 1) a placebo group who received 50 mg of microcrystalline cellulose, 2) a group 

who received 300 mg of Theracurmin® (containing 90 mg of active curcuminoids), and 

3) a group who received 600 mg of Theracurmin® (containing 180 mg of active 

curcuminoids) at the start of the study protocol, with each group comprised of 14 

individuals. The baseline characteristics of all participants are detailed in Table 5.1. 

There were no significant differences observed in baseline characteristics among the 

three groups, with the exception of resting heart rate. There were expected differences 

between the female and male participants (Table 5.1). Dietary intake from the food 

frequency questionnaire are presented in Table 5.2. The distribution of concentrations of 

IL-6, TNF-α, CRP, and CK in the dataset are depicted in Figures 5.2, 5.3, 5.4, and 5.5, 

respectively. 

5.3.2. The Effect of Theracurmin® Supplementation on Inflammation 

An analysis of covariance (ANCOVA) was performed to assess the inter-group 

differences in the concentration of inflammatory biomarkers and muscle damage at W0 

and W4 while controlling for sex as a covariate. 
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Interleukin-6 (IL-6) 

The mean difference in serum IL-6 concentrations across the two timepoints for the 

placebo, 300 mg and 600 mg Theracurmin® groups were -4.41±13.35, 0.99±5.54, and  

-2.33±16.90 pg/mL, respectively. The negative values observed indicate a higher serum 

IL-6 concentrations at W0, while the positive values indicate higher serum IL-6 

concentrations at W4. There were no significant differences among the groups in terms 

of the change in IL-6 concentrations across the two timepoints when adjusting for sex. 

The p-values for group and sex were non-significant (p=0.565 and p=0.821, 

respectively), indicating that neither group nor sex significantly influenced IL-6 

concentrations across the two timepoints (Figure 5.7). 

Tumor Necrosis Factor-alpha (TNF-α) 

The difference in serum TNF-α concentrations between W0 and W4 for the placebo, 300 

mg and 600 mg Theracurmin® groups were -223.95±1153.4, -382.2±509.6, and  

-381.25±1492.7 pg/mL, respectively. The negative values indicate higher serum TNF-α 

concentrations at W0, while positive values indicate higher serum TNF-α 

concentrations at W4. There were no significant differences among the groups in TNF-α 

concentrations across the two timepoints when adjusting for sex, as evidenced by non-

significant p-values for both group (p=0.945) and sex (p=0.547) (Figure 5.9).  
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C-Reactive Protein (CRP) 

The mean difference in serum CRP concentrations between W0 and W4 for the placebo, 

300 mg and 600 mg Theracurmin® groups were -1.08±3.73, 0.1±5.01, and 1.28±4.23 

µg/mL, respectively. The negative values indicate higher serum CRP concentrations at 

W0, while the positive values indicate higher serum CRP concentrations at W4. No 

significant differences were observed among the groups in terms of changes in CRP 

concentrations when adjusting for sex (p=0.449 for group and p=0.172 for sex). This 

suggests that neither group nor sex had a significant effect on CRP concentrations 

(Figure 5.11) 

Creatine Kinase (CK) 

We found no statistically significant differences in creatine kinase (CK) concentrations 

among the placebo, 300 mg and 600 mg Theracurmin® groups at two different 

timepoints. The mean differences in serum CK concentrations were -0.44±3.98,  

-1.17±4.0, and -1.15±7.73 ng/mL for the placebo, 300 mg and 600 mg Theracurmin® 

groups, respectively. When adjusting for sex, both group and sex did not show 

statistically significant differences in serum CK concentrations across the two 

timepoints (p=0.841 and p=0.174, respectively) (Figure 5.2). 

5.3.3 The Effect of Graded Exercise Test on the Biomarkers of Inflammation 
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The main purpose of this study was to assess the effects of Theracurmin® 

supplementation on biomarkers of inflammation and muscle damage. We also  

evaluated changes in biomarkers of inflammation and muscle damage following the 

GXT.  

Interleukin-6 (IL-6) 

In the group receiving 600 mg of Theracurmin®, the serum IL-6 concentrations were 

30.13±59.33 pg/mL pre-GXT and 8.89±8.97 pg/mL post-GXT. At W4, the mean serum IL-

6 concentrations were 27.80±47.74 pg/mL pre-GXT and 8.78±6.21 pg/mL post-GXT. In 

the group receiving 300 mg of Theracurmin®, mean serum IL-6 concentrations at W0 

were 12.66±16.64 pg/mL pre-GXT and 21.84±37.91 pg/mL post-GXT. At W4, mean 

serum IL-6 concentrations measurements were 13.64±15.56 pg/mL pre-GXT and 

23.15±36.5 pg/mL post-GXT. For the placebo group, initial IL-6 concentrations were 

39.98±80.19 pg/mL pre-GXT and 56.45±90.58 pg/mL post-GXT, and at W4 IL-6 

concentrations for the placebo group were 35.6±67.9 pg/mL pre-GXT and 47.2±73.7 

pg/mL post-GXT. There were no significant effects of the GXT on serum IL-6 

concentrations in any of the groups at both timepoints, indicating that the GXT did not 

result in significant alterations in IL-6 concentrations among any of the groups (Figure 

5.6).  

Tumor Necrosis Factor-alpha (TNF-α)  
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The mean concentrations of tumor necrosis factor-alpha (TNF-α) for the placebo, 300 

mg and 600 mg Theracurmin® groups pre-GXT were 3166.4±3412.4 pg/mL, 

4214.29±3170.3 pg/mL, and 4752±3533.8 pg/mL, respectively. Subsequent to the GXT 

administration, the mean concentrations within these groups were 3064±3197.74 pg/mL, 

4132±3250.6 pg/mL, and 4991.7±3648.3 pg/mL, respectively. There were no significant 

differences in serum TNF-α concentrations pre- and post-GXT at W0 (p=0.374, p=0.570, 

and p=0.126 for the placebo, 300 mg and 600 mg Theracurmin® groups, respectively). 

After four weeks of supplementation, the mean TNF-α concentrations for the placebo, 

300 mg and 600 mg Theracurmin® groups before GXT were 2942.4±3354.23 pg/mL, 

3832.2±3239.78 pg/mL, and 4370.7±3538.2 pg/mL, respectively. Post-GXT, serum TNF-α 

concentrations were: 3065.4±3333.7 pg/mL (placebo), 4094.9±3137.26 pg/mL (300 mg), 

and 4420.95±3434.24 pg/mL (600 mg). Upon analyses it was determined that there was 

no significant differences in serum TNF-α concentrations pre-GXT and post-GXT in the 

placebo group (p=0.52) and in the group receiving 600 mg of Theracurmin® (p=0.72). 

However, in the group receiving 300 mg of Theracurmin®, there was a significant 

difference in serum TNF-α concentrations pre-GXT and post-GXT (p=0.015) (Figure 5.8).  

C-Reactive Protein (CRP) 

In the 600 mg Theracurmin® group, C-reactive protein (CRP) concentrations were 

10.25±5.16 µg/mL pre-GXT and 10.10±5.63 µg/mL post-GXT at W0. At W4, the mean 

serum CRP concentrations were 11.53±5.2 µg/mL pre-GXT and 11.74±5.9 µg/mL post-
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GXT. In the 300 mg Theracurmin® group, the mean CRP concentrations at W0 were 

12.33±6.57 µg/mL pre-GXT and 11.98±6.45 µg/mL post-GXT. At W4, CRP concentrations 

were 12.44±6.25 µg/mL pre-GXT and 12.85±7.14 µg/mL post-GXT. For participants in 

the placebo group, initial CRP concentrations were 13.14±5.87 µg/mL pre-GXT and 

13.43±6.9 µg/mL post-GXT. W4 CRP concentrations for the placebo group were 

12.06±5.44 µg/mL pre-GXT and 12.05±5.45 µg/mL post-GXT. There were no significant 

differences in CRP concentrations after the GXT. There were no significant effects of the 

GXT on CRP concentrations in any of the groups at both timepoints, suggesting that the 

GXT did not elicit significant changes in serum CRP concentrations among any of the 

groups (Figure 5.10).  

Creatine Kinase (CK) 

Mean serum creatine kinase (CK) concentrations in the 600 mg Theracurmin® group at 

W0 were 9.64±16.41 ng/mL prior to the GXT and 10.24±13.18 ng/mL post-GXT. At W4, 

the mean serum CK concentrations were 8.49±8.98 pg/mL pre-GXT and 10.86±16.25 

ng/mL post-GXT in the 600 mg Theracurmin® group. In the 300 mg Theracurmin® 

group, the mean serum CK concentrations were 11.23±13.8 ng/mL pre-GXT and 

11.33±11.5 ng/mL post-GXT at W0, and 10.1±11.58 ng/mL pre-GXT and 10.87±14.33 

ng/mL post-GXT at W4. For the placebo group, CK concentrations were 9.64±16.41 

ng/mL pre-GXT and 10.24±13.18 ng/mL post-GXT at W0, and 8.49±8.98 ng/mL pre-GXT 

and 10.86±16.25 ng/mL post-GXT at W4. The results from the paired t-test indicated that 
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there were no significant effects of the GXT on serum CK concentrations in any of the 

groups at both timepoints, suggesting that the GXT did not result in significant changes 

in serum CK concentrations among participants in all groups (Figure 5.12).  

5.4 Discussion  

The purpose of our randomized, double-blind, placebo-controlled study design was to 

evaluate the effect of daily oral supplementation with 300 mg or 600 mg of 

Theracurmin® versus a placebo, over a four-week period on biomarkers of 

inflammation and muscle damage in physically active individuals, 18 and 45 years of 

age. We also evaluated the effect of a GXT on these biomarkers. We found that neither 

Theracurmin® supplementation nor GXT had any significant effect on the 

concentrations of inflammatory biomarkers and muscle damage. These biomarkers 

were selected for their ability to provide insights into the inflammatory status and 

muscle damage in the body.  

5.4.1 Bioavailability of Theracurmin® 

Turmeric is well-known for its poor bioavailability and limited absorption due to the 

rapid metabolism of its active compound, curcumin. Curcumin is quickly metabolized 

through glucuronidation and sulfation processes, forming curcumin glucuronides and 

curcumin sulfates that are rapidly excreted from the body.21,21,22 To address this issue 

and improve the efficacy of turmeric supplementation, we used Theracurmin®. 
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Theracurmin® is a novel form of curcumin that enhances bioavailability by reducing 

curcumin to nanoscale particles enclosed within micelles, providing a protective barrier. 

The decreased particle size of Theracurmin® improves absorption by increasing surface 

area, while micellar encapsulation prevents aggregation and premature metabolism. 

Furthermore, the reduced particle size of Theracurmin® enables better passage through 

the intestinal lining into the bloodstream, while micellar encapsulation inhibits 

interactions via conjugation with other molecules in the gut.21,22 A number of 

researchers have illustrated the improved bioavailability of Theracurmin®. For example, 

Nakagawa et al.23 showcased a 27-fold rise in the blood concentration-time curve of 

Theracurmin® in comparison to curcumin powder. Stohs et al.142 evaluated the oral 

ingestion of Theracurmin® and reported significantly elevated serum concentrations of 

curcumin metabolites when compared with other forms of curcumin. However, due to 

the lack of testing for curcumin metabolites in the bloodstream in our study, the efficacy 

of Theracurmin® in enhancing the bioavailability of curcumin and facilitating its 

pharmacological actions could not be definitively determined. 

5.4.2 Acute Inflammatory Response to Exercise  

Regular exercise has been shown to provide numerous benefits across various 

physiological systems, including metabolic, cardiac, and psychological aspects.168 

Engaging in consistent physical training through aerobic or anaerobic exercises can 

enhance the body's resilience to inflammation and increase antioxidant capacity by 
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promoting both pro- and anti-inflammatory responses. However, it is important to 

acknowledge that exercise can also pose risks, particularly when taken to an excessive 

level.5,168,169 Exercise acts as a stressor during and post-activity, leading to the potential 

induction of inflammation.170 Following exercise, there is a rapid release of cytokines, 

which typically return to baseline concentrations within 5 to 24 hours post-exercise.170 

The temporal cascade of cytokine release in response to exercise begins with an initial 

elevation in plasma IL-6 concentrations, followed by subsequent increases in IL-1Ra, IL-

10, and soluble TNF-receptors (TNF-R). This pattern of pro-inflammatory cytokine 

release followed by anti-inflammatory cytokines mirrors that observed in sepsis and 

acute inflammatory states. Notably, unlike sepsis, moderate acute exercise does not 

induce a concurrent up-regulation of TNF-α. 

Multiple pre-clinical studies have demonstrated the potential of curcumin in 

modulating key redox regulatory pathways, such as nuclear factor-kappa B (NF-κB) 

and Keap1-Nrf2-ARE (KELCH ECH associating protein 1-nuclear factor erythroid 2-

related factor 2-antioxidant response element).39,95 It is hypothesized that curcumin 

exerts its anti-inflammatory effects by directly interacting with these transcription 

factors, which are crucial in regulating the inflammatory response and oxidative stress 

by initiating the expression of various pro-inflammatory cytokines.97 These cytokines 

subsequently trigger a series of biochemical reactions that drive the inflammatory 

response.  



 
 

201 
 

5.4.3 Effect of GXT and Theracurmin® Supplementation on Interleukin-6 Concentrations 

Interleukin-6 (IL-6) is a multifunctional cytokine that plays a crucial role in 

immunoregulation, hematopoiesis, and inflammation. It has been extensively studied in 

the context of inflammation. Prolonged elevation of IL-6 has been shown to inhibit the 

expression of proteins involved in the mitochondrial electron transport chain, while 

enhancing the oxidative capacity of neutrophils, leading to increased production of 

reactive oxygen species (ROS). These ROS can cause damage to contractile protein 

filaments within myofibrils, ultimately impairing muscle function.35,43 Therefore, it is 

essential to explore potential strategies for modulating IL-6 and inflammation in 

general. 

Moreover, extensive research has been conducted within the scientific community on 

the response of IL-6 to exercise, which is considered a crucial cytokine in exercise 

physiology.171,172 It has been observed that IL-6 concentrations significantly increase (up 

to 100-fold) in response to exercise, with a subsequent rapid decrease post-exercise.171 

The extent of IL-6 elevation is influenced by various factors including exercise intensity, 

duration, and individual exercise capacity.168,173 De Gonzalo-Calvo et al.174 investigated 

the effect of moderate and intense exercise on circulating concentrations of interleukin-6 

(IL-6), interleukin-8 (IL-8), and interleukin-10 (IL-10). They observed a significant 

increase in all evaluated cytokines following exercise, with this elevation persisting for 

more than 24 hours before returning to baseline concentrations. Similarly, Wadley et 
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al.148 examined the cytokine profile in response to both moderate and intense cycling. 

They reported a significant increase in IL-6 concentrations at 30 minutes post-exercise 

regardless of exercise intensity (p<0.05). In contrast, Brenner et al.175 only observed a 

significant increase in IL-6 concentrations following moderate exercise during the 

recovery period (p<0.05). Overall, it is suggested that the increase in IL-6 and IL-8 

concentrations is more pronounced with higher intensity compared to moderate 

intensity exercise.170 While many researchers have reported an elevation in IL-6 

concentrations following exercise, these findings are certainly not homogenous. Indeed, 

various researchers exploring the effect of exercise on IL-6 concentrations have reported 

no significant increase in IL-6 concentrations following either moderate-intensity or 

high-intensity exercise. This suggests that acute exercise may not have a substantial 

effect on IL-6 concentrations.36,119,175,176 

Although there was an increase in mean IL-6 concentrations after the GXT in our study, 

this increase was not statistically significant. Moreover, the increase in IL-6 

concentrations were not replicated in all the groups across both the timelines. The 600 

mg Theracurmin® group had lower IL-6 concentrations after the GXT at both W0 and 

W4. Our study suggests that neither Theracurmin® supplementation nor a GXT affect 

IL-6 concentrations in recreationally active female and males, 18 to 45 years of age. 

5.4.4 Effect of GXT and Theracurmin® Supplementation on Tumor Necrosis Factor-

alpha Concentrations 
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Tumor necrosis factor-alpha (TNF-α) is another crucial cytokine involved in the 

inflammatory response. Along with interleukin-1β (IL-1β), TNF-α is considered a classic 

pro-inflammatory cytokine released in response to cellular damage.36,173 In vivo, these 

cytokines stimulate a pro-inflammatory response by activating immune cells and 

increasing systemic prostaglandins. Moderate exercise does not typically lead to an 

increase in TNF-α concentrations, but prolonged or strenuous exercise has been shown 

to elevate TNF-α concentrations. For instance, after a marathon race, TNF-α 

concentrations have been reported to double.36 In contrast, the anti-inflammatory 

cytokine IL-6 shows a 50-fold increase in concentrations following strenuous exercise.36 

These findings suggest that, while intense physical activity may induce an elevation of 

pro-inflammatory cytokines like TNF-α, the overall response is mitigated by the 

induction of anti-inflammatory cytokines, resulting in an anti-inflammatory effect. 

The effect of various types of exercise on TNF-α concentrations were assessed by 

several researchers, including both moderate exercise interventions and intense exercise 

interventions. Cerqueira et al.32 and Azizbeigi et al.43 found no significant alterations in 

TNF-α concentrations in their studies using moderate exercise interventions. In 

contrast, among the intense exercise interventions, Brenner et al.40 and Bernecker et al.41 

reported no changes in TNF-α concentrations post-exercise, while Ulven et al.44 and 

Ostrowski et al.45 reported an increase in TNF-α concentrations immediately after 

exercise.177,178 All researchers who reported changes in TNF-α concentrations involved 
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exercise durations exceeding one hour. Furthermore, only Ostrowski et al.45 included 

repetitive measurements in their study, and they reported a gradual decrease in TNF-α 

values over time, with concentrations not returning to baseline even after four hours.178 

In our study, neither four weeks of Theracurmin® supplementation nor a GXT had an 

effect on the serum concentrations of TNF-α. Our results suggest that a brief bout of 

high-intensity treadmill exercise may not be enough to produce significant changes in 

TNF-α concentrations in active individuals who are accustomed to regular physical 

training. Researchers who have shown significant changes in TNF-α concentrations 

typically involving exercise interventions lasting longer than the duration we used in 

our study. Moreover, four weeks of Theracurmin® supplementation did not lead to 

significant changes in TNF-α concentrations. This observation could potentially be 

attributed to the effective functioning of antioxidant defense mechanisms within the 

already active, healthy population in our study. 

5.4.5. Effect of GXT and Theracurmin® Supplementation on C-reactive Protein 

Concentrations 

Increases in C-reactive protein (CRP) concentrations have been observed post-exercise 

by some researchers. However, the exact relationship between increases in CRP 

concentrations and exercise intensity is unclear, and the results from studies are 

equivocal. For example, Draganidis et al.46 reported  a significant increase in CRP 

concentrations persisting for one to two days after exercise (p<0.05), before returning to 
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baseline. However, CRP concentrations significantly increase immediately following 

exercise. Conversely, Fatouros et al.47 observed significant increases in CRP 

concentrations (p<0.05) immediately post-exercise.179 Marklund et al.48 reported a 

significant increase in CRP concentrations (p<0.05) 30 minutes after moderate exercise, 

with further significant increases in CRP concentrations 28 hours later (p<0.05). De 

Gonzalo-Calvo et al.38 reported significant increases in CRP concentrations 24 hours 

post-exercise (p<0.05), without any alterations noted prior to that time point. Overall, 

several researchers have demonstrated an increase in CRP concentrations post-exercise, 

with peak concentrations typically observed at 24 hours post-exercise.174  

Regarding exercise intensities, it has been reported that greater exercise intensities 

induced higher increases in CRP concentrations.170 However, research on changes in 

CRP concentrations after moderate-intensity exercise are generally limited144 We did not 

find significant differences in CRP concentrations following a GXT. This lack of 

significance may be attributed to the possibility that the GXT protocol utilized may not 

have provided a sufficient stimulus to induce inflammatory responses, or that the study 

participants were habituated to regular physical training. Furthermore, it is plausible 

that the timing of our blood sample collection, which occurred 20 minutes post-GXT, 

may have missed the peak serum CRP concentrations following exercise. Conversely, 

researchers who reported significant increases in CRP concentrations post-exercise 

delayed their blood draws by at least 30 minutes post-exercise. 
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To date, four meta-analyses have been published on the effect of curcumin on 

inflammatory markers.180–183 Panahi et al.180 observed a significant correlation between 

curcumin intake and CRP concentrations. Additionally, meta-analyses by Derosa et al.50 

and Sahebkar et al.52 demonstrated reductions in CRP concentrations with curcumin 

compared to a control group. Nonetheless, Samadian et al.53 and Wahono et al.54 

reported no significant differences in inflammatory markers with curcumin 

supplementation compared to a control group. Additionally, it is worth noting that the 

outcomes of meta-analyses supporting the anti-inflammatory effects of curcumin are 

primarily influenced by a study conducted by Belcaro et al. 184, which involved the 

combination of curcumin and soy phosphatidylcholine. Because phosphatidylcholine 

itself possesses anti-inflammatory properties, the results of their study do not 

conclusively establish the anti-inflammatory effects of curcumin in isolation. In our 

investigation, no significant disparities were observed in inflammatory markers among 

participants who received Theracurmin®. These results indicate that curcumin 

supplementation may not exert a substantial effect on inflammatory markers or muscle 

damage. However, the lack of discernible differences may be attributed to the 

observation that many of our participants maintained normal inflammatory 

concentrations throughout the study period. While some researchers have highlighted 

the effect of curcumin supplementation in mitigating inflammation, others have 

reported inconclusive findings regarding its efficacy in clinical cohorts.154,166,167,180–182 
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5.4.6. Effect of GXT and Theracurmin® Supplementation on Creatine Kinase 

Concentrations 

Creatine kinase (CK) is generally well regarded as a marker that signifies muscle 

damage. Creatine kinase concentrations have been found to increase following intense 

and moderate exercises, while no significant changes were observed by some 

researchers.164,174,179,185 Draganidis et al.185 reported that CK concentrations peaked at 24 

hours post-exercise in a moderate-intensity exercise group, and at 48 hours in a high-

intensity exercise group. Conversely, De Gonzalo-Calvo et al.174 found that CK 

concentrations peaked at 24 hours after intense exercise, and Marklund et al.48 reported  

significant peak CK concentrations (p<0.05) at 28 hours after moderate exercise 

compared to baseline measures. With respect to curcumin supplementation, Kusnanik 

et al.186 documented a significant reduction (p<0.05) in CK concentrations 24 hours post-

vigorous physical activity in a curcumin supplementated group compared to a placebo, 

despite the absence of increased malondialdehyde concentrations. When comparing 

intense and moderate exercise, it has been noted that the increase in CK concentrations 

was greater following moderate exercise, although only two groups of researchers 

examined this intensity compared to four groups of researchers who researched intense 

exercise. In our study, neither four weeks of Theracurmin® supplementation nor a GXT 

had any significant effect on serum CK concentrations. The lack of a discernible effect 

on CK concentrations following the GXT is somewhat perplexing, considering previous 
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researchers have shown a significant increase in CK concentrations immediately after 

high-intensity exercise. It is possible that the relatively brief duration of the GXT did not 

induce substantial muscle damage. Additionally, the incline-based nature of the GXT 

protocol, as opposed to a decline test, which typically results in greater muscle damage 

due to prolonged eccentric contractions, may not have elicited enough damage in a 

population accustomed to running. 

5.4.7. Conclusion  

Our study represents a novel approach in investigating the efficacy of Theracurmin® 

supplementation on markers of inflammation in physically active individuals. It is the 

first study of its kind to utilize a four-week supplementation phase within a 

randomized, double-blind, placebo-controlled design. We also examined the dose-

response relationship of curcumin supplementation by including two different dosages 

of Theracurmin® (300 mg and 600 mg) alongside a placebo group. Additionally, our 

research incorporated a maximal graded exercise test in conjunction with the 

supplementation protocol to assess the effect of Theracurmin® on inflammation and 

muscle damage. Importantly, we included both female and male participants, which is 

significant, because previous research in this area has predominantly focused on male 

participants. Moreover, we included the Dill and Costill24 equations to appropriately 

account for variations in plasma volume post-exercise by measuring alterations in 
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hemoglobin and hematocrit concentrations. This practice, often overlooked in research 

studies, enhances the precision and dependability of our results.  

However, our study had several limitations. One of these was the inclusion of a 

physically active healthy population, which may have resulted in a lower inflammatory 

response post-exercise. This limitation arises from the fact that the study participants 

were young and physically active, resulting in optimal concentrations of inflammation 

and a robust antioxidant defense system that may limit the potential for detecting 

changes in inflammation. Additionally, the GXT protocol we used may not have 

induced an increase in inflammatory markers and muscle damage, thereby limiting the 

ability to assess any potential effects of Theracurmin® on exercise-induced inflammation 

and muscle damage. This lack of response may be attributed to insufficient time spent 

at high intensities during the GXT protocol. Furthermore, we only included one blood 

draw following the GXT, potentially missing peak concentrations of certain 

inflammatory markers that may have occurred after the initial hour post-GXT. 

Additionally, a limitation of our study was the absence of measurements for curcumin 

metabolites in blood samples, making it difficult to determine if the supplementation 

protocol resulted in adequate absorption of curcumin in serum for potential beneficial 

effects.  

In conclusion, the novel discovery of the current investigation indicates that daily oral 

supplementation with 300 mg or 600 mg of Theracurmin® over a period of four weeks 
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did not yield statistically significant alterations in serum concentrations of IL-6, TNF-α, 

CRP, and CK in physically active female and male participants. Additionally, the 

incline-based graded exercise test did not trigger an inflammatory response or elicit 

substantial muscle damage. Subsequent research endeavors should aim to meticulously 

investigate the intricate relationship between oral curcumin dosage, blood 

inflammatory cytokine concentration, blood curcumin metabolites, and various exercise 

modalities. Furthermore, future studies should incorporate the assessment of localized 

and intracellular inflammation within various sites such as the skeletal muscle tissue. 
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Table 5.1. Baseline Characteristics of All Participants 

 Total Group Sex 

Variable n=42 
Placebo 

(n=14) 

300 mg 

(n=14) 

600 mg 

(n=14) 

Females 

(n=17) 

Males 

(n=25) 

Age, years 30  8 30  7 32  7 29  8 31.1  8 30  8 

Weight, kg 74.3  13.9 70.1  12.2 73.3  12.9 80.7  14.8 64.5  8.9 81.7  12.1* 

Height, cm 171.7  8.9  168.7  8.6 171.4  7.6 176.0  8.9 164.2  5.3 177.4  6.2* 

BMI, kg/m2 25.0  3.0 24.4  2.2 24.8  2.7 26.0  3.8 23.9  2.9 25.9  2.8* 

SBP, mmHg 126  10 128  12 128  6 123  11 121  9 130  10* 

DBP, mmHg 77  9 80  9 79  10 72  7 77  8 77  10 

HR, bpm 63  11 67  9 63  14 57  10* 68  12 60  10** 

Body Fat, % 24.7  8.4 25  7.4 25  8.9 23.4  9.3 30.5  6.7 20.4  6.9** 

FFM, kg 56.8  12.7  53.3  12.9 55.9  12.0 62.3  11.8 45.3  6.7 65.3  8.4* 

SAT mass, kg 0.83  0.57 0.73  0.42 0.90  0.56 0.88  0.75 0.86  0.48 0.82  0.65 

VAT mass, kg 0.33  0.35  0.28  0.20 0.37  0.33 0.33  0.50 0.16  0.16 0.44  0.41* 

RMR, 

kcal/day 
1,531  252 1,468  264 1,512  237 1,638  231 1,303  132 1,700  168* 

BMD, g/cm2 1.28  0.15 1.25  0.10 1.26  0.16 1.34  0.14 1.21  0.11 1.33  0.14* 

Data presented as mean  standard deviation 

kg, kilograms; cm, centimeters; BMI, body mass index; m2, meters squared; SBP, systolic 

blood pressure; mmHg, millimeters of mercury; DBP, diastolic blood pressure; HR, 

heart rate; bpm, beats per minute; %, percent; FFM, fat free mass; SAT mass, 

subcutaneous adipose tissue mass; VAT mass, visceral adipose tissue mass; RMR, 

resting metabolic rate; kcal, kilocalories; BMD, bone mineral density; g, grams; cm2, 

centimeters squared 

* Males significantly greater than females (p<0.05) 

** Males significantly lower than females (p<0.05) 
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Table 5.2. Habitual Dietary Intake of Participants Obtained from Food Frequency 

Questionnaire at Baseline 

 Total Group 

Variable  n=39 Placebo (n=14) 300 mg (n=13) 600 mg (n=12) 

Energy Intake, 

kcal/day 

1,962  697 2,067  655 1,852  505 2,002  929 

Fat, g/day 82.3  29.5 88.2  26.0 79.6  29.3 78.5  34.7 

Saturated Fat, g/day 25.2  10.6 26.5  9.0 26.0  11.7 22.5  11.3 

MUFA, g/day 31.1  11.7 33.7  10.2 29.6  12.6 29.8  12.6 

PUFA, g/day 19.3  8.1 20.7  8.6 17.7  4.9 19.8  10.5 

Protein, g/day 80.3  33.6 88.7  30.5 70.0  18.3 84.3  45.0 

Carbohydrates, g/day 224.2  94.5 227.3  93.8 211.7  73.3 242.1  118.6 

Cholesterol, mg/day 299.3  196.5 350.3  208.0 264.8  157.0 298.8  225.3 

Dietary Fiber, g/day 23.2  12.5 23.8  12.7 22.5  12.8 23.9  13.0 

Vitamin A, RAE/day 1,132  594 1,106  406 1,108  583 1,178  806 

Beta-carotene, mg/day 5,573  4,499 4,620  2,632 5,796  4,865 6,5423  5,804 

Vitamin C, mg/day 110.8  74.9 108.1  63.2 107.6  88.1 124.7  77.1 

Vitamin E, mg/day 11.6  5.7 12.0  5.3 10.5  4.5 12.5  7.4 

Iron, mg/day 15.5  6.9 15.8  6.2 14.3  5.4 16.8  9.1 

Zinc, mg/day 12.9  6.1 12.9  4.3 12.6  8.0 13.2  5.8 

Sodium, mg/day 3,456.7  1363.5 3,577  1292 3,166  1003 3,829  1850 

Data presented as mean  standard deviation 

kcal, kilocalories; g, grams; MUFA, monounsaturated fatty acids; PUFA, 

polyunsaturated fatty acids; mg, milligrams; RAE, retinol activity equivalents 
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Figure 5.1. Diagram of the protocol employed in the study. 
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Figure 5.2. Serum interleukin-6 concentrations in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4. 
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Figure 5.3. Serum tumor necrosis factor-alpha concentrations in placebo, 300 mg and 

600 mg Theracurmin® groups during pre- and post-graded exercise testing at Week 0 

and Week 4. 
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Figure 5.4. Serum C-reactive protein concentrations in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4. 
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Figure 5.5. Serum creatine kinase concentrations in placebo, 300 mg and 600 mg 

Theracurmin® groups during pre- and post-graded exercise testing at Week 0 and Week 

4. 
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Figure 5.6. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect interleukin-6 

concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 5.7. This box plot illustrates the changes in interleukin-6 (IL-6) concentrations 

across three different groups (placebo [0 mg], 300 mg and 600 mg of Theracurmin®) 

after four weeks of supplementation, with the data segregated by sex. The y-axis 

represents the change in IL-6 concentrations in picograms per milliliter (pg/mL), 

calculated as the difference between the post-intervention (week 4) and baseline (week 

0) concentrations. Each box represents the interquartile range (IQR) of the change in IL-

6 concentration, with the median change indicated by the line within the box. The 

whiskers extend to the furthest points that are considered not to be outliers. 
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Figure 5.8. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect tumor necrosis 

factor-alpha concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 5.9. This box plot illustrates the changes in tumor necrosis factor-alpha (TNF-α) 

concentrations across three different groups (placebo [0 mg], 300 mg and 600 mg of 

Theracurmin®) after four weeks of supplementation, with the data segregated by sex. 

The y-axis represents the change in TNF-α concentrations in micrograms per milliliter 

(µg/mL), calculated as the difference between the post-intervention (week 4) and 

baseline (week 0) concentrations. Each box represents the interquartile range (IQR) of 

the change in TNF-α concentration, with the median change indicated by the line 

within the box. The whiskers extend to the furthest points that are considered not to be 

outliers. 
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Figure 5.10. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect C-reactive 

protein concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 5.11. This box plot illustrates the changes in C-reactive protein (CRP) 

concentrations across three different groups (placebo [0 mg], 300 mg and 600 mg of 

Theracurmin®) after four weeks of supplementation, with the data segregated by sex. 

The y-axis represents the change in CRP concentrations in micrograms per milliliter 

(µg/mL), calculated as the difference between the post-intervention (week 4) and 

baseline (week 0) concentrations. Each box represents the interquartile range (IQR) of 

the change in CRP concentration, with the median change indicated by the line within 
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the box. The whiskers extend to the furthest points that are considered not to be 

outliers. 

 

 

 

Figure 5.12. The three-way interaction plot provides insights into how supplementation 

dosage, timepoint, and graded exercise testing (GXT) interact to affect creatine kinase 

concentrations.  

Facets (Timepoint): Each plot represents a different timepoint (Week 0 vs Week 4).  

X-axis: Shows the difference between pre- and post-graded exercise test.  

Y-axis: Indicates the average value at each graded exercise test for each group within 

the specific timepoint.  

Lines: Each line within a facet represents a different group (placebo, 300 mg of 

Theracurmin® and 600 mg of Theracurmin®). The interaction effect within each 

timepoint is visualized by how these lines differ in slope and position. 
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Figure 5.13. This box plot illustrates the changes in creatine kinase (CK) concentrations 

across three different groups (placebo [0 mg], 300 mg and 600 mg of Theracurmin®) 

after four weeks of supplementation, with the data segregated by sex. The y-axis 

represents the change in CK concentrations in nanograms per milliliter (ng/mL), 

calculated as the difference between the post-intervention (week 4) and baseline (week 

0) concentrations. Each box represents the interquartile range (IQR) of the change in CK 

concentration, with the median change indicated by the line within the box. The 

whiskers extend to the furthest points that are considered not to be outliers. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

 

The primary objective of this research was to assess the effect of a four-week 

supplementation regimen with varying doses of Theracurmin® (300 mg and 600 mg) 

compared to a placebo in modulating biomarkers associated with oxidative stress, 

inflammation, and muscle damage induced by exercise. Specifically, the study focused 

on evaluating concentrations of protein carbonyl (PC), glutathione (GSH), glutathione 

disulfide (GSSG), total antioxidant capacity (TAC), interleukin-6 (IL-6), tumor necrosis 

factor-alpha (TNF-α), C-reactive protein (CRP), and creatine kinase (CK) in physically 

active individuals, 18 to 45 years of age. 

The study included 42 recreationally active participants, consisting of 17 females and 25 

males, who were randomly assigned to one of three groups: 1) a placebo group who 

received 50 mg of microcrystalline cellulose, 2) a group who received 300 mg of 

Theracurmin® (containing 90 mg of active curcuminoids), and 3) a group who received 

600 mg of Theracurmin® (containing 180 mg of active curcuminoids).  

Statistical analyses were conducted using a Wilcoxon signed rank test or paired t-tests 

to assess the effects of the graded exercise test (GXT) on markers of oxidative stress, 

inflammation and muscle damage. Furthermore, an analysis of covariance (ANCOVA) 

was employed to investigate whether four weeks of supplementation resulted in 

significant differences in biomarkers of inflammation and muscle damage. 
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Additionally, a linear mixed-effects (LME) model was utilized to examine the three-way 

interaction in oxidative stress markers among group, GXT, and timepoint. 

The novel findings of this investigation revealed that a four-week regimen of daily oral 

Theracurmin® supplementation did not yield significant variations in oxidative stress, 

inflammatory markers and muscle damage among any of the groups, in both female 

and male participants. Furthermore, the implementation of an incline-based test to 

exhaustion was not associated with an acute inflammatory response, but did induce 

acute oxidative stress. These findings underscore the necessity for extended 

supplementation durations, implementation of multiple dosages, and broader analytical 

procedures for evaluating markers of oxidative stress, inflammation, and muscle 

damage with higher sensitivity. 

While pre-clinical evidence from cell- and murine-model studies suggests that 

curcumin may possess antioxidant and anti-inflammatory properties, the translation of 

these findings to human trials has been inconsistent. It is imperative for future research 

to employ rigorous methodologies in investigating the antioxidant and anti-

inflammatory effects of oral curcumin supplementation to enhance the quality of data in 

this field. 

Future research should aim to incorporate randomized, double-blind, placebo-

controlled or crossover design studies to enhance robustness. Additionally, in oral 
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supplementation trials, it is imperative to consider evaluating the veracity of the data by 

assessing the concentration of curcumin metabolites in the bloodstream during the 

supplementation period. This necessitates the development of practical methods to 

facilitate the quantification of curcumin metabolites in serum or plasma, because 

current methodologies are time-consuming and unfeasible. Furthermore, investigations 

in this field should encompass diverse populations of both sexes, including active 

individuals, those with chronic diseases, and untrained individuals. 

In summary, the ultimate determination regarding the efficacy of oral curcumin 

supplementation in influencing oxidative stress, inflammation and muscle damage 

remains inconclusive, predominantly due to variations in research methodologies and 

inadequate comprehensive assessment of relevant outcome measures. Consequently, 

further investigations are imperative to advance understanding in this area and unveil 

new perspectives that could offer pivotal approaches in regulating oxidative stress, 

inflammation and muscle damage across diverse populations. 

In the current literature, most studies test for markers in the blood stream or perform 

scans to quantify changes in physiological outcome measures. However, data regarding 

intracellular investigations are severely lacking. Consequently, future studies should 

explore various sites of oxidative stress, inflammation and muscle damage with the goal 

of bridging the significant gap existing in the literature regarding the effects of different 

exercise and supplementation regimens on oxidative stress, inflammation markers and 
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muscle damage in intracellular muscle tissue. Although analyzing muscle tissue poses 

challenges due to data collection complexities, it offers a novel approach to 

understanding exercise-induced oxidative stress and inflammation. Intracellular 

concentrations of oxidative stress by-products and antioxidant enzymes provide a more 

accurate depiction of oxidative stress and antioxidant defense status compared to whole 

blood samples because these are the primary sites wherein oxidative stress first 

develops. Furthermore, future research should integrate biomarker assessments with 

functional outcomes to establish links between optimal biomarker concentrations and 

physiological measures such as muscular fatigue, isometric force generation, and 

recovery. 

In the context of exercise protocols, future research should prioritize investigating the 

effects of higher-intensity and whole-body movements compared to single-joint 

exercises on the induction of acute oxidative stress. These types of exercises have shown 

to be more effective at elevating markers of oxidative stress, inflammation and muscle 

damage. Additionally, there is a need for further investigation into the optimal timing 

for supplementation of curcumin, because existing studies have reported variability in 

its effectiveness based on timing of intake. As such, future research should aim to 

elucidate the relationship between oral curcumin supplementation and time of 

consumption. Furthermore, in studies examining the effect of antioxidant agents such 

as curcumin, there is a lack of research addressing the potential confounding effects of 
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dietary intake of antioxidants naturally present in food. However, it is important for 

research studies to accurately capture dietary intake data through methods such as food 

records or food frequency questionnaires because they are strong confounding factors 

that may affect the results of supplementation trials. Quantification of dietary intake 

and habitual physical activity will help bolster the reliability of findings in studies 

investigating the effects of antioxidant supplementation. 
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APPENDIX D: MEDICAL HISTORY QUESTIONNAIRE 
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APPENDIX E: 

PHYSICAL ACTIVITY READINESS QUESTIONNAIRE (PAR-Q) 
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APPENDIX G: 

2015 BLOCK FOOD FREQUENCY QUESTIONNAIRE 
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