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ABSTRACT 

IS EXERCISE-INDUCED REDOX SIGNALING AFFECTED BY AGING? 

Ethan L. Ostrom 

Redox signaling dysfunction is a key characteristic of aging cells and tissues and has 

wide ranging cellular and physiological effects. Exercise is one of the best tools available 

to promote healthy aging and reduce disease burden, however some evidence suggests 

exercise is not as effective in older populations. This is likely driven by redox signaling 

dysfunction because of the critical involvement of redox signaling mechanisms in exercise 

adaptations. In this work, I have used several studies in humans and mice with multiple 

methods to elucidate the mechanisms of Nrf2-mediated redox stress response to exercise 

and the effects of aging on this response. I demonstrate that exercise induced Nrf2 

activation is impaired in older compared to younger adults, and that exercise training only 

partially reverses these effects. Redox stress responses to a non-exercise stressor, a 

forearm ischemia-reperfusion challenge, is not different between ages, but exercise 

training does improve the response compared to controls in humans. Finally, acute 

contractile stimulation of skeletal muscle increases Nrf2 signaling within the muscle, and 

high intensity stimulation activates Nrf2 in contralateral unstimulated muscle, but low 

intensity stimulation does not. These effects appear to occur through inhibiting the 

negative regulator, Keap1. Taken together, these data indicate that exercise is a powerful 

inducer of the redox stress response transcription factor, Nrf2, but that aging impairs our 

ability to respond to an acute exercise bout. Future work should aim to discover and utilize 

therapeutics that act synergistically with exercise to restore redox homeostasis and redox 

signaling function. 
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PREFACE 

 

Three chapters in this dissertation are formatted for submission as original research 

articles in peer reviewed journals (chapters 2-4), and one chapter is formatted for 

publication as an invited book chapter (chapter 5). Each of the original research articles 

is composed in the following format: Title, abstract, introduction, methods, results, 

discussion and conclusions, acknowledgements, references. Tables and figures are 

embedded within the text next to relevant sections. My research interests are in aging, 

redox biology, and stress response signaling. My motivation for studying the redox biology 

of aging and exercise are to understand and improve healthy aging in the world. My 

dissertation work has focused on using various intensities of acute exercise to measure 

redox stress responses in human Peripheral Blood Mononuclear Cells (PBMCs) as well 

as mouse skeletal muscle. I have also used forearm ischemia-reperfusion as models of 

acute stress in young and older humans to investigate redox stress resilience in aging. 

Exercise training was used as an adaptive stimulus to change the dynamic response of 

redox signaling and improve stress resilience in aging humans. My focus has been on the 

inducible redox stress response transcription factor, Nrf2, and its responses to acute 

exercise and exercise training. Previously, our lab showed that Nrf2 signaling is blunted 

in older individuals after acute exercise. My dissertation work is corroborating these 

findings, showing that even after exercise training, older adults have an impaired signaling 

response to acute exercise compared to their younger counterparts. This impaired 

response has been shown by others in response to different stimuli, indicating a 
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compromised redox signaling mechanism instead of a lack of sensitivity to a given 

stimulus. 

 

Chapter 1 is a comprehensive literature review of Nrf2 signaling in aging and response to 

exercise. In this chapter, I discuss the overarching themes and concepts as they relate to 

Nrf2 signaling and responses to exercise in aging, using literature from cell culture work, 

animal models, and humans. Chapter 2 is the first manuscript published in my dissertation 

work, focusing on the time course responses of Nrf2 and its downstream targets in 

response to acute exercise and after exercise training compared to a control intervention. 

In this study, we show that Nrf2 signaling is blunted in aging PBMCs but that training 

reverses some of this dysfunction. One interesting finding here is that the magnitude of 

improvement with training in younger individuals is being significantly better than older 

adults. Together, these results suggest that training improves responsiveness in older 

adults, but not at a level that is comparable to young individuals. it is still not able to 

improve to the same degree as young individuals.  

 

Chapter 3 discusses the effect of exercise training on a non-exercise redox stressor, the 

ischemia / reperfusion trial (I/R Trial). We show that training improves the responses to 

an I/R trial regardless of age or sex. This suggests that older adults retain some of their 

ability to withstand a non-exercise redox stressor even though other redox signaling 

mechanisms like Nrf2 signaling are compromised, and that these two measures, although 

broadly redox specific, may not necessarily overlap in their cellular or molecular 

mechanisms.  
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Chapter 4 investigates the effects of high and low intensity stimulation on redox stress 

responses in mouse skeletal muscle. We show divergent signaling responses in high 

versus low intensity contractile stimulus on Nrf2 and Keap1, the Nrf2 negative regulator. 

High-intensity stimulation elicits a systemic effect, where low-intensity stimulation does 

not. High-intensity stimulation activated Nrf2-ARE binding and decreased Keap1 in both 

stimulated and unstimulated limbs where low-intensity stimulation only activated Nrf2-

ARE binding and decreased Keap1 in the stimulated limb.  

 

The final chapter 5 is the culmination of this body of work, providing an updated working 

model of exercise-induced redox signaling, based on the newest and most cutting-edge 

research in the field and the results from my dissertation work incorporated into the model. 

This dissertation adds to the field of redox biology, exercise, and aging through the 

combination of a quality randomized controlled trial, and the introduction of several novel 

redox signaling concepts in the field, detailed in chapter 2, 4, and 5. 
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CHAPTER 1 – Literature Review 

According to the CDC, the number of people above the age of 65 will double by the year 

2050 totaling approximately 89 million Americans [1]. Advanced age is associated with 

reduced physical and mental functioning, as well as a plethora of chronic diseases 

including cardiovascular disease (CVD), type 2 diabetes (T2D), dementia, and cancer [2, 

3]. Individuals who have one or more of these diseases have a reduced quality of life and 

many struggle with basic activities of daily living. Furthermore, the economic and social 

burdens of age-associated diseases are very high [3]. An estimated 14 million people die 

of a chronic disease every year; CVD, cancer, and diabetic complications make up 34% 

of these deaths [4]. These statistics underscore the importance of understanding the 

underlying mechanisms of aging to provide efficacious therapies to enhance successful 

aging. 

Biological aging is multifaceted and a highly complex process. It is characterized by 

several cellular and physiological changes, including: genomic instability, telomere 

attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered 

intercellular communication [5]. The reason redox dysfunction is so important in aging 

and gerontology is because redox biology mediates all of the biological aging 

mechanisms listed above, so molecular targets that control redox regulation would likely 

be a viable therapeutic option to promote healthy aging at a mechanistic level [6-12]. 

Utilizing a lifestyle intervention that is effective in promoting and maintaining redox 

balance would be ideal, as lifestyle interventions are the cheapest, yet most effective 

when considering the cellular mechanisms of aging [13, 14]. 



2 
 

Exercise is a powerful physiologic stressor, and potentially the best intervention for 

promoting healthy aging and reducing the risk of developing age-associated diseases 

[13, 15, 16]. It is well established that physical inactivity is a key driver in the development 

of these common diseases [13]. Conservative estimates indicate that physical inactivity 

costs 53.8 billion dollars worldwide due to CVD, diabetes, cancer and dementia [17]. 

Increasing physical activity and exercise would not only improve healthy aging and quality 

of life, but also reduce healthcare costs. It is unequivocal that exercise provides 

pleiotropic personal health and societal benefits. Accumulating evidence suggests that 

the beneficial effects of exercise act in part through redox-dependent mechanisms [18-

20]. However, the mechanisms of adaptation in the antioxidant defense system in 

response to exercise is still not well understood and is a crucial area in redox biology and 

aging research. 

The Free Radical Theory of Aging  

For decades, aging researchers have tried to understand the underlying mechanisms 

driving aging, disability, and dysfunction. One of the fundamental components of aging 

and disease is oxidative stress. Denham Harman first attributed the damaging effects of 

free radicals and reactive oxygen species (ROS) in his seminal paper in 1956 as a 

molecular mechanism that led to aging [21]. The free radical theory of aging proposed 

that ROS damage cellular constituents, making it harder for cells to carry out necessary 

functions and to recycle macromolecules. The damaged proteins, lipids, and DNA 

accumulate with age, causing dysfunction and disease. This theory explicitly implied that 

all free radicals are harmful and need to be extinguished before they can exert their 

damaging effects on cellular machinery. As a result, investigators tried supplementing 
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small molecular antioxidants like vitamin C and E to counter the “damaging” effects of 

ROS and oxidative stress. Many of these studies did not produce significant effects on 

mortality or improve function in healthy individuals [22]. In fact, a meta-analysis has 

shown that vitamin C and E supplementation have detrimental effects on mortality risk 

[23]. 

These findings do not seem to fit with the free radical theory of aging; however, it should 

be noted that there is a key mechanistic difference between small non-enzymatic 

antioxidants like vitamin C and E and endogenous enzymatic antioxidants. Vitamin C and 

E do not employ any specificity when reducing free radicals, they reduce any free radicals 

they contact. However, the endogenous system has specific enzymes that reduce certain 

free radicals. This is important because the cell has the ability to modulate enzyme activity 

by post-translational modifications, especially enzymes with a long half-life. This allows 

enzymes to operate at just the right activity level for the specific cellular level of ROS, 

providing enough control to minimize imbalances and damaging effects of ROS while 

allowing appropriate redox-sensitive cell signaling to endure. There is no such control 

mechanism with vitamins C and E in the cellular milieu. 

With these findings in mind, researchers set out to find which antioxidant enzymes were 

essential for improving health and longevity. Perez and colleagues used transgenic 

manipulations to test the effects of the antioxidant defense system on longevity of animal 

models. Interestingly, out of 18 genetic manipulations in the antioxidant defense system, 

only one (knockout of superoxide dismutase, SOD) showed a significantly decreased 

lifespan compared to control mice [24]. While this does suggest SOD is a critical enzyme 

for cellular health and longevity, these findings do not seem to support the free radical 
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theory of aging. We would expect most manipulations of antioxidant enzyme gene 

expression to have a significant effect on lifespan (positive effect-overexpression or 

negative effect-knockout). These findings forced researchers in the field to re-evaluate 

the free radical theory of aging.  

It could be argued however, that only assessing the lifespan of an organism misses the 

point of aging research. Perez & colleagues did not address whether the transgenic 

manipulations increased health span and quality of life in these rodents. Perhaps a hard 

question to answer, but surely there are objective ways of measuring quality of life or 

physical function in animals. The point is, no one lives forever; so, should we allocate time 

and resources to finding eternal youth, or should we focus on research that promotes 

living well? We would argue the underlying biology of health span, physical function, 

cognitive function, and overall quality of life should be the primary focus of research and 

therapeutic interventions. A successful intervention is one that compresses the years of 

life spent in a disease state. It is not a given that an intervention that increases lifespan 

will also increase health span [25]. So, focusing solely on interventions that increase 

lifespan seems naïve, especially when considering the calamitous economic 

consequences of increasing lifespan without concomitantly increasing health span [25].  

Since these findings by Perez and colleagues (2009), there has been a perspective-shift 

in redox biology. More studies have focused on the antioxidant defense system and redox 

homeostasis as a framework for interrogating aging and age-associated diseases. While 

free radicals and ROS are damaging to macromolecular structures, this does not 

necessarily lead to aging or death, and these chemicals are a healthy part of cell signaling 

[26]. Furthermore, the series of investigations from Perez and colleagues were conducted 
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on enzymes that directly reduce free radicals and ROS in our bodies. It is possible that 

these enzymes are not the most important or critical enzymes in the system.  

It is unlikely that transgenic or knock out mice in any single antioxidant gene is sufficient 

to produce a significant change in longevity because there are redundancies in the 

system that can compensate for any experimentally induced deficiencies. Perhaps a 

needed follow up experiment to Perez et al. (2009) is to experimentally compromise the 

whole endogenous antioxidant defense system using several knockout genes. This may 

tell us more about the importance of redox balance with respect to aging and disease. 

Despite the limitations of the study by Perez and colleagues, this research was a key step 

in shifting the way aging research looked at ROS and the antioxidant defense system.  

In an attempt to reconcile these findings, other research groups have updated the aging 

hypothesis, termed the redox stress hypothesis of aging. This hypothesis suggests that 

as we get older, our cells slowly shift to a more oxidized state, affecting protein thiols as 

well as redox sensitive molecular switches and cellular signaling [26, 27]. Proteins are 

sensitive to redox perturbations through cysteine sulfhydryl residues [26]. These 

sulfhydryls act as allosteric modification sites that are reversible, much like the 

phosphorylation/dephosphorylation of proteins to activate or inactive them. These 

cysteine “switches” change the conformation of a protein, thereby modulating its activity 

and function [26]. Many redox-sensitive proteins and signaling systems have been shown 

to be altered in aging and disease states which are independent of ROS production [28]. 

Furthermore, there is evidence to show redox couples like GSH:GSSG and Cys:CySS 

shift to a more oxidized state and are important indicators of a pathologic cellular milieu 

found in aging and disease states [27-29]. 
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The molecular underpinnings of this hypothesis by Sohal and Orr (2012) led to a more 

comprehensive and nuanced theory of aging: the “cell signaling disruption theory of 

aging” proposed by Gomez-Cabrera and others [12]. The authors developed this theory 

because the free radical theory of aging has been disproven by multiple studies including 

the work by Perez and colleagues. Mainly two concepts disprove Harman’s (year) initial 

free radical theory. First, exceptionally long-lived animals such as the naked mole rat 

show elevated levels of oxidative stress throughout life [30], and second, antioxidant 

supplementation does not improve longevity or health span in other animals [12]. If the 

transient increases in oxidative stress or redox stress can be handled by the cell’s 

antioxidant defense system, then the increased ROS will result in improved cellular 

function. However, if oxidative stress is above and beyond the cell’s defenses, it will result 

in deleterious effects. It would then follow that supplementing with antioxidants would not 

allow the signaling to occur that is mediated by ROS. This theoretical framework fits all 

the data available for a modified free radical theory of aging, where ROS and oxidative 

stress can be adaptive or pathological.  

Redox Imbalance and Aging 

The slow but steady increase in redox imbalances with age has been linked to impaired 

Nrf2 signaling [31]. Nrf2, also known as Nuclear factor (erythroid derived 2)-like 2) or 

NFE2L2 is an inducible transcription factor that responds to electrophilic or oxidative 

stressors. Paraquat, a mitochondrial toxin that induces an oxidative stress, was used as 

a model to test the redox stress resilience of older and younger C. elegans and human 

fibroblast cells [11]. Older worms and fibroblasts showed increased ROS compared to the 

young at baseline. Interestingly, when treated with paraquat, the older worms and 
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fibroblasts showed no significant changes in ROS levels. This was accompanied by no 

significant changes in redox regulated stress responses: phosphorylated-AKT, 

phosphorylated-Adenosine Monophosphate Kinase (p-AMPK), phosphorylated-

Extracellular signal Related Kinase 1/2 (p-ERK1/2), Nrf2 induction, or downstream 

targets. Younger cells and worms responded robustly to the stress in each of the 

measured redox-sensitive signaling molecules. Furthermore, younger cells and worms 

showed increases in proteasome activity and increased mRNA of chaperone proteins 

compared to older cells and worms. The ability to respond to redox stressors and 

imbalances, bringing the organism back to homeostasis is important for being able to 

maintain homeostasis and respond beneficially to future stressors. This response is 

compromised in aging. This concept adds to the redox theory of aging, suggesting that 

the response to a stressor and the ability to adapt is highly dependent on basal expression 

of stress response proteins and that these factors are compromised with aging.  

Human and Rat Lens Epithelial Cells (LECs) also show age-related deficits in Nrf2 

induction. Older cells have a reduced Nrf2 binding capacity to the promoter of the 

antioxidant enzyme Peroxiredoxin 6 (Prdx6). The impaired DNA binding capacity in older 

cells was ameliorated with sulforaphane (SFN) treatment. SFN, a potent Nrf2 inducer, 

showed a robust dose-dependent increase in DNA binding in younger and older cells 

compared to baseline. Interestingly, there is still a clear and statistically significant 

difference between the amount of Nrf2 activation between younger and older cells after 

SFN treatment. This was directly related to the amount of Nrf2 bound to its site-specific 

enhancer region of the DNA called the antioxidant response element (ARE) found in all 

promoter regions of the genes it regulates [32].  
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These results are corroborated by recent work on younger and older Human Bronchial 

Epithelial Cells (HBECs). HBECs were also treated with sulforaphane followed by 

measurements of Nrf2, Bach1, and c-myc [33]. The results showed that older cells had 

an impaired ability to respond to the SFN stress, indicated by lower levels of Nrf2 signaling 

and downstream mRNA transcripts [33]. 

The effect of age on Nrf2 signaling is also shown in experimentally induced Nrf2 

knockouts using murine models [34]. Older Nrf2-/- mice showed impaired antioxidant 

proteins in skeletal muscle, which would be expected. Interestingly though, young Nrf2-/- 

mice showed normal levels of antioxidant enzymes aside from significantly lower 

expression of one enzyme, NQO1 [34]. So even in the complete absence of Nrf2, there 

are minimal effects until later in life. Taken together, impaired redox homeostasis is a key 

characteristic of aging cells but not young cells, even in experimentally induced 

deficiencies such as Nrf2-/- mice [34]. Furthermore, these age-associated deficiencies 

manifest as the inability to respond to a stressor because of blunted Nrf2 inducibility.  
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Figure 1. Redox imbalances caused by high amounts of ROS or low amounts of reducing 
agents. Note: The balance can shift to a state of reductive stress if the reductive species 
overwhelm the oxidative species in the cell. 

An important note is that all of these studies, aside from Miller et al. [34], used a stressor 

to trigger Nrf2 activation. Together, these data suggest that basal levels of redox balance 

may not necessarily be different between young and older and highlight the importance 

of experimentally challenging the system. The cellular response to a stressor gives much 

more relevant information about the functional capacity of the organism. Furthermore, the 

time it takes a cell or organism to respond to a stressor can be another useful indication 

of an individual’s ability to respond to redox perturbations. Studies from our lab suggest 

that older individuals do not respond as quickly to a redox insult like forearm ischemia 

reperfusion as younger individuals [35, 36]. This is not to say that older adults are always 

in a state of redox imbalance, rather the rate at which they respond is compromised. Our 

findings in humans are also supported by recent cell culture studies [11, 33, 37].  

The underlying issues seen with the decay of redox homeostasis is that redox-sensitive 

pathways are somehow compromised with age, leading to decreased cellular protection 
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and inability of the cell to adequately respond to stressors [10, 38]. These redox 

imbalances are evident before pathology of a disease or age-associated dysfunction is 

readily detectable.  The cellular milieu shifts to a more oxidized state with age and may 

be the driving factor in these diseases [7, 28]. These imbalances resulting in increased 

levels of oxidative stress are seen in CVD and heart failure [39, 40], diabetes [41] cancer 

[42, 43] and dementia [44]. These diseases are some of the most prominent diseases 

with the highest mortality rates in our society today [4, 13, 45-47]. In fact, the common 

soil hypothesis implicates redox perturbations as the shared driving mechanism in the 

progression of type 2 diabetes and cardiovascular disease [46]. These data taken 

together suggest redox imbalances with aging are important and possibly causal factors 

for disease prevalence. It also underlines the importance of therapies that target redox 

dysfunction with a particular focus on therapies that can restore redox homeostasis in 

aging and diseased populations. 

While most researchers have primarily focused on redox imbalances in the context of 

oxidative stress, it is important to understand the pendulum can swing in the other 

direction. Recently, a mouse model of constitutive Nrf2 activation has been developed 

[48]. These mice display hyper-activation of Nrf2-ARE transcripts, and as a result suffer 

from reductive stress; the redox imbalance resulting from an over-production of reductive 

species versus oxidative stress (Figure 1), which also has pathological traits in cardiac 

tissue remodeling. This is the first example of an experimental model of reductive stress 

and, taken with the evidence cited above, provides good basis for the concept of redox 

balance [48]. Furthermore, this indicates that promoting redox balance (not just mitigating 
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oxidative stress but also reductive stress) might be a strong therapeutic target for aging 

and disease states. 

The idea of redox imbalance or dysfunction has been increasingly accepted as our 

understanding of the importance of ROS as a primary messenger in cellular signaling 

pathways has advanced. Redox imbalance more aptly describes imbalances stemming 

from the interactions between ROS and the antioxidant defense system on cellular 

signaling. Redox imbalances could be in the context of oxidized/reduced protein thiol 

residues or oxidized/reduced lipids. Both varieties of molecules can lead to altered cellular 

signaling without any indication of increased oxidative or reductive stress measured by 

traditional markers and methods [29].  While oxidative stress has been studied 

extensively at this point, both in experimental models and observed in clinical populations, 

there are few research articles on reductive stress [49, 50]. Further work in this area 

needs to be done to elucidate the reductive stress concept in clinical populations if it 

exists. Generally, shifts in the redox state of the cell have effects on any and every protein 

that can be oxidized or reduced, changing cellular signaling that could lead to a 

pathological state [28, 29]. 

Nrf2 Transcriptional Activation 

Nrf2 Activation Mechanisms- Nrf2 is an inducible redox stress response transcription 

factor that is ubiquitously expressed basic leucine zipper transcription factor with a cap ‘n 

collar structure [51].  Moi and colleagues (1994) first described Nrf2 while studying 

Nuclear Factor Erythroid 2, a different transcription factor that has a high degree of 

homology with Nrf2, thus the name: Nrf2 [51]. It has since been demonstrated that the 
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biologically active form of Nrf2 is 90-110kDa and it has six evolutionarily conserved 

protein domains called Neh domains [52]. In unstimulated conditions, Nrf2 is bound to its 

cytosolic repressor Keap1 (Kelch-like ECH-Associated Protein 1) whereby Keap1 

ubiquinates Nrf2 and targets Nrf2 for degradation via the proteasome [53].  When Nrf2 is 

activated, it dissociates from Keap1 and translocates to the nucleus where it can bind to 

Antioxidant Response Elements (ARE’s) in promoter regions of target genes [53]. This 

binding of Nrf2 to the enhancer regions increases the probability of the transcription 

machinery forming a complex to transcribe mRNA of the specific gene downstream of the 

ARE. Nrf2  regulates hundreds of different genes, many of which are involved in the 

antioxidant defense system, drug metabolism, and cytoprotection [54, 55].  
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Figure 2. Nrf2 signaling mechanisms. During unstressed conditions, Nrf2 is targeted for 
degradation in a ubiquitin-CUL3 dependent process. Elevated reactive species in the cell 
react with Keap1 cysteine residues, causing a conformational change and release of Nrf2 
from Keap1 and proteasomal degradation. Nrf2 translocates to the nucleus where it 
heterodimerizes with small Maf proteins and increases gene expression of antioxidant 
target genes by binding to the ARE/EpRE. 

Kelch like ECH-Associated Protein 1 (Keap1)- Keap1 (Fig. 2) is the primary negative 

regulator of Nrf2 and binds to Nrf2 as a homodimer [56]. Keap1 is an adapter protein for 

the E3 ubiquitin ligase, cullin 3. This interaction allows Cul3 to transfer ubiquitins onto 

Nrf2, targeting Nrf2 for degradation by the 26S proteasome under normal unstressed 

conditions. During an electrophilic or oxidative stress, cysteine residues on Keap1 are 

oxidized causing a conformational change in the Keap1 protein, not allowing Nrf2 to be 

ubiquinated. Nrf2 is then able to dissociate from Keap1 and translocate into the nucleus 

where it can bind to ARE sequences and increase transcription. Increases in reactive 

oxygen/nitrogen species (RONS) within the cell oxidize specific sulfhydryl side chains on 

cysteine residues in Keap1 that cause a conformational change and subsequent 
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dissociation between Keap1 and Nrf2 [56-58]. These conformational changes can result 

from intra- or inter-molecular disulfide bridges, which are facilitated by small molecular 

oxidants like hydrogen peroxide (H2O2), nitric oxide (NO), alkenals, and other oxidizing 

agents [59, 60]. Furthermore, Keap1 cysteines can also be modified by electrophilic 

attack with small phytonutrient chemicals like sulforaphane [61-63]. Each of these 

different types of stressors that act on Keap1 cysteines allows Nrf2 to accumulate into the 

nucleus where it heterodimerizes with small Maf proteins to bind to the ARE and increase 

downstream transcription [64, 65].  

After the dissociation of Nrf2 from Keap1, Nrf2 is phosphorylated on Serine 40 via the 

serine threonine kinase PKC [66-69], and acetylated via CBP/p300 [70]. The involvement 

of MAP Kinases on Nrf2 activation mechanisms have been equivocal [71-75]. Therefore, 

further research is needed in cell culture and animal model studies to understand the 

breadth of Nrf2 activation mechanisms.  

Additionally, there are signaling mechanisms that suppress the activity of the negative 

regulators of Nrf2. It seems that these negative regulators are equally important when 

considering both the total Nrf2 cellular content as well as the active form of the molecule 

that is allowed to translocate to the nucleus and induce transcription. Xue and colleagues 

(2014) showed that Nrf2 undergoes a cyclical nuclear translocation pattern, and 

increased transcripts of downstream targets are dependent upon increasing the 

frequency of Nrf2 cycling into and out of the nucleus [76]. This was the first study to show 

that increasing Nrf2 translocation frequency is an important factor for increasing 

downstream gene expression. Increasing the nuclear import is not enough to cause 

sustained activation of Nrf2-ARE signaling, but that negative regulators and nuclear 
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export are just as important for the increases in ARE transcripts. Glycogen Synthase 

Kinase 3b is one molecule that acts as a negative regulator of Nrf2. GSK3b activates Fyn, 

a kinase that phosphorylates Nrf2 on Tyrosine 568 causing nuclear export and inhibition 

of ARE transcription [77]. Thus, it would seem that also targeting Nrf2 negative regulators 

that impair nuclear import or induce nuclear export without degradation may increase 

Nrf2-ARE transcripts by increasing the frequency of Nrf2 cycling into and out of the 

nucleus.  

Short and Long-lived Models: Effects of Nrf2 Signaling and Redox Balance - 

Hutchinson-Gilford Progeria Syndrome (HGPS) is a disease caused by a mutation in 

LMNA gene that codes for the nuclear envelope protein Lamin A [78]. This disease is 

characterized by premature aging, cellular senescence, and hardening of the arteries, 

which increases the risk for CVD and stroke. Antioxidant defense system dysfunction 

contributes to the progression of this disease [78]. The sequestration of Nrf2 by pre-lamin 

protein in the nucleus prevents the Nrf2-mediated ARE binding causing significant 

reductions in antioxidant enzyme expression [78]. Treatment with sulforaphane, an Nrf2 

activator found in cruciferous vegetables, improves proteasomal activity in HGPS 

fibroblasts [79]. The proteasome system is regulated through redox sensitive cysteines 

via Nrf2-ARE signaling [80-82]. These results suggest Nrf2 is a key regulator of disease 

progression in the accelerated-aging disease HGPS.  

Given the increased levels of oxidative stress in aging and disease progression, it seems 

logical that impairments in Nrf2-ARE signaling would be present. This has been explored 

with respect to diabetes, CVD, neurodegenerative diseases, and cancer [83-87]. 

Evidence for the importance of Nrf2 comes from genetic manipulations of the Nrf2 gene 
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as well as observations of Nrf2 activity in long lived model organisms. Genetic knockout 

of Nrf2 homologs in C. elegans and Drosophila show elevated oxidative stress, and 

shorter lifespans than their wild type counterparts [88, 89]. Over expression of SKN-1 (the 

Nrf2 homolog) in C. elegans provides protection against oxidative stress and results in 

significantly greater lifespan. Additionally, overexpression of Nrf2 homolog CncC in 

Drosophila provides increased protection against oxidative stress and increased survival 

rates. Increased resistance to oxidative stress and survival rates are also shown in Keap1 

knock out animals. Flies heterozygous for Keap1 (+/-) showed 8-10% increase in lifespan 

compared to their wildtype counterpart due to increased CncC activity [89]. These results 

are corroborated in the naked mole rat, which has lower amounts of Keap1 and β-

transducin repeat-containing protein (βTrCP), which also targets Nrf2 for degradation 

[90]. In summary, animals who either have overexpression of Nrf2 and their homologs, or 

mild impairments in the negative regulator Keap1 and βTrCP show greater protection 

against oxidative stress and redox imbalance, and significantly increased lifespan. 

Long lived animal models show remarkably similar phenotypic traits to models with 

experimentally induced increases in Nrf2 signaling [90, 91]. Conversely, models of aging 

pathology, and chronic disease have similar characteristics as models of Nrf2 knockout, 

and inhibition of Nrf2 [92, 93]. Interventions used to activate Nrf2 have been successful 

in improving redox balance and reducing oxidative stress levels in aging models and long-

lived animals [40, 91]. Taken together, the evidence is mounting for Nrf2 activation as a 

viable therapeutic target for increased lifespan and health span [30, 40, 90]. 

Antioxidant Response Element (ARE) - Nrf2 targets hundreds of different metabolic, 

antioxidant, xenobiotic and detoxicant enzymes [30, 54, 94] through binding the 
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antioxidant response element (ARE) sequence found in promoter regions of Nrf2 target 

genes. The ARE sequence seems to be conserved across many species, however there 

are still many ambiguities about its exact sequence [95]. The modeling approach 

performed by Wang and colleagues used 57 experimentally derived functional ARE 

sequences to create a database for functional polymorphisms in the ARE sequence. A 

position weight matrix was used to determine the importance of each nucleotide for 

binding Nrf2 in the 21-base sequence [95]. The data suggests that the ARE sequence 

with the strongest binding of Nrf2 is: TGACTCAGCA [95]. These researchers also show 

that the CC allele in the ARE sequence upstream of hemoglobin epsilon 1 (HBE1) gene 

has a higher expression level compared to the CT, TT, GC, and GG alleles. Other 

investigations indicate Nrf2 polymorphisms also affect the interaction and binding 

capacity of Nrf2 to the ARE. These may be functionally relevant SNPs in disease risk and 

outcomes for patients [96]. Functional polymorphisms provide a mechanistic explanation 

for individuals who may be more or less prone to inducible expression of beneficial target 

gene transcription through Nrf2-ARE signaling. This is an area of research that needs 

further attention and has great potential for application to health and disease. 

Another key mechanistic factor in ARE activation is the heterodimerization of small Maf 

proteins. Igarashi and colleagues were the first to show that the family of small Maf 

proteins forms heterodimers with Nrf2 to allow ARE binding and gene transcription [64]. 

It was later shown that the heterodimerization was required for transcription of target 

genes, indicating the necessity of the heterodimerization of Maf and Nrf2 for proper 

functioning [97].  These small Maf proteins are ubiquitously expressed in mammals, while 

different isoforms are expressed differentially between tissues.  It is not known whether 
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exercise has effects on the expression and activity of Maf proteins. 

Overall, we are beginning to understand the molecular mechanisms of Nrf2-ARE 

activation. A more complete understanding will translate to a more precise prescription of 

lifestyle interventions to maximize the activity and health benefits this evolutionary 

conserved system brings. While Nrf2 plays a role in transcribing hundreds of different 

genes, several key enzymes have emerged from the literature as being highly Nrf2 

dependent and key rate limiting steps in synthesis of compounds in the antioxidant 

defense system. These enzymes will be discussed in greater detail below. 

NADPH Quinone Oxoreductase 1 (NQO1)- NQO1 is a flavoenzyme that uses NADPH 

to reduce quinones and other aromatic compounds. It reduces single electron transfers 

that create semiquinones and lead to ROS production. This enzyme is especially 

important for ischemia-reperfusion (I/R) injury. Reperfusion following an ischemic event 

increases semiquinone production in the electron transport chain. Semiquinones readily 

release their electrons directly onto molecular oxygen causing increased superoxide 

generation characteristic of reperfusion injury. The increase in free radical generation 

propagates throughout the cell via semiquinone oxidation causing damage and oxidative 

stress. NQO1 directly reduces these semiquinones extinguishing the free radical 

propagation before they can generate superfluous amounts of superoxide radicals. 

Activation of NQO1 significantly reduced oxidative stress and reperfusion damage in a 

mouse model of renal I/R, while NQO1 knockout exacerbated the injury [98].  

Activation or genetic knockout of Nrf2 show similar effects as overexpression or 

inactivation of NQO1 in I/R induced injury in mouse liver [99]. These data suggest that 
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even if there is an intact NQO1 gene and protein in the cell, the inducible expression of 

NQO1 gene is important for responding to such stressors [99]. Furthermore, it is apparent 

that NQO1 expression is heavily dependent on proper Nrf2 induction and signaling [100, 

101]. It is apparent that NQO1 is a key cytoprotective enzyme, and that Nrf2 is a 

necessary part of NQO1 mediated cytoprotection to cellular stressors like ischemia 

reperfusion.  

Aging cells have shown higher levels of NQO1 mRNA expression but lower protein 

content than young cells. Furthermore, older cells had an impaired ability to upregulate 

gene expression in response to a Nrf2 activator compared to younger cells [33]. Acute 

exercise has been shown to increase NQO1 gene expression in the myocardium of young 

mice [102] and furthermore NQO1 protein content was increased in mice after 6-weeks 

of moderate exercise training [18]. NQO1 is an important cellular defense protein 

regulated by Nrf2 induction. Increasing NQO1 expression is an important step to improve 

cellular redox status and reduce oxidative stress insults.  

Heme Oxygenase 1 (HO-1)- Heme metabolism is very important for the turnover of heme 

containing proteins like hemoglobin, and cytochrome p450, and mitigating injury from 

heme toxicity, or ischemia-reperfusion [103]. HO-1 catalyzes the metabolism of heme 

using molecular oxygen and oxidation of NADPH to create biliverdin, an iron ion, carbon 

monoxide, and a water molecule [104, 105]: 

 

Heme + O2 + NADPH + H+ + HO-1 → biliverdin + Fe2+ + CO + NADP+ + H2O (1) 



20 
 

 

Carbon monoxide has a vasodilatory effect in vascular tissue and the reduction of an iron 

ion mitigates the transfer of electrons in redox couples with heme [105]. HO-1 induction 

or overexpression has several different health benefits including improved vascular 

function, greater resistance to oxidative stressors, and increased vascular growth [105]. 

Nrf2 induces HO-1 gene expression in several cell lines and in coordination with other 

inducible transcription factors [33, 106-108]. Interestingly, aged organisms show an 

increased basal expression of HO-1, while the inducibility of the HO-1 gene transcript is 

abrogated [31]. The impaired responsiveness in older individuals may be more important 

for progression of redox imbalance and disease progression than the overall basal 

expression of HO-1. Several investigations have shown increased inducible expression 

of HO-1 in humans and mice in response to exercise [18-20]. As with NQO1, the ability 

of HO-1 to respond to stressors is compromised with aging, but regular physical activity 

improves the ability to maintain the function of these enzymes [18, 36]. 

Glutathione (GSH)- Glutathione is the most abundant endogenous antioxidant in the 

cellular milieu [28]. It provides reducing agents for enzymatic and non-enzymatic 

reduction of free radicals and oxidized macromolecules. GSH is usually reported as a 

ratio of reduced to oxidized glutathione (GSH:GSSG) and is found in the millimolar range 

at the cellular level indicating this redox couple is one of the most important cellular 

antioxidants if only by sheer number [109]. 

Aging contributes to the decline of total GSH content of the cell and a shift towards a more 

oxidized glutathione ratio (GSH:GSSG) because of overall increased oxidative burden 
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with age. This results in an increased activity of enzymes that use GSH, such as 

Glutathione Peroxidase (GPx) and Glutathione-S-Transferase (GST) [31, 110]. GSH 

content shows tissue specific declines with age in rat liver, rat brain, and human 

lymphocytes [111, 112] and a more oxidized ratio of GSH:GSSG in mouse myocardium 

[18]. Additionally, there is a steady linear decrease in GSH content of lymphocytes in 

humans every decade starting from age 11 up to age 60 [112]. Furthermore, long lived 

species show a greater GSH:GSSG ratio indicating greater potential to withstand 

oxidative stress and redox perturbations [90]. Conversely, other investigations have 

shown no change in mouse liver GSH content with age, and increased GSH content with 

age in rat skeletal muscle [113-115]. These results indicate a compensatory mechanism 

for maintaining or increasing GSH content as organisms age. This area needs more 

research and robust methodology to make the relationship between aging and GSH 

content clear, but currently it seems the changes are tissue specific. 

Recent preliminary data show that acute exercise decreases GSH content in human 

brain, as acute exercise promotes a shift to a more oxidized cellular environment causing 

more GSH to be consumed than normal resting conditions [116]. These results are in 

agreement with a study in mouse skeletal muscle where mice ran on a treadmill for either 

one hour or six hours and GSH ratio and other markers of Nrf2 signaling were measured 

[117]. Acute exercise, regardless of duration, induced a greater oxidized-to-reduced ratio 

of glutathione compared to non-exercising control mice. These results are consistent with 

the findings that exercise is an oxidative stressor and would oxidize more GSH to maintain 

redox homeostasis. It is less clear how the glutathione system responds to exercise 

training ,especially in older individuals. 
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There are two potential ways to increase antioxidant capacity and improve redox 

homeostasis in the GSH:GSSG system. The first is to increase recycling of GSSG to GSH 

through Glutathione Reductase (GSR). This can be achieved by increasing the activity 

(allosteric activation) of GSR. The cell can also increase the amount of GSR (through 

increases in transcription and/or translation) so that more GSR can cycle through oxidized 

GSSG even without changing allosteric activity of GSR. The second way to increase GSH 

is to increase de novo synthesis of new glutathione via activating Glutamate Cysteine 

Ligase Catalytic Subunit (GCLc). GCLc is the rate limiting step in glutathione synthesis 

[118]. This would require the cell to either increase allosteric activation of GCLc to 

increase enzyme kinetics, or to increase the total amount of GCLc by increasing 

transcription and/or translation of GCLc gene or mRNA respectively. Perhaps the most 

efficacious approach is a combination of increasing the amount and activity of both GSR 

and GCLc to provide increased recycling of GSSG to GSH and adding to the overall pool 

of cellular GSH. 

Glutathione Reductase (GSR)- Glutathione reductase (GSR) is an NADPH-dependent 

enzyme that reduces oxidized glutathione, contributing to the cycling of oxidized to 

reduced GSH ratio. Aging plays an important role in the activity of GSR as demonstrated 

by impaired GSR activity in response to 14 days of hind limb unloading in older rats 

compared to their younger counterparts [115]. This suggests loading and muscle 

activation is partially responsible for GSR expression and activity. Since GSR is 

responsive to the oxidative milieu of the cell and muscle stimulation increases ROS and 

oxidative stress, it is likely that part of the stimulus for GSR expression depends on 

maintaining an oxidative load in the muscle. 
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GSSG + NADPH + GSR à 2 GSH + NADP+   (2) 

In agreement with this research, our lab has shown that GSR activity in PBMCs increases 

significantly in response to an acute bout of high intensity interval exercise, and less so 

in response to moderate intensity continuous exercise [119]. This increased activity 

results in improved GSH:GSSG cycling and maintenance of redox balance.  

In contrast to acute exercise, adaptation to exercise training may elicit a different 

response, such as increasing the total pool of GSH instead of just increasing the activity 

of GSR. Furthermore, it is not likely that we would see any significant increases in the 

total GSR pool in response to one acute exercise bout [19]. However, GSR accretion may 

occur after the build-up of several exercise bouts or perhaps weeks after regular exercise 

training.  

Glutamate Cysteine Ligase Catalytic Subunit (GCLc)- GCLc is the catalytic subunit 

responsible for the synthesis of glutathione [118]. The ability to withstand redox 

perturbations largely depends on GSH levels, making GCLc an important enzyme in the 

system to synthesize new GSH for the cellular antioxidant pool. Aging has been shown 

to affect GCLc expression, likely contributing to impaired redox capacity. Chen et al. 

(2010) showed that aging rat skeletal muscle had severely compromised GCLc activity 

and expression after two weeks of hind-limb unloading compared to young adult rats 

[115]. More recently, an investigation showed that GCL expression was significantly lower 

in older mouse liver homogenates compared to their younger counterparts even without 

any stress stimulus [113]. Taken together, GCLc activity is compromised in aging animals, 

however this needs to be corroborated in humans. 
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The two-step reaction mechanism for de novo GSH synthesis from its constituent amino 

acids is shown below: Glutamate, Cysteine, and Glycine, catalyzed by GCLc (eq 3) and 

Glutathione Synthetase (GS) (eq 4), respectively [118]. The GCLc/m holoenzyme is the 

rate limiting reaction in the de novo synthesis of GSH ([109, 115]). Bringing the 

holoenzyme together GCLc/m decreases the km (binding affinity) of ATP approximately 

6-fold, leading to a 4-fold increase in the reaction rate and product formation (gGC) 

Glu + Cys + ATP + GCLc à L-Glutamyl-L-Cysteine (gGC)   (eq 3) 

gGC + Gly +ATP + GS à GSH  (eq 4) 

Because the increased quantity of GSH is constrained by the rate limiting step in 

glutathione biosynthesis, it follows that GCLc should be one of the primary targets for 

increasing GSH in the cell. Studies have shown increases in GCLc content in response 

to exercise training in mouse myocardium and thoroughbred horses, however it is not 

known how GCLc responds to an acute exercise bout or exercise training in humans [18, 

120]. The glutathione antioxidant system has many other enzymes including GST, GPx, 

and others that rely on GSH for reducing equivalents. The reason we have focused on 

GSH:GSSG, GSR, and GCLc is because these are the three essential components of the 

system on which all other enzymes rely. Therefore, if any of these three are compromised 

in any way, the other enzymes in the system will also be affected. 

Each of the enzymes listed above (NQO1, HO-1, and GCLc) is a well-known Nrf2 targets. 

Together, these enzymes help maintain redox homeostasis and mitigate oxidative stress. 

An acute exercise bout is an oxidative stressor [121], and when applied in regular manner 

through exercise training leads to beneficial adaptations of the antioxidant defenses [121]. 
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However, the molecular mechanisms of how exercise training has beneficial antioxidant 

effects are not well understood. Furthermore, the time course responses of changes in 

redox balance to an acute bout of exercise or exercise training have not been well 

elucidated in humans. 

Nrf2-Dependent Acute Exercise Responses 

Acute exercise is well established as an oxidative stressor and a non-pharmacological 

approach to activate Nrf2 and promote redox balance [102, 122, 123]. The activation of 

Nrf2 through exercise is thought to be primarily driven by reactive species production. 

The primary enzymes that contribute to ROS production in response to exercise are the 

NADPH oxidases (NOX) family of enzymes, and xanthine oxidase [123, 124]. Skeletal 

muscle NOX2 inhibition shows impaired ROS-sensitive signaling in response to one acute 

exercise bout [125], indicating that NOX2 is the primary driver of ROS-sensitive exercise 

signaling responses. While complex I and complex III of the Electron Transport Chain 

(ETC) have been shown to produce superoxide radicals, the likelihood of this being the 

primary site of ROS production during exercise is low because the increased efficiency 

of the ETC during exercise (State 3 respiration) actually reduces ROS production 

compared to basal respiration [126].  

Rodents that ran for 120 or 150 minutes had higher levels of Ref1 and Nrf2 mRNA and 

protein content than rodents that ran for either 45 or 90 minutes.  Longer exercise 

durations resulted in higher intracellular levels of H2O2, resulting in higher activation of 

Nrf2 and downstream targets [127]. Furthermore, treatment with N-Acetylcysteine (NAC), 

a ROS quenching antioxidant, or L-NAME, a NO synthetase inhibitor, resulted in inhibition 
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of exercise-induced Nrf2, GST, and GSR mRNA [128]. Additionally, chronic treatment 

with L-NAME or NAC ameliorates the effects of exercise training as well [128]. Taken 

together these results demonstrate that oxidative stress accumulates linearly with 

increased exercise duration and that the two main oxidants produced by exercise, H2O2 

and NO, are required for the inducible expression of Nrf2 and its targets. These in vivo 

results corroborate cell culture studies showing that H2O2 and NO activate Nrf2 [59, 60]. 

These findings highlight the importance of exercise duration on the activation of Nrf2 and 

downstream targets. 

Antioxidant enzyme activity increases in response to exercise in many different tissues 

[129]. The magnitude of activation is positively correlated to the amount of oxidative stress 

induced by the acute exercise. The exercise type, intensity, and duration affect the 

magnitude of oxidative stress and thus the activity of the antioxidant defense system 

[130]. Larger increases in exercise-induced oxidative stress are seen with short duration 

high intensity exercise, and long duration low intensity exercise (greater than 1 hour) 

[130]. Similar to the positive relationship between exercise-induced oxidative stress and 

antioxidant enzyme activity, the amount of oxidative stress also drives Nrf2 activation. 

Evidence to support this hypothesis comes from rodent models, and some human 

studies. Rats that ran on a treadmill for six hours showed increases in Nrf2-ARE binding 

activity, Nrf2 protein expression, and down-stream Nrf2 mRNA transcripts. However, rats 

that exercised for one hour showed no differences from resting animals [117]. This study 

illustrates the possibility of a duration threshold for activation of Nrf2 activity, although one 

could argue against using a six-hour exercise session in humans for pragmatic reasons.  
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Another way to bolster the exercise stimulus is to increase intensity. One bout of high 

intensity interval exercise shows transiently increased activity in the primary antioxidants 

SOD, Catalase, and GPx enzymes [121]. Enzyme activity falls back to near baseline 

levels within three hours after completion of the exercise bout. These results are in line 

with studies from our lab comparing high intensity interval exercise (HIT) and constant 

workload (CW) exercise. Thirty minutes of high intensity exercise showed greater 

increases in GSR activity compared to thirty minutes of constant workload exercise. 

Significant increases in plasma F2-isoprostanes, which are a product of lipid peroxidation 

and the gold standard measurement of oxidative stress,  were also seen immediately after 

both exercise bouts. However, there was a larger increase in F2-isoprostanes after the 

high intensity protocol than the constant workload. Interestingly, both HIIT and CW 

exercise bouts elicited similar increases in Nrf2 nuclear localization in human PBMCs. 

This study indicates that, with duration held constant, higher intensity exercise elicits 

greater transient oxidative stress and GSR activity than constant workload exercise, 

without any significant differences in Nrf2 signaling [119]. Taken together with the studies 

investigating the effect of exercise duration, these results suggest that the overall duration 

of the bout may be more important for increasing Nrf2 protein expression and activation 

of downstream targets than intensity. Further research is needed to compare the 

responses from muscle and PBMCs. 

Basal expression of Nrf2 does not seem to affect skeletal muscle oxidative stress in young 

animals, but the effects are more readily seen in older animals. Young Nrf2 knockout mice 

have similar oxidative stress levels and antioxidant enzyme expression compared to age-

matched wild type mice, aside from NQO1 mRNA and protein expression [34]. Older Nrf2 
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knockout mice show higher levels of oxidative stress and suppressed antioxidant enzyme 

expression in skeletal muscle. These findings indicate a minimal effect of basal 

expression of antioxidant enzyme expression in young mice, but detriments are seen 

more readily in aged Nrf2 knockout mice [34]. Introducing an acute exercise stress in Nrf2 

knockout rodents causes a large increase in oxidative stress markers of young mouse 

hearts compared to their wild type counterparts [102].The wild type mice showed 

increased Nrf2-ARE activation in response to the exercise bout compared to resting 

conditions but not in the Nrf2 knockout mice, indicating that an intact Nrf2-ARE signaling 

axis is necessary for exercise-induced oxidative stress responses in mouse cardiac 

tissue.  

The effects of age on the Nrf2-ARE activation have been corroborated in humans. An 

acute exercise stress shows increased Nrf2 nuclear localization, and increased gene 

expression of HO-1 and NQO1 in PBMCs of young individuals, however this response 

was lost in older individuals [19]. Interestingly, there was a significant increase in Nrf2 

accumulation in the whole cell fraction in older individuals, but there was no increase in 

nuclear accumulation. These findings indicate that nuclear translocation is impaired in 

older individuals. It is unclear what mechanism drives this impairment, but it is possible 

that regular exercise training or nutritional interventions may provide a stimulus to re-

establish proper signaling, function, and redox homeostasis. 

Taken together these results indicate that an intact Nrf2 system is required for responding 

to acute exercise-induced oxidative stress, and that signaling impairments are seen in 

genetic knockout animals, and older rodents and humans. Rescuing the age associated 

Nrf2 signaling impairments is vital for improving redox balance. Comparisons between 
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the relevant studies show the duration of the acute exercise bout may be more important 

for Nrf2 induction than the intensity of the exercise [117, 119, 127]. This is likely related 

to a linear accumulation of reactive species, specifically H2O2 and NO, in response to 

longer bouts of exercise [127, 128]. The larger the oxidative stress produced by exercise, 

the greater the magnitude of Nrf2 activation and downstream gene products. This  

explains why the treatment with antioxidants actually blunts the effects of an exercise 

stimulus [131, 132]. The effects of exercise training on Nrf2 signaling in younger and older 

individuals have yet to be elucidated, but some preliminary studies suggest that redox 

homeostasis can be restored with regular exercise. Further research is needed to 

understand the underlying mechanisms and thus inform adequate exercise prescription. 

Nrf2-Dependent Exercise Training Adaptations 

Several investigations have looked at the effects of exercise training on Nrf2 signaling in 

aging in several different tissues and model systems. While these studies provide a good 

foundation for basic questions on exercise, redox homeostasis, and healthy aging, the 

adaptive process is still unclear. Furthermore, the responsiveness to an acute exercise 

bout does not necessarily dictate the response over a longer period of training time, 

(weeks, months, or years). 

A cross sectional study in humans compared basal Nrf2 activity and oxidative stress in 

skeletal muscles of young active, older active, and sedentary older individuals. Older 

active individuals showed higher Nrf2 content and Nrf2:Keap1 ratio compared to young 

and sedentary older individuals [133]. Young individuals did not have high levels of 

reactive species , which  would explain lower Nrf2 levels. The older individuals had higher 
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markers of oxidative stress compared to young, but there were no differences in markers 

of oxidative stress between the older active group and older sedentary group. The 

observation that the older active group showed much higher basal levels of Nrf2 than the 

sedentary group. This suggests an activity-dependent increase in basal Nrf2 expression, 

which may not necessarily change the basal levels of oxidative stress markers but would 

allow the older active individuals to respond to an oxidative stimulus better than their 

sedentary counterparts because of the increased antioxidant capacity provided by the 

increased Nrf2 levels.  

In line with these observations, older mice show higher levels of oxidative stress than 

young after an acute exercise stress, and the ability to induce Nrf2-ARE signaling in 

response to the acute exercise is blunted in older mice [18]. However, after six weeks of 

aerobic exercise training, older mice recovered their ability to respond to an acute 

exercise stress comparable to the young mice, indicating that exercise training provides 

an adaptive stimulus that leads to improved ability to upregulate the antioxidant defense 

system in response to subsequent stressors [18].  

As has already been discussed, redox fluctuations associated with acute exercise depend 

on the duration and intensity of the bout and the age of the organism. High intensity 

exercise training on antioxidant defenses was tested in cardiac tissue of WT and Nrf2 null 

mice [134]. Older age-matched wild type and Nrf2 null mice were subjected to high 

intensity interval exercise for six weeks. Differences in antioxidant gene expression in 

basal resting conditions and redox state of the Nrf2 null and wild type mice were minimal. 

However, in exercising conditions there was a significant decrease in Nrf2 regulated 

genes and antioxidant capacity in Nrf2 null mice compared to controls.  Furthermore, 



31 
 

markers of atrial hypertrophy were significantly higher in Nrf2 null mice compared to wild 

type mice along with a morphological shift in myocytes indicating atrial hypertrophy in 

response to the exercise [134]. The reduced ability of Nrf2 null mouse myocardium to 

mitigate oxidative stressors associated with high intensity training shows that Nrf2 is 

important for protection against the repeated training stresses in cardiac tissue. 

More recently chronic endurance exercise was used to test the effects of Nrf2 knockout 

on cardiac function and oxidative stress in older mice [135]. Age-matched WT and Nrf2 

null mice were subjected to six weeks of moderate endurance exercise. Under resting 

conditions, Nrf2 knockouts showed reduced antioxidant gene and protein expression 

compared to wild type controls. These effects were further exacerbated in chronic 

endurance exercise for NQO1, GCLC, GSR, and GST-a genes. Expression of other 

antioxidant genes was unaltered in response to the exercise and gene manipulation, 

suggesting alternative inducible mechanisms of transcription for G6PD, GPX1, GST-µ, 

SOD1, SOD2, and CAT. Interestingly, ventricular remodeling seen in Nrf2 null mice also 

occurred in healthy wild type mice after exercise training, however only the maladaptive 

morphological characteristics like increased myocardial hypertrophy and impaired 

ejection fraction were seen in Nrf2 null mice [135]. 

Several well-established signaling pathways converge on Nrf2 to increase nuclear 

localization that results in increased stress protection (Fig. 2). One study used either 

coronary artery ligation (CAL), sham control surgery, or aerobic interval training plus CAL 

to elicit ischemia reperfusion-like injury in rats [136]. CAL was used as an experimental 

method to induce myocardial infarction in the rodents. CAL rats showed decreased levels 

of antioxidant enzymes, nuclear levels of Nrf2 protein, phosphorylated AMPK, reduced 
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PGC1a, and PI3K–Akt signaling. Aerobic exercise ameliorated these results, showing 

improved markers of mitochondrial biogenesis, ARE stress response genes, and PI3K–

Akt signaling. Furthermore, the increases in Nrf2 and antioxidant genes were partially 

blocked with a PI3K–Akt signaling inhibitor (LY294002), indicating that PI3K–Akt signaling 

axis is at least partially responsible for Nrf2 activation. These findings demonstrate the 

protective effects of exercise on Nrf2 and the convergent signaling pathways important 

for mitigating the negative effects of events like myocardial infarction. 

Taken together, these data demonstrate that the Nrf2-ARE signaling axis does not have 

much of an effect in basal expression of antioxidant enzyme activity in skeletal or cardiac 

tissue of either young wild type or Nrf2 null rodents. However, when you expose Nrf2 null 

animals to an exercise stress, severe detriments are seen in the tissues’ ability to respond 

to the oxidative stress load. Furthermore, the exercise stress is even greater in an aging 

cohort than in young Nrf2 null animals. Without the Nrf2 system, older animals have 

elevated levels of basal oxidative stress, and exercise stress further exacerbates these 

issues. Exercise training or moderate physical activity in older individuals results in 

improved Nrf2 signaling and antioxidant defense system [18, 133]. Nrf2 also improves 

stress resistance in both high intensity and moderate intensity exercise training, mitigating 

pathological remodeling of cardiac tissue and experimental models of myocardial 

infarction [134-136]. These studies highlight the importance of Nrf2 signaling for 

maintenance of redox homeostasis in cardiac tissue. Furthermore, regular exercise can 

promote healthy cardiac remodeling to prevent age-related cardiomyopathies through 

Nrf2 signaling and redox homeostasis. 
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The Hormetic Effect of Reactive Species and Exercise Adaptations   

It is clear that Nrf2 signaling is imperative for cellular protection against stressful events, 

either acute exercise or ischemia-reperfusion injury in cardiac tissue. However, reactive 

species are important primary messengers for the adaptive process. The primary reactive 

species that are produced in response to exercise are superoxide radical and nitric oxide. 

Superoxide radical can dismutate spontaneously or through enzymatic processes to 

H2O2. Data strongly support the physiological relevance and importance of H2O2 and nitric 

oxide (NO) because they are small non-polar molecules that are weak oxidants compared 

to true radical species (single electron in outer valence shell). This means longer half-

lives for a more sustained signal and allows both molecules to permeate membranes 

[124]. H2O2 and nitric oxide (NO) are two of the primary messengers in response to 

exercise that provides a stimulus for increasing mitochondrial biogenesis in skeletal 

muscle, improve vascular function, and initiate cell signaling cascades to increase cellular 

functional capacity [124, 137]. This is the paradox of reactive species and health, because 

some reactive species generation is necessary for proper cell signaling and function, but 

elevation past a certain threshold becomes detrimental. This paradox is explained quite 

well using the hormesis model first proposed in the context of exercise and reactive 

species generation by Radak et al., [138]. This discussion that follows is an extension of 

that concept with inclusion of Nrf2 signaling and the antioxidant defense system. 

 



34 
 

 

Figure 3. Hormetic effects of reactive species on physiological function. The moderate 
range of reactive species results in the highest physiological function while either extreme 
results in lower physiological function. 
 
Preservation of skeletal muscle health and function is an important component of healthy 

aging, and mitochondria are perhaps the most important organelle for maintaining 

metabolic and contractile function in cardiac and skeletal muscle in aging [139]. It is well 

established that the energy sensing kinase, AMPK, and the master regulator of 

mitochondrial biogenesis, PGC1a, are sensitive to redox perturbations. Both AMPK and 

PGC1a are central to endurance training adaptations and improved metabolic health and 

performance. Oxidizing these proteins with treatment of H2O2 leads to increased 

mitochondrial content and aerobic capacity leading to overall increases in fitness and 

health [139-141]. The signaling effects from reactive species generated by exercise are 

[Reactive Species]

Physiological
Function
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hypothesized to follow a dose response bell curve or hormesis curve (Figure 3). As the 

reactive species concentration increases in the cell, we see an increase in adaptive 

signaling, but too high of a reactive species concentration and the physiological function 

and adaptive process are impaired [138, 142, 143]. Nrf2 signaling and the antioxidant 

defense system act to counter reactive species production and balance these redox 

perturbations during and after exercise. Based on previous studies discussed, when Nrf2 

is functioning and responsive, the cell or organ system can maintain physiological function 

while adapting appropriately to exercise-induced reactive species stimuli, otherwise, 

dysfunction and damage ensue. 

Several lines of evidence indicate that reactive species have hormetic effects in 

exercising rodents and humans. To experimentally test the effects of reactive species on 

aerobic exercise adaptations several studies have given exogenous antioxidants Vitamin 

C and E to rodents or humans before and during an exercise training intervention and 

measuring the effects in markers of adaptation. Results show almost complete ablation 

of markers of adaptation in animals or humans given antioxidants compared to placebo. 

This is confirmed with significantly blunted insulin sensitivity, glucose tolerance, VO2 max, 

and endurance capacity compared to exercise only groups [132, 144]. 

Modulating reactive species production during exercise with small molecular antioxidant 

treatment to scavenge ROS (N-Acetyl Cysteine), treatment with NO synthase inhibitors 

(L – NAME), or NOX2 inhibitors (apocynin) that produce NO and superoxide radical 

respectively, lead to blunted responses to exercise training [125, 128].  This evidence 

strongly suggests there is a requisite level of reactive species for adaptive responses to 

exercise. Conversely, when Nrf2 is knocked out in animals there is also a blunted acute 
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exercise response in markers of mitochondrial biogenesis, and blunted training responses 

resulting in significantly lower exercise capacity, lower mitochondrial mass, and energy 

expenditure in knockout mice compared to wild type mice [128]. These data indicate that 

i) experimentally inhibiting exercise-induced reactive species production by quenching 

reactive species or inhibiting reactive species producing enzymes causes a blunted 

adaptive response because the individual is on the low end of the hormesis bell curve 

and ii)  inhibiting the antioxidant defense system also causes detriments in signaling 

events and exercise adaptations because the individuals are operating at the other 

extreme of the hormesis curve. 

In humans, natural variations of oxidative stress in response to an acute exercise bout 

predicts responsiveness to exercise training. Individuals with higher levels of oxidative 

stress show greater improvements in aerobic capacity after a six-week exercise 

intervention compared to individuals with lower levels of oxidative stress [145]. In fact, 

there was a linear dose response relationship- low moderate and high levels of oxidative 

stress resulted in low, moderate, and high responsiveness to training respectively [145]. 

Researchers can also induce damage and impair physiological function in normal healthy 

animals if the stimulus is extreme enough. Exhaustive exercise in rodents increases 

reactive species beyond levels the endogenous antioxidant defense system can handle, 

causing damage and impaired physiological function [146, 147]. Interestingly, if animals 

are pre-treated with an Nrf2 activator like sulforaphane prior to an acute exhaustive 

exercise bout, their responses are improved, and they show less damage than control or 

placebo treatments [146, 147].  The pre-treatment with SFN provides a preconditioning 

effect in the antioxidant defense system by potentially increasing protein amount and 
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activity before the exhaustive exercise bout, mitigating some of the potentially damaging 

reactive species that accumulate from exhaustive exercise. Increasing the antioxidant 

defense system activity acts to keep the transient increase in reactive species from being 

overwhelming and allows the cell to positively adapt to the exercise stimulus instead of 

spiraling into oxidative damage and concomitant dysfunction.  

The complete relationship between Nrf2-ARE dependent responses to exercise and 

reactive species hormesis are not fully elucidated. Recently, data comparing Nrf2 

knockout mice with wild type mice show similar adaptations in markers of mitochondrial 

biogenesis in response to six weeks of free wheel running in skeletal muscle [148]. These 

data disagree with previous findings from Merry & Ristow who showed an adaptive 

impairment in Nrf2 KO mice [128]. However, it is important to note differences in methods 

and study design that could potentially explain these discrepancies. Firstly, the exercise 

modality between studies was different. Merry & Ristow employed treadmill exercise while 

Crilly et al. used freewheel running. These differences in modality could potentially result 

in divergent adaptations if the intensity was different. This is speculative as the two are 

not directly comparable from an intensity perspective, but an important point, 

nonetheless. Second, Crilly and colleagues showed that prior to exercise training, Nrf2 

knockout rodents had lower basal and state 3 respiration efficiencies and increased ROS 

production from isolated skeletal muscle mitochondria. After training, the Nrf2 knockout 

animals had improved both state 4 and state 3 efficiencies and showed lower ROS 

production compared to pre-training and similar ROS production compared to their wild 

type counterparts. This indicates that the improvements in mitochondrial health and 
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efficiency with training lead to lower ROS production independent of Nrf2 signaling [148]. 

 

Figure 4. Hypothesized shift in reactive species’ hormetic effects with training. Untrained 
individuals require less reactive species generation for aerobic adaptations while more 
trained individuals require larger doses of reactive species resulting from longer or more 
intense exercise bouts. 
 

These Nrf2 knockout mice were not showing any significant detriments in physiological 

function or mitochondrial biogenesis markers because they were still operating within the 

adaptive range of the reactive species relative to their redox capacity. It seems this was 

driven by the improvements in mitochondrial efficiency and lower ROS production from 

respiring mitochondria despite the lack of Nrf2. Perhaps another explanation is that as 

animals or humans move from an untrained or sedentary state to a more trained state the 

hormesis curve shifts up and to the right, improving redox capacity, but also requiring a 

larger stimulus for exercise-induced adaptations [143]. This could also explain the higher 

exercise dose  
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needed to induce reactive species for the same relative amplitude of adaptive signaling 

in a trained state. In other words, a trained individual can handle a greater oxidative stress 

load without it becoming detrimental to physiological function [143]. This would also 

explain the plateau in training response as individuals become more fit, and additional 

adaptations require disproportionate levels of training and effort to continue to improve. 

In summary, based on these findings discussed above, the hormesis model explains the 

effects of acute exercise responses with respect to reactive species production [143, 149]. 

Small amounts of reactive species do not provide enough of a stimulus for a response, 

but high levels from exhaustive exercise or overtraining and the cellular constituents 

become overwhelmed resulting in physiological dysfunction. The hormesis concept 

explains the data we have seen from studies discussed about the genetic ablation of Nrf2 

or the treatment with Nrf2 activating compounds and their effects on aerobic capacity in 

rodents. Furthermore, the training state of the individual or animal is important because it 

shifts the hormesis curve, requiring a lower or higher exercise stimulus to produce 

adequate cell signaling cascades for an adaptive response (Figure 4). Therefore, the 

“optimal dosage” of exercise should be prescribed whenever possible. The challenging 

question then becomes, what is the optimal dosage? Further research is needed to 

determine the optimal dosage, but is related to the individuals training history, dietary 

factors, genetic makeup, as well as training variables like frequency, intensity, and 

duration of each exercise session as well as the total weekly volume of training.  

Limitations in Exercise, Aging, & Nrf2 Signaling Research 

Most laboratories that study Nrf2 signaling, aging, and exercise focus on skeletal or 
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cardiac muscle. However, it is important to consider the potential differences and varying 

importance of the Nrf2 antioxidant defense system in different tissues. For example, a 

robust antioxidant response may be more important in tissues whose primary function is 

to filter or mitigate environmental toxins like the liver, kidneys, lungs, and epithelial tissue. 

Tissue-specific protein and RNA expression levels of Nrf2 support this idea. The highest 

expression levels of Nrf2 are found in kidneys, intestines, skin, lungs, and ovaries, with 

relatively low expression levels in cardiac and skeletal muscle tissue (Human Protein 

Atlas). This also highlights the importance between using an environmental stressor 

(exposure to radiation, chemicals, or food born toxins) versus a physiological stressor 

such as exercise. 

The discrepancies in Nrf2 signaling are even apparent with different types of muscle 

tissue. The studies in cardiac muscle clearly show that Nrf2 knockout is a significant 

detriment to the structure and function of the heart and that this effect is exacerbated by 

exercise [18]. It is possible the differences observed between skeletal and cardiac muscle 

are due to the divergent demands of the tissues. Cardiac tissue is constantly contracting 

and working, while skeletal muscle spends considerably less time contracting. When we 

consider the physiological adaptations to exercise, the underlying metabolic properties of 

heart muscle do not change drastically because the tissue is already acting in a maximal 

fashion. The primary adaptations that occur in the heart in response to exercise training 

are structural and morphological changes (i.e., ventricles have a larger chamber volume 

and the muscle pumps harder resulting in more blood per beat, improved ejection fraction, 

and stroke volume). Because the heart is always pumping, the added stress of ischemia, 

oxidative stress, or metabolic stress from exercise in Nrf2 null mice does not act as a 
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hormetic stimulus to adapt by increasing mitochondrial content and metabolic capacity. 

The more likely scenario is the oxidative stress causes damage that cannot be easily 

repaired. As a result, the stresses may be too much for the heart to handle and so the 

need for a robust antioxidant defense system is high. 

On the contrary, in skeletal muscle the primary adaptation in response to aerobic exercise 

training is to increase metabolic capacity, specifically oxidative phosphorylation that 

occurs in mitochondria of skeletal muscle. Mitochondria of sedentary people and animals 

have poor efficiency, resulting in greater levels of ROS production in an untrained state, 

whether the mitochondria are in state 3 or state 4 respiration (resting or exercise) [148]. 

Furthermore, there is variation in antioxidant adaptations in different types of skeletal 

muscle with more slow twitch fibers and muscles having greater adaptation than fast 

fibers and muscles [150]. As discussed previously, the reactive species produced in 

response to exercise act as a stimulus to increase mitochondrial content thus increasing 

metabolic capacity. The proper balance between reactive species production that lead to 

adaptations and antioxidant responses that mitigate the stimulus has to be struck for the 

individual to adapt to exercise and improve physiological function and health. These 

tissue-specific discrepancies should be addressed in future studies comparing Nrf2 

expression in multiple tissues. 

Finally, an often-overlooked limitation of many studies is how they employ the exercise 

and the conclusions they draw from those findings. In many studies, exercise is used a 

stressor to induce damage. Because Nrf2 is a stress response system it will respond to 

a greater extent from exhaustive exercise than a normal exercise training bout, so it is 

unclear whether or not Nrf2 is driving any physiological adaptations or if it is just called in 
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to play when the exercise becomes increasingly stressful. Whether the studies in rodents 

using exercise as a stressor are translatable to human exercise is still unclear. Humans 

typically do not exercise to complete exhaustion as a part of a normal training routine, nor 

do they regularly exercise for 6 hours at a time [117] with the exception of competition in 

ultramathons or Triathlons. It would be more applicable to use an intensity and duration 

of exercise that is within a normal exercise intensity and duration – one that can be 

repeated day after day. Many researchers use the exhaustive exercise bout as a maximal 

physiologic stressor not as a training stimulus to induce a beneficial adaptation. While the 

exhaustive exercise bout provides additional evidence to support the hormesis concept 

and is interesting, the pragmatism and translational component seems lost. It is clear that 

Nrf2 is necessary for an organism to respond appropriately and recover from a maximal 

exercise bout or exhaustive exercise session, but because of the way researchers are 

using the exercise stimulus it is still debatable whether Nrf2 is responsible for driving 

exercise induced adaptations or Nrf2 is just responding to the massive stress induced by 

exhaustive exercise. Future studies in murine models should address these limitations. 

Conclusions 

Research in redox biology, aging, and exercise has come a long way in the last decade, 

however some effects and interactions between exercise, aging, and the antioxidant 

defense system are still unclear. Cell culture and in vitro data indicate Nrf2 is crucial for 

cell survival and adaptive responses to stress, largely because of data showing aging 

cells cannot respond to redox stressors as well as young cells. Exercise physiology is 

beginning to tell us more about the molecular effects of exercise on redox signaling and 

aging. Small physiological challenges from acute exercise bouts are compounded over 
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time with training and the individual is better able to withstand the exercise stress. What 

role Nrf2 and the antioxidant defense system has to play in this arena is still in question. 

Further research is needed to elucidate these relationships and bridge the gap between 

redox biology of aging and the molecular mechanisms of exercise induced adaptations to 

determine the most important factors responsible for driving health span and lifespan.  

The work presented in the following chapters has addressed some of these questions 

outlined in this literature review. Mainly this work demonstrates that exercise induced Nrf2 

signaling is in fact impaired in older adults, but exercise training can partially reverse 

these effects. Responses to a non-exercise redox stressor, a forearm ischemia 

reperfusion challenge, is improved with training regardless of age or sex. And finally, that 

high intensity muscle stimulation elicits a systemic redox signaling effect where Nrf2 is 

activated in unstimulated muscle by stimulation in the contralateral limb. This work is 

continuing to enhance our understanding from both a clinical and basic perspective and I 

am excited to continue this work. 
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ABSTRACT 

Nuclear factor erythroid-2-related factor 2 (Nrf2), is an inducible transcription factor that 

improves redox balance through stimulating antioxidant gene expression. In older 

humans the Nrf2 response to a single bout of acute exercise is blunted compared to 

young indicating impaired redox signaling. The purpose of this randomized controlled trial 

was to investigate if the signaling impairment could be reversed with exercise training in 

older men and women, while also comparing to young. Young (18-28y, n=21) and older 

(≥60y, n=19) men and women were randomized to 8-week aerobic exercise training (ET; 

3d/wk, 45min/d) or a non-exercise control group (CON). Nrf2 nuclear localization, gene 

expression for NQO1, HO1, and GCLC, and GCLC protein were measured in PBMCs in 

response to acute exercise trial (AET; 30-min cycling at 70% VO2 peak pre- and post-

intervention at 7 timepoints (Pre, +10m, +30m, +1h, +4h, +8h, +24h). Young had greater 

Nrf2 signaling response compared to older at pre-intervention (p=0.05), whereas the older 

had significantly higher basal Nrf2 levels (p=0.004). ET decreased basal Nrf2 expression 

compared to CON (p=0.032) and improved the Nrf2 signaling response in both young and 

older (p<0.05). The degree of restoration in Nrf2 signaling response was related to the 

degree of change in basal Nrf2 (p=0.039), which was driven by older adults (p=0.014). 

Lower basal nuclear Nrf2 levels were associated with changes seen in AET responses 

for Nrf2 and GCLC protein, as well as NQO1 and GCLC mRNA. Together these data 

demonstrate that exercise training improves Nrf2 signaling and downstream gene 

expression and that lower basal Nrf2 levels are associated with a more dynamic acute 

response. Our results provide evidence that the impaired Nrf2 signaling in sedentary older 
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adults can be restored to a degree with moderate exercise training, albeit not to the level 

seen in young.     

 

ClinicalTrials.gov ID: NCT03419988 

Keywords: Redox Homeostasis, Exercise, Aging, Nrf2 Signaling, NQO1, GCLC 

1. Introduction 

Aging is associated with reductions in physiological function and overall decreased stress 

resilience [1-3]. This contributes to an increased risk for developing non-communicable 

diseases including cardiovascular disease, diabetes, cancer and dementia [4]. One major 

thread connecting these diseases is dysregulated redox homeostasis due to oxidative 

stress imbalances [5-8]. The redox stress hypothesis of aging highlights the increasingly 

oxidative milieu in older organisms contributing to the lack of ability to respond to a redox 

stressor [9]. One of the predictions that can be made from this hypothesis is the declining 

ability of the cell or tissue to respond in a dynamic manner to redox stressors such as 

acute exercise or ischemia/reperfusion [10-12]. Cells accomplish appropriate responses 

to redox stressors primarily through redox stress response proteins like the inducible 

transcription factor nuclear factor erythroid-2-related factor 2 (Nrf2). Nrf2 is responsible 

for activating a host of gene targets including antioxidant, metabolic, and xenobiotic gene 

products. Under unstimulated conditions, Nrf2 is bound to its negative regulator and redox 

sensor, Keap1, in the cytosol. Oxidative or electrophilic stress activates Nrf2 by modifying 

Keap1 cysteine residues preventing Nrf2 degradation, increasing Nrf2 nuclear 
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accumulation, and leading to increased mRNA transcripts of downstream targets [13-16]. 

The ability of a cell or organism to mount a successful response to redox stressors is 

dependent on an intact Nrf2 system to provide dynamic adjustments to the redox 

environment [17-19].  

Loss of responsiveness in the Keap1-Nrf2 signaling system is a characteristic of older 

organisms and cells in response to various redox stressors [20]. Bronchial epithelial cells 

derived from older humans showed impaired Nrf2 responses when treated with the 

phytonutrient sulforaphane, compared to cells from young donors [21]. Similarly, 

impairments were found in redox sensitive cell signaling pathways, chaperone protein 

responses, and ability to degrade oxidatively damaged proteins via the proteasome in 

human fibroblasts and C. elegans when challenged with several different oxidative stress 

treatments [22].  These data indicate that the redox stress response is impaired in aging 

organisms independent of the type of redox stress.  

Regular exercise is one of the most successful interventions to prevent or delay age-

associated diseases. Aerobic (non-damaging) exercise induces a series of biochemical 

signaling cascades that result in changes in cell physiology, many of which are mediated 

by redox mechanisms [23-26]. Transient redox stress elicited by acute exercise increases 

Nrf2 activation in young animals and humans, thus improving cellular resistance to 

subsequent redox stressors [10, 27-29]. However, animal studies demonstrate that Nrf2 

activation in response to acute exercise is impaired with aging [30], and we have 

previously shown that older men have an impaired Nrf2 signaling response to an acute 

exercise bout [10].  Taken together, these data highlight an important problem that has 

yet to be addressed in aging humans: the delineation between acute responses and 
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adaptations to regular exercise in redox stress response systems. The purpose of this 

randomized controlled trial was to investigate whether an eight-week exercise training 

intervention could improve or reverse the age-related decline in redox stress response 

signaling in older men and women, with young adults serving as additional controls. This 

study tested the hypothesis that the divergent pattern of responses to acute exercise seen 

between age groups would be attenuated after exercise training, due to an improved 

response in older individuals.  

2. Methods 

2.1 Subjects – Twenty-six young (18-28y) and 29 older (60-77y) men and women from 

the surrounding community and campus completed screening for study participation. 

Subjects were eligible to participate if they were currently inactive as defined by no regular 

exercise for at least 6 months prior to study admission, as per self-report. Subjects were 

generally healthy, not overly obese (BMI ≤ 33.0 kg/m2), non-smokers, and not taking 

antioxidant supplements in excess of a multi-vitamin. Multivitamins were not excluded 

because the dosages of antioxidants are within the range of normal dietary intake, and 

we are unaware of any confounding effects in redox measures at moderate doses.  Any 

condition that would contraindicate maximal exercise testing or participation in exercise 

training including clinically significant electrocardiogram (EKG) abnormalities at rest or 

during the maximal exercise test, elevated blood pressure at rest or musculoskeletal 

problems excluded subjects from participating in the study. Women who were taking 

estrogen replacement therapy or birth control were excluded from participation as 

research has previously shown that estrogen has a significant effect on markers of 
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oxidative stress [12]. All participants signed a written informed consent approved by the 

Northern Arizona University Institutional Review Board. 

 

2.2 Study Design – The study was an 8-week randomized controlled trial where young 

and older individuals were randomly assigned to either an exercise training intervention 

(ET) or a non-exercise control group (CON). Subjects completed pre-screening over the 

phone to determine eligibility for study participation. If there were no obvious exclusions, 

the subject was scheduled for a screening visit in the lab followed by a maximal graded 

exercise test on a cycle ergometer to determine baseline aerobic capacity (VO2 peak). In 

a separate visit subjects completed an acute exercise trial (30 minutes of cycling at 70% 

VO2 peak) to measure redox signaling capacity responses from blood samples taken at 

baseline and six additional time points as described below (see figure 1). After baseline 

testing was complete, subjects were randomized to ET or CON groups. Subjects 

randomized to CON were asked not to change their activity levels during the study and 

were offered the opportunity to receive the supervised exercise training program after 

completing the control arm of the study as a way to minimize attrition. Subjects 

randomized to ET performed supervised aerobic exercise training three times per week 

for eight weeks (24 sessions). After the 8 weeks of either ET or CON, subjects returned 

to the lab and completed the same testing as performed before the intervention. To control 

for any potential confounding effects of diet on the acute exercise trial, subjects completed 

a 2-day food log prior to the baseline test and then were asked to consume the same diet 

for the two days prior to the post-intervention trial.  Study design is shown in Figure 1. 
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Figure 1. 

  

Figure 1. Study design.  (A) Subjects were randomized to the eight-week exercise 
training intervention (ET) or non-exercise control (CON). VO2 peak testing and acute 
exercise trial were completed pre- and post-intervention. (B) Acute Exercise Trial: After a 
baseline blood draw, subjects cycled on a stationary cycle ergometer for 30 minutes at 
70% VO2 peak. Following the acute exercise trial (Time 0), blood was drawn at 10-min, 
30-min, 1-hr, 4-hrs, 8-hrs and 24-hrs post-exercise. For time-course comparisons all time 
points were normalized to the individuals’ baseline blood draw. Acute exercise trial time 
course responses were tested before and after the intervention. 
 

2.3 Screening visit – After participants signed the informed consent they completed a 

health history questionnaire and the modified Historical Leisure Physical Activity 

questionnaire for assessment of lifetime physical activity [31, 32]. Height, weight, waist 

circumference and resting blood pressure were measured and a 12-lead supine resting 
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EKG was obtained to rule out any cardiac abnormalities that would preclude participants 

from performing a maximal aerobic capacity test. Body composition was measured using 

seven-site skinfold using a Lange skinfold caliper. Body density was calculated using 

normalized equations for men and women specified by age. The body fat percent 

equation by Siri et al. was used for final body fat calculations [33]. All skinfold measures 

were done by the same researcher to prevent intertester variability. 

 

2.4 Peak Oxygen Consumption Test – VO2 peak was measured with a graded exercise 

test (GXT) performed on a cycle ergometer as previously described [34]. The starting 

workload was selected based on the predicted maximal workload for each individual and 

was increased every minute until volitional exhaustion. Participants were instructed to 

maintain a pedaling rate of 60-70 rpm throughout the test. Oxygen uptake was measured 

via indirect calorimetry using a metabolic measurement cart (CareFusion, Yorba Linda, 

CA). Heart function was monitored with continuous 12-lead EKG. VO2 peak was 

considered achieved if two of the following three criteria were met: 1) a plateau in VO2 

with an increase in workload, 2) a respiratory exchange ratio (RER) ≥ 1.10, or 3) heart 

rate within 10 beats of the age-predicted maximal heart rate [35]. Standard 

contraindications to exercise testing, as well as termination criteria, outlined by the 

American College of Sports Medicine were followed at all times [36]. 

 

2.5 Exercise Intervention – Subjects randomized to the exercise intervention performed 

supervised aerobic exercise training three times per week for eight weeks (24 sessions 
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in total) at the NAU Student Recreation Center. The intervention was progressive in 

duration and intensity and included a mix of moderate intensity continuous training and 

high intensity interval training. Every session, however, was standardized so that each 

subject performed the same duration and relative intensity at a given session. Intensity 

was monitored by heart rate monitors (Polar, Inc., Finland) and Rate of Perceived 

Exertion [37]. Relative intensity was normalized to the individual’s maximal heart rate 

measured during the maximal exercise test. The intervention was progressive in duration 

and intensity and included a mix of moderate intensity continuous training and high 

intensity interval training. Durations started with 30-minute constant workload sessions, 

and progressed to 50-minute constant workload by the end of the intervention, while also 

progressing the intensity through increasing steady state heart rate range each week. 

High intensity interval sessions started modestly and progressed in intensity and duration 

each week. A mix of work:rest ratios were used to provide variation for subjects 

engagement as well as ensuring adequate range of intensity / duration combinations that 

meet ACSM weekly exercise prescription recommendations [38]. Target RPE and HR 

range were provided for each individual every exercise session.  

 

2.6 Acute Exercise Trial – Subjects reported to the laboratory pre- and post-intervention 

to complete the acute exercise trial. The trial started between 6:00 and 9:00 am and 

subjects were instructed to refrain from any exercise or physical exertion for 48-hours 

prior. An intravenous (IV) catheter was inserted into the antecubital vein and a baseline 

blood sample was collected. The subject then performed the acute exercise trial 

consisting of 30-minutes of cycling at 70% VO2 peak, maintaining a pedaling rate of 60-
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70 rpm throughout. We have previously shown that this protocol elicits Nrf2 activation, as 

well as significant increase in antioxidant enzyme activity [10, 29]. Oxygen consumption 

and heart rate were measured throughout the trial using the same system as described 

above. After completion of the exercise, blood was drawn again at the following time 

points: 10-min, 30-min, 1-hr, 4-hrs, 8-hrs, and 24-hrs. The blood was drawn via the IV 

catheter through the 1-hr time point and thereafter with venipuncture using a 21-G 

butterfly needle (Becton Dickinson, Franklin Lakes, NJ). Subjects were allowed to leave 

the lab after the +1-hour blood draw and return for the last three draws. The acute 

exercise session was designed as a physiological stimulus to induce signaling cascades 

in the redox stress response system that are associated with physiological adaptations. 

We have previously shown that Nrf2 content does not change over similar sampling time 

points without exercise [11]. The intensity of the acute exercise session was normalized 

to the individuals VO2 peak to standardize the stimulus regardless of differences in 

maximal aerobic capacity in order to make valid comparisons in molecular measurements 

across age groups. 

 

2.7 PBMC Isolation and Cell Counting – Whole blood was collected into EDTA 

vacutainers to prevent coagulation, diluted 1:1 with phosphate buffered saline (PBS) and 

layered onto Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden). Samples were spun 

at 900xg for 30 minutes at room temperature. Following centrifugation, the lymphocyte 

rich layer was collected and washed twice in PBS with phosphatase inhibitors (Halt 

Phosphatase Cocktail, ThermoFisher, Waltham, MA) at 400xg for 10 mins at 4°C. The 

supernatant was discarded, and the cell pellet was re-suspended in 1.5 mL second wash 
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buffer. Cells were counted using Countess Automated Cell Counter (Invitrogen, Carlsbad, 

CA). Aliquots of 2x106 PBMC cell lysate were suspended with 100 µL of RNAlater 

(Ambion Biotechnology, Austin, TX) and stored at -80°C to preserve RNA stability until 

gene expression analyses. Additional volume of 1x106 and 3x106 cells per mL sample 

were aliquoted for whole cell and nuclear fractionation, respectively, for western blot 

measures. 

 

2.8 Cell Fractionation and Preparation for Western Blotting – Cells were fractionated into 

cytosolic and nuclear fractions using a modified version of the REAP protocol [39]. Briefly, 

3x106 cells were lysed in the presence of phosphatase and protease inhibitors in 0.1% 

Triton PBS solution by pipet mixing five times followed by a 10 second pop-spin in a 

microcentrifuge. Supernatant was aliquoted as the cytosolic fraction and mixed with 4x 

Laemmli sample buffer in a 3:1 ratio.  The pellet was resuspended in 1000µL 0.1% Triton 

PBS solution followed by a 10 second pop-spin. Following centrifugation, the supernatant 

was discarded, and the nuclear fraction was resuspended in 1x Laemmli sample buffer. 

For whole cell lysates, 1x106 cells were loaded into microcentrifuge tubes and lysed using 

0.1% Triton PBS and protease-phosphatase inhibitor cocktails, followed by mixing with 

4X Laemmli sample buffer. Nuclear fractions and whole cell lysates were sonicated by 

microprobe (Sonifier 150, Branson Ultrasonics, Danby, Connecticut) on ice at level 2, 

three times for 5 seconds, interspersed by two minutes of cooling on ice. All samples were 

heated at 100°C for 5 minutes followed immediately by freezing at -80°C for storage until 

analysis.  
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2.9 Western Blot Analyses – Samples were separated by SDS-PAGE electrophoresis and 

transferred to nitrocellulose membranes. Nuclear fractions were incubated with rabbit 

polyclonal primary antibody for Nrf2 (H-300, Santa Cruz Biotechnology, Dallas TX, 1:500), 

while the whole cell fraction was incubated with GCLC primary antibody (EP13475, 

Abcam, Cambridge MA, 1:1000), followed by incubation with their respective anti-rabbit 

and anti-mouse secondary antibodies (925-32211, and 926-68070, Li-Cor Biosciences, 

Lincoln NE,1:20,000). Mouse monoclonal antibodies were used for internal control 

proteins β-actin and Lamin-B1 (sc-4778, and sc-365214, Santa Cruz Biotechnology, 

Dallas TX, 1:1000).  β-actin and Lamin-B1 served as loading controls in whole cell and 

nuclear fractions, respectively. All samples were multiplexed by co-incubation with rabbit 

and mouse monoclonal primary antibodies respectively, followed by co-incubation with 

anti-rabbit and anti-mouse secondary antibodies designed to appear in the 800 and 700 

channels respectively. Membranes were imaged using Li-Cor Odyssey Fc Infrared 

Imaging System (Li-Cor Biosciences, Lincoln NE). Band intensity was measured by 

densitometry using Image Studio Lite (Li-Cor Biosciences, Lincoln NE) and changes in 

protein levels were determined by comparing band intensity from post-intervention 

samples to levels from pre-intervention samples. For all acute exercise trial analyses, 

proteins of interest were normalized to 1 at baseline within each individual to analyze 

patterns and magnitudes of responses by age and training group. Basal protein 

expression was compared across age and training group by normalizing to internal control 

proteins and expressed as a ratio in arbitrary units.  

 

2.10 RT-qPCR – Reverse transcriptase quantitative polymerase chain reaction – RNA 
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was extracted using the Qiagen RNeasy Plus Mini Kit (Qiagen, Gaithersberg, MD) 

following the manufacturers’ instructions. Briefly, Qiagen RNA extraction kits were used 

to isolate purified RNA from participants at baseline, 1-hr, 4-hrs, 8-hrs, and 24-hrs after 

completion of the acute exercise trial. RNA quality was assessed with a NanoDrop 

(ThermoFisher), using RNA amount (ng/µL) and purity (A260/280). Once an acceptable 

RNA quantity was measured the RNA was converted into cDNA via iScript cDNA 

conversion kit (BioRad, Hercules, CA). RT-qPCR utilized paired primers for NADPH 

Quinone Oxidoreductase 1 (NQO1), Heme Oxygenase 1 (HO1), and Glutamate Cysteine 

Ligase Catalytic subunit (GCLC) with Glyceraldehyde 3-Phosphate Dehydrogenase 

(GAPDH) as an internal reference gene for normalization. The assays were run in 

triplicate on a CFX96-Touch (Bio-Rad, Hercules, CA) and each run included negative 

controls, and non-template controls. Differences in quantification cycles (Cq) were 

recorded after adjusting for the amount of mRNA in a sample and normalized to the 

internal reference gene (GAPDH).  GAPDH was selected as the housekeeping gene as 

previous studies have shown it to be a reliable, stably expressed gene in response to 

aerobic exercise in humans [40, 41]. Experimental design, quality control, and minimum 

information for reporting qPCR steps from the MIQE guidelines were followed [42]. The 

gene-specific primer pairs are outlined in Table 1.   

Table 1. Forward and reverse primers for RT – qPCR 
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2.11 Statistical Analyses – Subject characteristics and baseline data were analyzed by 2-

way ANOVA (Age x Intervention Group). Significant differences in subject characteristics 

and baseline values were added as covariates to the statistical models to control for any 

confounding variables. Each marker measured for gene expression, and protein content 

was analyzed across time points (repeated measures), as well as between age groups, 

and by sex.  Baseline acute exercise responses for gene expression data were analyzed 

using (2 x 5) repeated measures ANOVA (Age by Time) with significant differences in 

baseline anthropometric data placed in the model as covariates (sex, body mass, BMI, 

waist circumference, body fat percent). Similar analyses were run for protein expression 

responses but using 2 x 7 repeated measures ANOVA (Age x Time). All analyses on the 

effects of training or control intervention were 2 x 2 x 5 (training group x intervention time 

x sampling time point for gene expression) or 2 x 2 x 7 (training group x intervention time  

x sampling time point for protein expression) repeated measures ANOVA with covariates 

age, sex, and any other significantly different physical or physiological measurements 

entered into the model. Statistical significance was set at p < 0.05 and the analyses were 

performed using statistical programs SPSS and R. Data are reported as mean ± SEM 

unless otherwise noted.  

 

Primers Forward 5' to 3' Reverse 5' to 3'

NQO1 GGATTGGACCGAGCTGGAA AATTGCAGTGAAGATGAAGGCAAC

HO-1 AAGAGGCCAAGACTGCGTTC GGTGTCATGGGTCAGCAGC

GCLC GCTGTCTTGCAGGGAATGTT ACACACCTTCCTTCCCATTG

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
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3. Results 

Fifty-five subjects were screened and of those 9 were disqualified or lost prior to pre-

testing (VO2 max too high n=1, declined to participate n=5, unable to contact n=3). A total 

of 46 individuals completed pre-testing and started the intervention. Two young 

individuals dropped out citing time commitment, two subjects were withdrawn due to 

issues with venipuncture (one young, one older), and two older individuals were 

withdrawn by study personnel due to medical issues (blood pressure dysregulation, 

arrhythmia at post-testing). All six subjects that were withdrawn during testing or 

intervention were in the ET group, there were no dropouts in the CON group. The data 

presented are from 40 individuals who completed the intervention; 21 young and 19 older, 

with equal representation between sexes.  Baseline subject characteristics are shown in 

Table 2.   As expected, there were age-related differences at baseline where the young 

individuals had significantly lower body mass, body mass index (BMI), and body fat 

percentage (BF%), as well as smaller waist circumference. Similarly, age-related 

differences in the response to maximal exercise testing showed expected results where 

young individuals had significantly higher VO2 peak values compared to older adults (38.5 

vs. 25.8 mL/kg/min, respectively, p<0.001), higher maximal heartrate (189 vs 148 bpm, 

respectively, p<0.001), and higher maximal workload (210 vs. 155 watts, respectively, 

p<0.001). Importantly, none of the baseline characteristics differed between those 

randomized to the ET intervention versus those randomized to the control group (see 

Table 2). 

The goal for the acute exercise trial was an average intensity of 70% VO2 peak. The 

attained mean VO2 peak for the acute exercise trial across the whole cohort was 70.5% 
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of VO2 peak. Young individuals averaged 69.8% of VO2 peak while older individuals 

averaged 71.2% of VO2 peak (Table 2). The exercise intensity did not differ statistically 

between young and older individuals or between ET and CON.  
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Table 2. Baseline physical characteristics  

 

 

 

3.1 Effects of the exercise intervention on cardiorespiratory fitness 

Figure 2 shows the changes in peak oxygen consumption in response to the ET or CON 

intervention. Aerobic capacity increased significantly in ET (mean change: 4.5 mL/kg/min, 

+14.7%) and did not change in CON (mean change: 0.2 mL/kg/min, +1%), indicated by 

main effect of group, p = 0.004, and intervention by group interaction, p = 0.013.  When 

including covariates in the model, main effects of training group (ET vs CON), age, sex, 

and change in BMI (∆BMI) were also associated with VO2 peak measurements (RM 

Physical Characteristics & 
Exercise Testing

Young Older p Value

CON (n=10) ET (n=11) CON (n=9) ET (n=10) Age Training Grp Age x 
Training Grp

Men / Women Ratio (n) 5 / 5 5 / 6 5 / 4 5 / 5 - - -

Age 21.9 (± 3) 21.6 (± 3) 65.1 (± 3) 68.3 (± 5) <0.001 NS NS

Height(cm) 177 (± 11) 171 (± 10) 172 (± 13) 170 (± 8.9) NS NS NS

Mass(Kg) 68.3 (± 12.3) 66.0 (± 8.4) 87.3 (± 14.8) 76.8 (± 16.5) 0.002 NS NS

BMI (Kg/m^2) 21.6 (± 2.5) 22.5 (± 3.9) 29.3 (± 2.3) 26.3 (± 3.8) <0.001 NS NS

Body Fat % 15 (± 7.5) 17 (± 10.3) 29.9 (± 3.9) 25.2 (± 4.2) <0.001 NS NS

Waist Circ. (cm) 76.7 (± 6.7) 76.6 (± 6.4) 102 (± 10.2) 93.5 (± 11) <0.001 NS NS

HLPA 2.83 (± 0.3) 2.95 (± 0.6) 2.86 (± 0.9) 2.36 (± 0.47) NS NS NS

VO2 Peak

Absolute VO2 (mL/min) 2621 (± 724) 2563 (± 554) 2161 (± 570) 2067 (± 510) 0.01 NS NS

Relative VO2 (mL/Kg/min) 38.0 (± 6.6) 38.9 (± 7.4) 24.6 (± 3.5) 26.9 (± 3.1) <0.001 NS NS

Max Heart Rate (bpm) 189 (± 9) 188 (± 8) 145 (± 21) 150 (± 18) <0.001 NS NS

RER 1.21 (± 0.06) 1.28 (± 0.1) 1.31 (± 0.05) 1.28 (± 0.08) 0.04 NS NS

Workload (Watts) 212 (± 62) 208 (± 42) 158 (± 39) 153 (± 41) 0.001 NS NS

Acute Exercise Trial

% of VO2 Peak 69.0 (± 2.4) 70.5 (± 2.4) 71.4 (± 3.9) 71 (± 2.7) NS NS NS

% of HR Max 81 (± 6) 81 (± 6) 79 (± 8) 82 (± 7) NS NS NS

BMI – Body Mass Index, HLPA – Historical Leisure Physical Activity Questionnaire, RER – Respiratory 
Exchange Ratio. Data are shown as mean (± SD) 
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ANCOVA, ET vs CON p < 0.001, Age p < 0.001, Sex p < 0.001, ∆BMI p = 0.022). Within 

the ET group, there were no differences in the magnitude of improvement across age or 

sex (Repeated Measures ANCOVA ∆VO2 x Age p =0.405 and ∆VO2 x Sex, p = 0.4, Figure 

2C-F) indicating that the individuals who underwent the ET intervention responded to the 

same degree regardless of age or sex.    

 

There were no significant changes in resting blood pressure, maximal heart rate, and 

RER in either ET or CON. There were no significant changes in overall body mass in ET 

or CON, but there was a significant decrease in body fat mass, and waist circumference 

in ET, with no change in CON (one-way ANOVA ∆Body Fat %, p = 0.023, ∆waist 

circumference, p = 0.001).  
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Figure 2. 

 

Figure 2. VO2 peak changes in response to the intervention. (A&B) Relative VO2 
peak (ml/kg/min) improved in trained subjects but not control subjects, regardless of age 
or sex (Intervention x Training group interaction p = 0.013). (C-F) Changes in VO2 peak 
by age and sex. Within the exercise trained group, there were no differences in the degree 
of fitness improvement by age or sex indicating the exercise training intervention had the 
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same effect across age and sex (Compare all ET group changes in panels C-F). (∆ 
indicates the difference between Pre and Post Intervention for a given measurement). 
Black squares indicate ET group, open triangles indicate CON group. Data shown as 
Mean ± SEM. 
 

3.2  Exercise-induced Nrf2 signaling: Pre-Intervention  

Age-group differences in Nrf2 nuclear localization in response to the acute exercise trial 

were not significant when analyzed without covariates (RM ANOVA, main effect of age, 

p = 0.118) but approached significance when entering measures of fitness and body 

composition into the model (RM ANCOVA, main effect of age, p = 0.05).  When the data 

were examined further, unexpected sex differences emerged. Figure 3 shows the pre-

intervention responses in men (A) and women (B).  Young men showed an increase in 

Nrf2 nuclear localization with a peak at thirty minutes after a single acute exercise 

session, while older men did not respond (within sex main effect of age, p < 0.07, with or 

without covariates), in agreement with our earlier findings in men [10]. In contrast, there 

were no significant differences between young and older women in the responses (within 

sex main effect of age, p = 0.714, with covariates p = 0.279).   

 

 

 

 

 

 

 

 



84 
 

Figure 3. 

 

 

Figure 3. Nrf2 signaling responses to a single acute exercise session by age and 
sex. All responses are normalized to the individual’s baseline draw (B) and set equal to 
1 in order to control for any differences in absolute expression levels across individuals. 
(A) Representative Nrf2 western blots with Lamin B used as internal control, for an older 
man, older woman, young man, and young woman pre-Intervention. (B) Nrf2 signaling 
responses in young and older men. Black squares indicate response in young men and 
open circles indicate response in older men across time. (C) Young women (black 
squares) and older women (open circles) showed minimal Nrf2 signaling responsiveness 
to an acute exercise bout and were not significantly different from each other. Analyzed 
together with fitness and body composition covariates in the model, there was a 
significant main effect of age with young individuals showing a higher response in Nrf2 
activation than older individuals (RM ANCOVA Age p = 0.05). Data shown as Mean ± 
SEM. 
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3.3  Molecular Signaling Responses to Acute Exercise: Effect of Exercise Training  

Nrf2 signaling responses after exercise training were significantly higher in ET whereas 

the response did not change in CON (intervention by group interaction p = 0.012, effect 

of age p = 0.014, and effect of ET versus CON, p = 0.034, Figure 4A & B). This response 

was partially explained by the degree of improvement of VO2 peak in the training group, 

(p = 0.019), the change in nuclear baseline levels of Nrf2 (p = 0.039), and the interaction 

of time by age (p = 0.007). Both young and older subjects significantly improved their Nrf2 

signaling responses post-ET, however, when comparing only the ET group pre-post 

intervention the main effect of age was greater than the age differences at baseline (p = 

0.04, Figure 4 C versus E), while the inactive controls did not show any significant change 

from pre-intervention (Figure 4 D&F).  

 

The acute exercise trial induced a significant increase in HO1 mRNA in the cohort as a 

whole (Figure 5, main effect of time, p = 0.039). However, there were no significant 

differences between the groups or in response to the intervention. Additionally, there were 

no effects of age, sex, or any other covariate on HO1 mRNA response.  

 

NQO1 mRNA response showed a significant interaction between intervention and age (p 

= 0.045, Figure 6), however when including the change in baseline Nrf2 expression (∆ 

Baseline Nrf2) the interaction was no longer significant. There was a significant interaction 

between the NQO1 mRNA response and measures of body composition and 

improvements in fitness (Time x ∆Waist circumference, p = 0.004, Time x ∆ Body Fat %, 



86 
 

p = 0.008, Time x ∆VO2 peak p = 0.017). There was a significant three-way interaction 

between intervention, time, and training group (Figure 6, p = 0.028). The large standard 

error in the young control group was due to the response of one individual post-

intervention. Analyzing the data without this outlier did not change the results. 

Additionally, there were six individuals who did not show any NQO1 amplification, hence 

the lower number of subjects for this gene set than the others. Interestingly, each of the 

individuals who did not show NQO1 amplification were of Native American, Asian, or 

Middle Eastern ethnicity.  

 

For changes in GCLC mRNA responses to acute exercise, there was a significant main 

effect of time (p = 0.005, Figure 7) There was also a three-way interaction between 

intervention by time by training group (p = 0.05, Figure 7).There was a significant 

interaction between the intervention and change in baseline nuclear Nrf2 protein content 

(Intervention x ∆ Baseline Nrf2 p = 0.006). There was a significant interaction between 

the change in baseline Nrf2 levels and GCLC mRNA response to acute exercise (Time x 

∆ Baseline Nrf2 p < 0.001). There was also a significant three-way interaction between 

the intervention, GCLC response, and the change in baseline Nrf2 protein expression 

(Intervention x Time x ∆ Baseline Nrf2 p < 0.001). 

 

For GCLC protein responses there was a main effect of the change in peak VO2 (∆VO2 

peak) on GCLC protein responses to ET (p = 0.044). There was also an intervention by 

time interaction (p = 0.024), and a three-way interaction intervention by time by ∆VO2 (p 

= 0.031, Figure 8). There was a significant interaction between GCLC protein response 
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and the change in baseline GCLC protein content (Time x ∆ Baseline GCLC protein, p = 

0.05). The new steady state protein concentrations after training were primarily being 

driven by men, although there were no significant differences in GCLC protein response 

by age or sex.  
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Figure 4. 
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Figure 4. Nrf2 signaling responses to acute exercise before and after exercise 
training or inactive control intervention by age. Open circles indicate Nrf2 activation 
pre-intervention, and black squares indicate Nrf2 activation post-intervention. Panels A, 
C, & E are ET subjects while panels B, D, & F are CON subjects. (A&B) Eight weeks of 
aerobic exercise training increased the Nrf2 signaling response to an acute exercise bout 
in the whole cohort, while the Nrf2 signaling in the control group did not change. (C&E) 
The increase in Nrf2 signaling after training was similar in pattern for young and older 
adults, although young improved their responses to a greater degree than older ET 
subjects (main effect of age, p = 0.014). (D&F) Nrf2 signaling did not change from pre-
intervention in older or young control groups. Representative western blots for (G) Young-
ET, (H) Young-CON, (I) Older-ET, and (J) Older-CON. Data shown as Mean ± SEM. 
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Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. HO1 mRNA signaling responses to an acute exercise bout before and 
after the intervention. Open circles indicate HO1 mRNA responses pre-intervention, 
while black squares indicate responses post-intervention. (A&B) There was a significant 
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response to an acute exercise bout across the whole cohort (p = 0.039), but there were 
no differences in HO1 mRNA responses after training or control intervention. (C-F) 
Additionally, there were no significant differences across age or sex. The pattern of 
responses differs across ET and CON within age groups, but these were not statistically 
significant. Data shown as Mean ± SEM. 
Figure 6. 

Figure 6. NQO1 mRNA signaling responses to an acute exercise bout before and 
after the  intervention. Open circles indicate NQO1 mRNA responses to the acute 
exercise trial pre-intervention, while black squares indicate responses post-intervention. 
(A&B) In the whole cohort, there was a slight increase in NQO1 mRNA response after 
training, which was dependent on baseline Nrf2 expression changes (∆ Baseline Nrf2), 
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but no difference in response after control intervention. (C&E) This increase in NQO1 
mRNA response after ET appears to be driven by younger individuals, not older. (D&F) 
Post-control intervention older individuals show a decreased response while younger 
controls show a delayed increase in NQO1 mRNA driven by one outlier in the post-
intervention CON response. Panels A, C, & E are ET subjects, while B, D, & F are CON 
subjects. Data shown as Mean ± SEM. 
Figure 7. 

 

Figure 7. GCLC mRNA signaling responses to an acute exercise bout before and 
after the intervention. Open circles are pre-intervention GCLC mRNA responses and 
black squares are post-intervention responses. Panels A, C, & E are ET subjects and B, 
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D, & F are CON subjects. (A&B) Overall comparison of intervention, time, and training 
group responses to the acute exercise trial. There were significant interactions between 
intervention, time, and training group in GCLC mRNA response (p = 0.05) as well as an 
intervention by time by ∆Baseline GCLC protein interaction (p = 0.001). (C-F) Show acute 
exercise trial responses by age and training group. Data shown as Mean ± SEM. 
 

Figure 8.  

 

Figure 8. GCLC protein responses to an acute exercise bout before and after eight 
weeks of ET or CON. Open circles indicate pre-intervention GCLC protein responses to 
acute exercise, while black squares indicate post-intervention responses. (A) 
Representative blots of GCLC with b-Actin used as an internal control for ET and CON 
groups pre- and post-intervention respectively. (B) GCLC shows an increase in the steady 
state concentrations after exercise training compared to pre-intervention in trained 
subjects. (C) GCLC protein responses were not different after the inactive control 
intervention. There was a significant interaction between the GCLC protein response and 
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the change in baseline GCLC protein content (p = 0.016). There were no significant 
differences between young and older individuals or by sex in response to the training. 
Data shown as Mean ± SEM. 
 

 

 

3.4 Aerobic Exercise Training Changes Basal Steady State Levels of Nrf2 but not 

GCLC 

The Nrf2 and GCLC protein analysis for acute exercise responses was normalized to 1 

for each of the individual’s pre-intervention baseline values in order to make comparisons 

across individuals. This does not allow for analysis of basal expression levels for each 

protein across age and sex. Therefore, to test whether there were basal expression 

differences in Nrf2 or GCLC across age, sex, or in response to the intervention, we 

analyzed each individual’s baseline samples pre and post intervention. There was a main 

effect of age on basal expression levels of Nrf2 before the intervention where older adults 

had significantly higher levels of Nrf2 at rest compared to young (independent sample t 

test, p = 0.004, Figure 9A). Basal Nrf2 levels decreased in older adults after the ET but 

increased in CON (Intervention by Training group interaction p = 0.034). Young 

individuals did not change significantly from pre to post intervention in either ET or CON 

groups. There was no statistically significant difference in in GCLC protein content across 

age or sex at pre-intervention (independent sample t test p = 0.428, Figure 9B). After 

exercise training GCLC protein was elevated at baseline driven by the increases shown 

in older adults, although this did not reach statistical significance (Figure 9B). There were 

no sex differences in response to exercise training or control intervention for basal GCLC 

protein expression. 
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Figure 9. 

 

Figure 9. Baseline expression of Nrf2 and GCLC before and after ET or CON. (A) 
Representative blot images for young and older ET and CON individuals for Nrf2 and 
GCLC protein expression respectively. (B) Baseline Nrf2 protein expression was higher 
in older adults before the exercise intervention compared to young (independent sample 
t test, p = 0.004) but decreased with ET closer to young Nrf2 expression levels. Older 
controls showed the opposite pattern, increasing baseline Nrf2 expression after eight 
weeks of CON. Repeated measures ANCOVA shows a significant interaction between 
training group and pre-post intervention (p = 0.032). The majority of these differences are 
explained by age differences (p < 0.001) (C) There was no change in GCLC protein in 
young trained or control subjects. In older subjects there was no significant difference in 
basal GCLC protein after training or control interventions. Data shown as Mean ± SEM. 
 
4. Discussion   

Exercise is one of the most powerful tools available for improving health span [43-45]. 

Many of the beneficial effects rely on redox-dependent cell signaling mechanisms to 

induce exercise adaptations [46]. ROS and other electrophiles generated by exercise are 
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critical signaling molecules that lead to improved physiological function and healthy 

adaptations [47-53]. However, we and others have shown that redox dependent activation 

of Nrf2 through acute exercise is impaired in aging populations [10, 27].  

 

This investigation tested the hypothesis that exercise training (repeated stimulus of acute 

exercise) would restore Nrf2 signaling effects in older adults, with an additional 

comparison to the responses of young. To our knowledge, this is the first randomized 

control trial to measure responses to acute exercise as well as effects of exercise training 

on Nrf2 time course responses in young and older men and women. Notably, the pre-

intervention results replicate previous findings from our lab which was the first study to 

show that Nrf2 signaling in response to acute exercise was impaired with age in humans  

[10]. The current data, which in contrast to our earlier study included both sexes, 

demonstrate an effect of age on Nrf2 activation in response to the acute exercise trial 

when accounting for baseline levels of body composition and fitness. However, this effect 

of age was no longer significantly different when including baseline levels of Nrf2 

expression suggesting that the variation in Nrf2 responses to exercise are dependent on 

basal Nrf2 expression levels. Additionally, there were clearly divergent responses 

between men and women. These sex differences were not anticipated, and by design the 

study was not powered to detect sex differences once the data were parsed by age and 

training group.  

 

It is well established that exercise training changes the molecular signaling patterns that 

manifest from a single acute exercise bout, however this has never been tested in the 
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Nrf2 signaling pathway and aging human populations. The decrease in basal Nrf2 

expression observed in the older group after exercise training may seem counterintuitive. 

However, since Nrf2 is a stress response transcription factor, it would be expected to be 

lowly expressed under resting unstressed conditions. Elevated Nrf2 levels at rest in older 

adults suggests that there are higher levels of redox stress compared to young and is in 

line with findings in skeletal muscle in mice where older mice have higher activation of 

redox-sensitive transcription factors at rest but fail to increase the activation in response 

to an acute stressor [54]. Lowering the basal redox stress levels would therefore be 

advantageous. The decrease in baseline Nrf2 levels in older adults after training is an 

indicator that training reduces redox stress under resting conditions. This subsequently 

improved the signaling capacity to respond to stressful events like exercise with the 

appropriate magnitude and timing necessary to adapt to the stimulus similar to that 

observed in young.  A recent investigation that compared individuals that were stratified 

based on their acute exercise oxidative stress response, measured as urinary F2-

isoprostanes, demonstrated that higher oxidative stress responses to acute exercise 

resulted in greater performance adaptations to endurance training than individuals with 

lower oxidative stress response to acute exercise [55]. The study also found that the 

oxidative stress response was correlated to resting levels of oxidative stress. The same 

group more recently demonstrated that targeted antioxidant supplementation to restore a 

deficiency was beneficial for exercise performance, whereas supplementation in non-

deficient individuals had no effect on exercise performance [56].   In agreement with our 

data, young and older mice subjected to exercise training showed decreases in Nrf2 

content after training [57]. This general pattern of response in redox signaling systems 
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has been hypothesized and predicted by others in the field [58], where accumulating 

oxidative stress in aging cells leads to an inability to respond further to a redox stressor. 

As far as we are aware this pattern of response has not been demonstrated in humans 

until now. 

 

Nrf2 activation response to acute exercise improved significantly in response to the 

exercise intervention (Figure 4). The older individuals in the ET group showed significant 

improvement compared to pre intervention levels. Studies in mouse myocardium show 

similar improvements in Nrf2 signaling and redox status after exercise training [27]. 

Contrary to our hypothesis, there was greater improvement in Nrf2 signaling in young 

individuals compared to older in response to the training. Comparing the magnitude of 

peak improvement (+30-min time point) in young (+1.41-fold) versus older individuals 

(+1.30-fold), the relative improvements in Nrf2 signaling after ET were greater in young 

individuals than in older individuals (p = 0.04) suggesting that the improvements elicited 

from exercise training do not completely reverse biological aging. Similar differences have 

been found in lifelong trained versus untrained older adults [59]. Their data showed that 

redox signaling changes that occur with aging are not completely reversed even with 

lifelong training, again pointing to an underlying biological aging process independent of 

training status [59, 60]. Our results are in agreement with these findings, and show that 

redox signaling decline in older adults is an inherent biological aging process independent 

of training status. Whether the response can be further augmented with greater exercise 

volume (intensity, duration) or through synergistic effects between exercise and 

phytonutrient Nrf2 activators remains to be elucidated. 
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Both NQO1 and GCLC mRNA showed significant responses to the acute exercise bouts 

as well as age related differences in signaling post intervention. The three-way interaction 

of intervention, time, and training group for NQO1 mRNA response indicates that only the 

ET group improved signaling responses after training. The change in basal Nrf2 levels 

explains the age-related differences in signaling post-ET. GCLC mRNA responded to the 

acute exercise bout and the interaction of intervention by time by training group indicates 

ET improved GCLC mRNA responses after training. Again, the responses to acute 

exercise after training were explained by the changes in baseline Nrf2 levels. Taken 

together these gene expression data support the conclusions drawn by the Nrf2 western 

blotting data. 

 

While HO1 mRNA did respond to a single acute bout across the entire cohort, there were 

no age or sex differences (Figure 5). Furthermore, there were no significant effects of 

changing Nrf2 levels on HO1 mRNA responses to acute exercise before or after exercise 

training. Other literature has shown that HO1 is transcriptionally regulated by a number 

of other transcription factors [61, 62], therefore we speculate that Nrf2 has less of a 

contribution to HO1 responses to acute exercise in human PBMCs.  The divergent 

responses pre-post intervention for older adults by training group (Figure 5, E & F) are 

puzzling. One possible explanation is that redox stress decreased with training, and the 

increase in Nrf2 signaling is maintaining higher steady state levels of mRNA, so it appears 

that the response to acute exercise did not change. Conversely, the older controls had 
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lower amounts after the intervention and needed to respond to a greater degree in order 

to maintain redox homeostasis. However, these responses were not significantly different. 

 

It is expected that time course changes in steady state proteins such as GCLC will likely 

take longer duration to show any significant accumulation. This was the rationale for 

performing the 4-, 8-, and 24-hour blood draws and the notion that any increase in protein 

content would be seen after peaks in gene expression occurred. Changes in steady state 

protein concentration is dependent on multiple inputs including protein turnover, 

localization, and post-translational modifications, providing a healthy debate over just how 

important mRNA accretion is for protein accumulation in response to exercise [63]. 

However, the peak of GCLC protein accumulation occurred at 8 hours after the acute 

exercise bout at pre-intervention, which is in line with the time course of expected changes 

where Nrf2 peaked at 30 minutes, and GCLC mRNA peaked at 1 hour for young and 8 

hours in older subjects. Together these time course data provide rationale for using 

mRNA as an outcome measure, particularly when the primary outcome is transcription 

factor activity. The GCLC protein changes post-ET were directly related to the degree of 

improvement in VO2 peak. Additionally, the degree of responsiveness to an acute 

exercise bout after ET was dependent on the degree of change in baseline GCLC protein.  

 

Our overall findings suggest that exercise training reduces baseline levels of Nrf2 in order 

to allow the system to respond more robustly to subsequent redox stressors. The lack of 

responsiveness to stressors is a general phenomenon in aging populations that leads to 

overall impaired stress resilience. While older adults did improve Nrf2 nuclear localization 
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in response to acute exercise after ET, this did not necessarily translate to improved 

mRNA accretion. The increases in mRNA levels in GCLC were modest in older adults, 

and the changes in baseline GCLC protein seem to be driven by older adults, but they 

were not significant. These non-significant changes could be due to sex differences 

confounding the results because the changes in GCLC levels after ET seemed to be 

primarily driven by older men. Transcriptomic approach may be better able to detect 

changes across the host of genes regulated by Nrf2. 

 

The free radical theory of aging described by Denham Harman in the late 1950’s was and 

still is an influential theoretical framework in redox biology and aging fields [64, 65]. 

Although the macromolecular damage hypothesis has been discarded, it has been 

replaced with more refined and nuanced versions of the hypothesis [9, 26]. The redox 

stress hypothesis of aging and the cell signaling disruption theory of aging both posit that 

the observed increases in oxidative stress in aging do not necessarily lead to damaged 

macromolecules but impair redox homeostasis and the ability to elicit a molecular 

signaling response to restore redox homeostasis. Based on these hypotheses, one would 

predict that older cells would show attenuated redox signaling responses, such as the 

Keap1-Nrf2 signaling axis, to stimuli compared to younger cells. This was previously 

shown in an eloquent series of experiments by Meng et al. [22] who tested the redox 

stress response capacity hypothesis using five different redox stressors in a cell culture 

model and in C. Elegans. Older cells and organisms showed lower ROS production, 

impaired redox cell signaling, and impaired redox homeostasis in response to redox 

stressors compared to young [22]. Similarly to our human data, their results show that 
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redox stress associated with aging leads to further impaired redox signaling responses 

resulting in a decreased ability to restore redox homeostasis. 

 

Experimental manipulation of baseline oxidative stress has been shown to alter the 

response to acute exercise in young men [66]. The subjects underwent a 12-day 

intervention of either a pro-oxidant stimulus of passive smoking (elevated baseline) or an 

antioxidant stimulus of vitamin C supplementation (lowered baseline). The subsequent 

oxidative stress response to acute exercise was lower in the passive smoking group than 

in the group that had been treated with an antioxidant.  It is now widely accepted that 

exercise-induced ROS signaling is key to long-term adaptations and therefore the 

impaired response in the passive smoking group would be considered mal-adaptive.  Our 

results show the older individuals who underwent exercise training demonstrated lower 

baseline Nrf2 levels and augmented responses to acute exercise, which is consistent with 

the findings of Theodorou et al. [66]. 

 

Strengths and Limitations 

The RCT design of this study along with the extremely tight data in the control groups 

strengthens the results and data interpretation. The adherence to the exercise 

intervention and low drop out (none in the control groups) is both a testament to the 

dedication of the participants and the study personnel. The main limitation of the study 

was that it was underpowered to adequately detect sex differences. Rather than limiting 

the study cohort to older individuals, we thought it was important to be able to compare 

the response to the exercise intervention to those seen in young and there were no 
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available data indicating sex differences in the response.  Recently published data from 

Drosophila show sexually dimorphic responses to oxidative stress [67]. Future studies 

should include an adequate subject number to analyze sex differences in redox signaling 

responses in humans.  We make the assumption that higher baseline levels of Nrf2 pre-

intervention were due to elevated or aberrant production of ROS or other electrophilic 

species, and that exercise training helped reduce baseline production of those reactive 

species. However, this is somewhat speculative since ROS or any reactive species 

adducts were not measured.  

 

5.  Conclusions 

The major finding of the current investigation was that the observed age-related 

impairment in stimulated Nrf2 activation was improved through exercise training, 

demonstrating that the pathway retains plasticity to respond.  The second novel finding 

was that basal nuclear Nrf2 levels were elevated in older adults, which may explain the 

inability to respond to an acute stimulus. The exercise intervention lowered the  basal 

nuclear Nrf2 content and the pre-post change in the levels was a significant predictor of 

the improvement in the stimulated response.  The effect of the Nrf2 activation on the 

downstream response was less robust in the older individuals and may have been 

affected by the unexpected sex differences. Future studies should add a transcriptomic 

approach because of the number of gene targets regulated by Nrf2.  Furthermore, the 

age-related differences in signaling responses for both Nrf2 and downstream target genes 

NQO1 and GCLC after ET prevailed after the intervention, which suggests that despite 

the improvement in older adults, there remains an element of biological aging not affected 
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by exercise training or that a greater stimulus is needed. Our findings support the redox 

stress hypothesis of aging and the decay of redox stress response capacity, and add 

additional evidence for exercise hormesis theoretical frameworks [9, 26, 50]. Future work 

should investigate the degree to which these signaling responses are apparent in other 

tissues in aging models, and model systems of disease where oxidative stress is a key 

clinical manifestation of the particular disease. 
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ABSTRACT 

Purpose. Perturbations in redox homeostasis can lead to physiological dysfunction and 

impaired stress resilience. This randomized controlled trial investigated whether aerobic 

exercise training could improve redox stress resilience measured by the response to a 

non-exercise redox stressor (forearm ischemia/reperfusion; I/R trial) in young and older 

men and women. We hypothesized that older adults would have impaired responses to 

redox perturbations, but that exercise training would reverse the dysfunction.  Methods. 

Young (18-28yo, n=21) and older (60-77yo, n=19) men and women were randomized to 

8-week exercise training (ET; 3 d/wk, 45 min/day) or a non-exercise control group (CON). 

Aerobic capacity was measured by VO2 peak test on a cycle ergometer. Plasma F2-

isoprostane responses to the I/R trial were measured across 7 time points: pre-trial, and 

15-, 30-, 60-, 120-, 180-, and 240-minutes post-trial. The I/R trial was completed before 

and after the 8-week exercise intervention or control arm. Results. There were no 

significant differences in I/R trial responses across age, sex, or groups randomized to 

training or control. Exercise training significantly improved I/R trial response compared to 

controls (p<0.01). This improvement was directly related to the degree of improvement in 

VO2 peak (Pearson correlation r = -0.464, p=0.003). Conclusions. These data 

demonstrate that the beneficial effects of moderate exercise in previously inactive adults 

elicit increased redox capacity that translates to an improved response to a non-exercise 

redox stressor regardless of age or sex. Furthermore, greater improvements in aerobic 

fitness resulted in greater resilience to the I/R-induced redox stress. 

ClinicalTrials.gov ID: NCT03419988 
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INTRODUCTION 

Exercise is one of the most powerful pleiotropic interventions available to reduce the risk 

of developing many chronic conditions [1-3]. Redox signaling is one of several critical 

mechanisms involved in adaptations to exercise [4-6]. These adaptations may also 

improve redox homeostasis and redox stress resilience to non-exercise stressors. 

However, investigations using randomized control trials combined with a dynamic redox 

perturbation and gold standard redox stress outcome measures are lacking. 

We have previously used forearm ischemia reperfusion trial as a dynamic non-exercise 

stressor to elicit oxidative stress measured by plasma F2-isoprostanes across multiple 

time points. Ischemia or hypoxia followed by reperfusion/reoxygenation is known to elicit 

formation of reactive oxygen species, from diverse sources including mitochondria and 

enzymes (see [7] for a detailed review of mechanisms). F2-isoprostanes are a reliable 

marker of lipid peroxidation, formed by nonenzymatic peroxidation of arachidonic acid [8]. 

Higher plasma F2-isoprostane levels are associated with increased risk for cardiovascular 

disease and atherosclerosis, lower cognitive performance in healthy older adults, and 

poorer clinical outcomes in elderly patients [9-12]. Our previous work has shown a 

significant relationship between an individual’s aerobic fitness level and the plasma F2-

isoprostane response to an ischemia reperfusion trial (I/R trial) in older adults [13], and 

that aerobic exercise training in a small pilot study of middle-aged adults improved their 
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response to the I/R trial [14]. We also demonstrated a preconditioning effect of a single 

acute exercise bout 16 hours prior to an I/R trial in young individuals, but this protective 

preconditioning effect was absent in older adults [15]. Together these data suggest older 

adults have impaired redox stress resilience, and that a single bout of exercise does not 

elicit a preconditioning effect, but aerobic exercise training may improve the response. 

However, the previous exercise intervention study did not employ a control group or 

young adults as a comparison, so whether or not exercise training improves the dynamic 

response to a non-exercise redox stressor requires confirmation. Therefore, the aim of 

this study was to investigate the effect of exercise training on F2-isoprostane response to 

a forearm ischemia reperfusion challenge using a randomized control trial design and 

including young and older men and women. We hypothesized that older adults would 

show elevated I/R trial responses compared to young adults before training, but that 

exercise training would improve I/R trial responses in older adults while young would 

improve but to a lesser degree than older adults. This study was part of a larger 

investigation examining the relationship between acute exercise signaling and regular 

exercise training in redox signaling systems, which have been reported elsewhere [16].  

 

MATERIALS AND METHODS 

Subjects. Twenty-six young (18-28y) and 29 older (60-77y) men and women from the 

surrounding community and campus completed screening for study participation. 

Subjects were eligible to participate if they were currently inactive as defined by no regular 

exercise for at least 6 months prior to study admission, as per self-report. Subjects were 
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generally healthy, not overly obese (BMI ≤ 33.0 kg/m2), non-smokers, and not taking 

antioxidant supplements in excess of a multi-vitamin. Any condition that would 

contraindicate maximal exercise testing or participation in exercise training including 

clinically significant electrocardiogram (EKG) abnormalities at rest or during the maximal 

exercise test, elevated blood pressure at rest or musculoskeletal problems excluded 

subjects from participating in the study. Women who were taking estrogen replacement 

therapy or birth control were excluded from participation as research has previously 

shown that estrogen has a significant effect on markers of oxidative stress [17]. All 

participants signed a written informed consent approved by the Northern Arizona 

University Institutional Review Board.  

 

Study Design. The study was an 8-week randomized controlled trial where young and 

older individuals were randomly assigned to either an exercise training intervention (ET) 

or a non-exercise control group (CON). Subjects completed pre-screening over the phone 

to determine eligibility for study participation. If there were no obvious exclusions, the 

subject was scheduled for a screening visit in the lab followed by a maximal graded 

exercise test on a cycle ergometer to determine baseline aerobic capacity (VO2 peak). In 

a separate visit, subjects completed the I/R trial to measure F2-isoprostane responses 

from blood samples taken at baseline and six additional time points as described below 

(figure 1).  After baseline testing was complete, subjects were randomized to ET or CON 

groups. Subjects randomized to CON were asked not to change their activity levels during 

the study and were offered the opportunity to receive the supervised exercise training 
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program after completing the control arm of the study as a way to minimize attrition. 

Subjects randomized to ET performed supervised aerobic exercise training three times 

per week for eight weeks (24 sessions). After the 8 weeks of either ET or CON, subjects 

returned to the lab and completed the same testing as performed before the intervention. 

To control for any potential confounding effects of diet on the I/R trial, subjects completed 

a 2-day food log prior to the baseline test and then were asked to consume the same diet 

for the two days prior to the post-intervention trial.   

Figure 1. 

 

Figure 1. Study design.  (A) Subjects were randomized to the eight-week exercise 
training intervention (ET) or non-exercise control (CON). VO2 peak testing and forearm 

Screening + VO2 Peak

Ischemia Reperfusion Trial
(IR Trial)

Exercise Training:
Standardized Progressive

Aerobic Exercise
3x/wk for 8 wks

VO2 Peak

IR Trial

≥2 days

≥2 days

A

B

Control:
Instructed not to

Change Activity Levels for
8 wks

I
(10)

I
(10)

I
(10)

R
(2)

R
(2)

Pre +15 +30 +60 +120 +180 +240I/R Trial



121 
 

ischemia/reperfusion trial were completed pre- and post-intervention. (B) Forearm 
Ischemia/Reperfusion (I/R) Trial: After a baseline blood draw (Pre), a blood pressure cuff 
was placed on the arm and inflated to 200mmHg for 10 minutes (Ischemia = “I” in black 
boxes) followed by deflation for 2 minutes (Reperfusion = “R” in grey boxes). This was 
repeated for a total of three ten-minute ischemic periods interspersed by 2 minutes of 
reperfusion each. After final cuff deflation, blood was drawn at 15-min, 30-min, 60-min, 
120-min, 180-min and 240-min post-I/R trial. 
 

Screening visit. After participants signed the informed consent, they completed a health 

history questionnaire and the modified Historical Leisure Physical Activity questionnaire 

for assessment of lifetime physical activity [18, 19]. Height, weight, waist circumference 

and resting blood pressure were measured and a 12-lead supine resting EKG was 

obtained to rule out any cardiac abnormalities that would preclude participants from 

performing a maximal aerobic capacity test. Body composition was measured using a 

Lange skinfold caliper for the seven-site skinfold method. Body density was calculated 

using normalized equations for men and women specified by age. The body fat percent 

equation by Siri et al. was used for final body fat calculations [20]. All skinfold measures 

were done by the same researcher to prevent intertester variability. 

 

Peak Oxygen Consumption Test. VO2 peak was measured with a graded exercise test 

(GXT) performed on a cycle ergometer as previously described [21]. The starting 

workload was selected based on the predicted maximal workload for each individual and 

was increased every minute until volitional exhaustion. Participants were instructed to 

maintain a pedaling rate of 60-70 rpm throughout the test. Oxygen uptake was measured 

via indirect calorimetry using a metabolic measurement cart (CareFusion, Yorba Linda, 
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CA). Heart rate and myocardial electrical activity were monitored with continuous 12-lead 

EKG. VO2 peak was considered achieved if two of the following three criteria were met: 

1) a plateau in VO2 with an increase in workload, 2) a respiratory exchange ratio (RER) ≥ 

1.10, or 3) heart rate within 10 beats of the age-predicted maximal heart rate [22]. 

Standard contraindications to exercise testing, as well as termination criteria, outlined by 

the American College of Sports Medicine were followed at all times [23]. 

 

Exercise Intervention. Subjects randomized to the exercise intervention performed 

supervised aerobic exercise training three times per week for eight weeks (24 sessions 

in total) at the Student Recreation Center. The intervention was progressive in duration 

and intensity and included a mix of moderate intensity continuous and high intensity 

interval aerobic training. All sessions were performed on either cycle ergometer, treadmill, 

or elliptical depending on subject’s preference and musculoskeletal limitations. Each 

session for the 8-week intervention was planned a priori and the intensity was based on 

heart rate relative to each individual. Thus, each participant (whether young or older) 

exercised at the same relative intensity and did the exact same workout for a given 

session. Durations started with 30-minute constant workload sessions and progressed to 

50-minute constant workload by the end of the intervention, while also progressing the 

intensity through increasing steady state heart rate range each week. High intensity 

interval sessions started modestly and progressed in intensity and duration each week. 

A mix of work:rest ratios were used to provide variation for subjects engagement as well 

as ensuring adequate range of intensity/duration combinations that meet ACSM weekly 
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exercise prescription recommendations [24]. Target RPE and HR range were provided 

for each individual every exercise session.  

 

Forearm Ischemia/Reperfusion (I/R) Trial. The I/R trial is a non-exercise stressor used 

to determine the subjects redox stress resilience and systemic cytoprotective 

mechanisms like the antioxidant defense system [13, 17]. The challenge consists of three 

bouts of ten-minute periods of ischemia using a blood pressure cuff on the arm inflated 

to 200mmHg separated by two minutes of reperfusion. Plasma F2-isoprostanes were 

measured from blood draws taken at baseline, and 15, 30, 60, 120, 180, and 240 minutes 

after the last cuff deflation (Figure 1B). At each time point, blood was drawn into 10mL 

SST tubes, inverted 5 times, and allowed to clot for 30 minutes. Tubes were then 

centrifuged at 3000rpm for 15 minutes at 4ºC. After centrifugation, 1800µL of plasma was 

aliquoted into 2mL microcentrifuge tubes and stored at -80ºC until further analysis. F2-

isoprostanes were analyzed as previously described [17]. Briefly, free F2-isoprostanes in 

plasma were quantified, after purification and derivatization, using gas 

chromatography/negative ion chemical ionization – mass spectrometry with [2H4] 15- F2t-

isoprostane as an internal standard [25]. Compounds were analyzed as 

pentafluorobenzyl ester, trimethylsilyl ether derivatives by monitoring mass-to-charge 

ratios of 569 and 573 for endogenous F2-isoprostanes and the [2H4] 15-F2t-isoprostane 

internal standard, respectively. These analyses were performed at the Vanderbilt 

University Eicosanoid Core Center.  
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Statistical Analyses. Baseline physical characteristics and demographics were 

analyzed across groups by 2 x 2 (age group x training group) ANOVA. Pre-intervention 

F2-isoprostane response to the I/R trial was analyzed by repeated measures ANCOVA 2 

x 7 (age x time) with sex, body mass (kg), body mass index (BMI), body fat percent (BF%), 

and waist circumference (WC) measurements placed in the model as covariates to control 

for any confounding effects of these measures on the I/R trial response. The integrated 

F2-isoprostane response was calculated for each individual and each trial as area under 

the curve (AUC) and area under the response curve (AURC) by the method of the 

trapezoidal rule [26]. For analyses in response to exercise training or control 

interventions, F2-isoprostanes were analyzed by 2 x 2 x 7 repeated measures ANCOVA 

(training group x intervention x time point). The change in AUC and AURC (∆AUC and 

∆AURC respectively) were calculated by subtracting Pre from Post (Post AUC – Pre AUC 

= ∆AUC) to determine the overall change in I/R trial responsiveness after training or 

control interventions. Since our previous work showed significant correlations between 

the I/R trial response and aerobic fitness, a Pearson correlation was used to assess the 

relationship between the degree of fitness improvement in response to training (∆ relative 

VO2 peak) and the ∆AUC or ∆AURC of F2-isoprostanes in response to the I/R trial. 

Statistical significance was set at p < 0.05 and all analyses were performed using SPSS 

27.0 (IBM Corp., Armonk, NY). Data are reported as mean ± SEM unless otherwise noted.   

RESULTS 

Subject characteristics. Twenty-nine older subjects and 26 young subjects were 

screened and of those 9 were disqualified due to exclusion criteria or declined to 
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participate before testing began (VO2 max too high n=1, declined to participate n=5, 

unable to contact n=3). A total of 46 individuals completed pre-testing and started the 

intervention. Four subjects were withdrawn by study personnel: two due to issues with 

blood draws and two due to medical issues (blood pressure dysregulation, arrhythmia at 

post-testing). Additionally, two young individuals dropped out citing time commitment. The 

data presented are from 21 young and 19 older individuals who completed the 

intervention, with equal representation between sexes (men n=20, women n=20).  

Baseline subject characteristics are shown in Table 1.   As expected, there were age-

related differences at baseline where the young individuals had significantly lower body 

mass, body mass index (BMI), and body fat percentage (BF%), as well as smaller waist 

circumference. Similarly, age-related differences in the response to maximal exercise 

testing showed expected results where young individuals had significantly higher VO2 

peak values compared to older adults (38.5 vs. 25.8 mL/kg/min, respectively, p<0.001), 

higher maximal heartrate (189 vs 148 bpm, respectively, p<0.001), and higher maximal 

workload (210 vs. 155 watts, respectively, p<0.001). Importantly, none of the baseline 

characteristics differed between those randomized to the ET intervention versus those 

randomized to the control group (see Table 1). 
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Table 1. Baseline physical characteristics 

 

Young Older p value 

CON 

(n=10) 

ET 

(n=11) 

CON 

(n=9) 
ET (n=10) Age 

Training 

Group 

Age x 

Training 

Grp 

Men / Women ratio 

(n) 
5 / 5 5 / 6 5 / 4 5 / 5 - - - 

Age 21.9 (± 3) 
21.6 (± 

3) 
65.1 (± 3) 68.3 (± 5) <0.001 NS NS 

Height(cm) 
177 (± 

11) 

171 (± 

10) 

172 (± 

13) 
170 (± 8.9) NS NS NS 

Mass(Kg) 
68.3 (± 

12.3) 

66.0 (± 

8.4) 

87.3 (± 

14.8) 

76.8 (± 

16.5) 
0.002 NS NS 

BMI (Kg/m^2) 
21.6 (± 

2.5) 

22.5 (± 

3.9) 

29.3 (± 

2.3) 

26.3 (± 

3.8) 
<0.001 NS NS 

Body Fat % 15 (± 7.5) 
17 (± 

10.3) 

29.9 (± 

3.9) 

25.2 (± 

4.2) 
<0.001 NS NS 

Waist 

Circumference (cm) 

76.7 (± 

6.7) 

76.6 (± 

6.4) 

102 (± 

10.2) 
93.5 (± 11) <0.001 NS NS 

HLPA 
2.83 (± 

0.3) 

2.95 (± 

0.6) 

2.86 (± 

0.9) 

2.36 (± 

0.47) 
NS NS NS 
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Blood Pressure 

(SBP/DBP) 
112/72 112/74 124/76 120/76 NS NS NS 

VO2 Peak Testing  

VO2 Peak (mL/min) 
2621 (± 

724) 

2563 (± 

554) 

2161 (± 

570) 

2067 (± 

510) 
0.01 NS NS 

VO2 Peak 

(mL/Kg/min) 

38.0 (± 

6.6) 

38.9 (± 

7.4) 

24.6 (± 

3.5) 

26.9 (± 

3.1) 
<0.001 NS NS 

Max Heart Rate 

(bpm) 
189 (± 9) 188 (± 8) 

145 (± 

21) 
150 (± 18) <0.001 NS NS 

RER 
1.21 (± 

0.06) 

1.28 (± 

0.1) 

1.31 (± 

0.05) 

1.28 (± 

0.08) 
0.04 NS NS 

WLMax (Watts) 
212 (± 

62) 

208 (± 

42) 

158 (± 

39) 
153 (± 41) 0.001 NS NS 

Data are mean (± SD). BMI – Body Mass Index, HLPA – Historical Leisure Physical 
Activity Questionnaire, RER– Respiratory Exchange Ratio, WLMax – Maximal workload 

 
Effects of age and sex on F2-isoprostane response to ischemia/reperfusion stress 

The I/R trial elicited a significant response across time in the whole cohort (p = 0.001). 

There was no significant effect of age in the baseline IR trial response. In fact, older 

individuals showed a slightly lower F2-isoprostane response to the IR trial at each time 

point compared to young (Figure 2A). There was a sex by time interaction (p = 0.022) 

shown by an earlier increase in plasma F2-isoprostanes in women compared to a more 

delayed response in men (Figure 2B). Interestingly when parsed by sex, the lower 

responses in older individuals were being driven by men (Panel C – young vs older men 

p = 0.009), while the opposite was true in women. Older women showed higher F2-
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isoprostane responses to the I/R Trial than younger women, although this was not 

significant (Panel D – young vs older women p = 0.4). There were no significant 

confounding effects of body mass, BMI, body fat percent, or waist circumference on F2-

isoprostane response to the I/R trial.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



129 
 

Figure 2.  

 

Figure 2. Pre-intervention F2-isoprostane response to the I/R trial by age and sex. The 
I/R trial elicited a significant response in F2-isoprostanes across the whole cohort (p = 
0.001). A) There were no significant differences across age (Young – black diamonds, 
Older – open circles). B) There was a significant sex x time interaction (Women grey 
triangles, Men – black squares, p = 0.022). This is illustrated by the faster rise in F2-
isoprostanes in women compared to men. Young men (YM – Black diamonds in panel C) 
were significantly higher than older men (OM –Open squares in panel C - age effect in 
men p = 0.009), while the opposite was true in women, where older women (OW – Open 
triangles in panel D) showed higher responses than younger women (YW – Grey triangles 
in panel D) although this was not significant. 
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Effects of the exercise intervention on cardiorespiratory fitness 

The effects of the intervention on changes in cardiorespiratory fitness and body 

composition were previously reported [16] but are included here as well for reference. 

Aerobic capacity increased significantly in ET (mean change: 4.5 mL/kg/min, +14.7%) 

and did not change in CON (mean change: 0.2 mL/kg/min, +1%), indicated by intervention 

by group interaction, p = 0.013 and main effect of group, p = 0.004.  Within the training 

group, there were no differences in the magnitude of improvement across age or sex 

indicating that the individuals who underwent training responded to the same degree 

regardless of age or sex.   There were no significant changes in resting blood pressure, 

maximal heart rate, and RER in either ET or CON. There were no significant changes in 

overall body mass in ET or CON, but there was a significant decrease in body fat mass, 

and waist circumference in ET, with no change in CON (one-way ANOVA ∆Body Fat %, 

p = 0.023, ∆waist circumference, p = 0.001).  

Exercise Training Improves I/R Trial Response Compared to Inactive Controls 

There were no differences in F2-isoprostane response to the I/R trial between exercise 

and control groups before the intervention. Exercise training significantly decreased 

absolute values of F2-isoprostanes response to the I/R trial after exercise training (Figure 

3A pre vs post) with no significant changes in the control group response (Figure 3B pre 

vs post) (pre-post intervention x training group interaction p = 0.008). The improvement 

seen in the trained group occurred in young and older individuals, with no significant 

differences in improvements across age (Figure 3 pre vs post in panel C and E). There 

was an interaction of Time x ∆ Relative VO2 Peak (p = 0.034), indicating a relationship 
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between changes in VO2 peak and the pattern of the I/R trial response. The sex by time 

interaction that was present pre-intervention was no longer present after the intervention. 

Figure 3 illustrates the training group versus controls as a whole cohort (Panels A & B), 

young (Panels C & D), older (Panels E & F), Men (Panels G & H) and Women (Panels I 

& J). In each case, the interaction of pre-post intervention by training group was significant 

(intervention x group p = 0.008), and there were no differences in the degree of 

improvement between age groups or sex.  The change in the overall response (AUC) was 

significantly decreased in response to exercise training but not in controls (training group, 

p = 0.009), with no significant differences between age or sex for the degree of 

improvement in the AUC. Pearson correlation showed a significant relationship between 

the improvements in relative VO2 peak (∆VO2 Peak) and the improvements in AUC for 

F2-isoprostanes response to the I/R trial (Figure 4, r = -0.464, p = 0.003).  
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Figure 3. 
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Figure 3. Exercise training and control intervention responses to the I/R trial in young and 
older adults. (A and B) ET and CON groups pre and post training or control arm. Panels 
C and D show young ET and young CON groups respectively. Panels E and F show older 
ET and older CON groups respectively. Panels G and H show men ET and men CON 
groups respectively. Panels I and J show women ET and women CON groups 
respectively. Both age groups and sexes showed improvements in I/R trial response after 
exercise training, while CON groups did not change. The I/R trial response to training or 
control intervention was not different between men and women.  

 

Figure 4.  

  
Figure 4. A) Changes in overall response (AUC) in response to exercise training versus 
control by age, and sex. There were no significant differences by age or sex, only a main 
effect of exercise training on reduction the F2-isoprostane response to the I/R Trial. B) 
Pearson correlation between the change in relative VO2 peak and the change in AUC for 
the I/R trial F2-isoprostane response for all subjects (r = -0.464, p = 0.003). Open circles 
(O) indicate CON group, closed squares ( ) indicate ET group. 
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signaling events and fluctuations in redox stress are highly dynamic, occurring at 

microscopic (nanoseconds – e.g., half-life of hydroxyl radical) and macroscopic 

timescales (hours/days – e.g., steady state changes in antioxidant enzyme protein 

content). Understanding the dynamic nature of redox stressors provides more valuable 

information than a single snapshot at one time point.  

The main finding of this randomized controlled trial was that an 8-week exercise training 

intervention improved the ability to respond to a redox challenge compared to a control 

group. These results are in agreement with our earlier studies demonstrating improved 

responses in middle-aged individuals in response to an exercise intervention and a cross-

sectional comparison between fit and unfit adults [13, 14].  Other studies have 

demonstrated lower F2-isoprostane levels in response to a 2-year calorie restriction in 

healthy adults or a combination of exercise and calorie restriction in patients with 

moderate to severe kidney disease [27, 28].  

These findings refute our initial hypothesis that older adults have higher levels of F2-

isoprostanes. The lack of age effects are puzzling given our labs previous findings [17] 

and other research showing increased oxidative stress with age. In the parallel set of 

experiments with this cohort, our results indicated that Nrf2 protein was significantly 

elevated in older adult PBMCs compared to young adults and the resulting dynamic Nrf2 

signaling response to an acute exercise trial was impaired because of this aberrant 

elevation in basal levels of Nrf2. Exercise training partially reversed this effect in older 

adults, however not to the same degree as young adults [16].  The divergent results in 

the current F2-isoprostane data suggest that alterations in protein thiol based redox 
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signaling (Nrf2-ARE signaling) do not necessarily correlate with lipid peroxidation 

products. One potential mechanism to explain these discrepancies is 

compartmentalization of redox signaling [29]. Therefore, it is possible that the location of 

F2-isoprostane generation is not in PBMCs and the mechanisms leading to increases in 

Nrf2 signaling in older adults, does not interact or affect F2-isoprostane generation and 

appearance in the plasma in response to a non-exercising stressor. Future work should 

attempt to delineate where F2-isoprostane generation occurs in response to the I/R trial 

and the relationship between lipid peroxidation and protein thiol redox status. 

Overall, across the cohorts, the degree of improvement in aerobic capacity (VO2 peak) 

correlated with the improvements in the F2-isoprostane response to the I/R trial (AUC).  

Previous research has shown that redox inter-individuality predicts the degree of 

improvement in fitness in response to an exercise intervention [30]. Other studies have 

reported that significantly lower levels of urinary F2-isoprostane levels in response to a 

year-long exercise intervention in postmenopausal women were only seen in those who 

had greater than 15% improvement in maximal oxygen consumption [31] while in young 

women an exercise intervention only lowered plasma F2-isoprostane levels in those who 

had the highest levels at baseline [32]. Whether or not F2-isoprostanes drive adaptive 

responses to exercise or exercise causes a decrease in F2-isoprostanes cannot be 

determined by our study design or previous work, however an intriguing concept 

nonetheless [30]. Regardless of mechanism, our data indicate that the biologically 

relevant and meaningful changes in fitness (VO2 peak) translate to changes redox stress 

outcome measures in healthy adults, and support existing data for the role of exercise in 

reducing risk for cardiovascular diseases through regulation of redox status [33].   
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The current study employed an exercise intervention that prescribed the minimum 

recommended weekly volume for adults by the American College of Sports Medicine 

(ACSM), however, it is possible that some individuals in this cohort might benefit from a 

higher volume based on previous research [34].  

It is important to recognize that basal redox stress levels do not provide information about 

the ability of the system to respond to a challenge, especially relating to the very dynamic 

nature of the redox response. This highlights a particular strength of the current 

investigation, using forearm ischemia/reperfusion to induce an oxidative stimulus.  Our 

primary outcome measure, F2-isoprostanes, are considered the gold standard for 

measuring oxidative stress in vivo [35], however future studies should incorporate 

additional measures of redox balance in response to the I/R trial to further understand the 

response and potentially apply these results in the clinical setting. Furthermore, the 

formation and bioactivity of F2-isoprostanes should be elucidated further with mechanistic 

investigations in response to the I/R trial. 

Limitations 

One limitation is that physical activity outside the exercise sessions or in the controls was 

not monitored. However, it seems unlikely that this played a role in our results because 

there were minimal changes in the control groups VO2 peak and F2-isoprostane outcome 

measures.  Another potential limitation is the minimal dietary control in this study. 

Information on potential group differences in diet composition could be valuable and help 

shed additional light on individual differences in responses. Finally, the comparisons 

made pre-intervention across sex were adequately powered, however once parsed by 
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age and training group, this study was no longer adequately powered to detect sex 

differences. This study was designed to investigate the effects of aging on the response 

to the exercise intervention versus controls.  Including a young group as a comparison to 

the older group is a strength but larger studies are needed to tease apart sex differences 

in redox responses to the I/R trial. 

Conclusions 

To our knowledge, this is the first randomized controlled trial to show that exercise training 

improves response to a non-exercise redox stressor, forearm ischemia/reperfusion 

challenge, in young and older men and women.  The mean improvement of approximately 

15% in aerobic capacity in response to the eight-week exercise intervention is similar or 

slightly better than reported in other exercise intervention studies [36]. The significant 

correlation between changes in aerobic capacity and changes in the I/R trial response 

corroborate previous findings in our lab [14] and suggest that exercise or physical activity 

recommendations should focus on increasing peak aerobic capacity in order to maximize 

changes in redox capacity. 
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ABSTRACT  

Introduction High intensity exercise is an increasingly popular mode of exercise to elicit 

similar or greater adaptive responses compared to traditional moderate intensity 

continuous exercise. However, the molecular mechanisms underlying these adaptive 

responses are still unclear. The purpose of this pilot study was to compare high and low 

intensity contractile stimulus on the Nrf2-mediated redox stress response in mouse 

skeletal muscle. Methods An intra-animal design was used to control for variations in 

individual responses to muscle stimulation by using a stimulated limb (STIM) and 

comparing to the contralateral unstimulated control limb (CON). High Intensity (HI – 

100Hz), Low Intensity (LI – 50Hz), and Naïve Control (NC – Mock stimulation vs CON) 

groups were used to compare these effects on Nrf2-ARE binding, Keap1 protein content, 

and downstream gene and protein expression of Nrf2 target genes. Results Muscle 

stimulation significantly increased Nrf2-ARE binding in LI-STIM compared to LI-CON (p 

= 0.0098), while Nrf2-ARE binding was elevated in both HI-CON and HI-STIM compared 

to NC (p = 0.0007). The Nrf2-ARE results were mirrored in the downregulation of Keap1, 

where Keap1 expression in HI-CON and HI-STIM were both significantly lower than NC 

(p = 0.008) and decreased in LI-STIM compared to LI-CON (p = 0.015). In addition, 

stimulation increased NQO1 protein compared to contralateral control regardless of 

stimulation intensity (p = 0.019). Conclusions Taken together, these data suggest a 

systemic redox signaling exerkine is activating Nrf2-ARE binding and is intensity gated, 

where Nrf2-ARE activation in contralateral control limbs were only seen in the HI group. 

Other research in exercise induced Nrf2 signaling support the general finding that Nrf2 is 

activated in peripheral tissues in response to exercise, however the specific exerkine 
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responsible for the systemic signaling effects is not known. Future work should aim to 

delineate these redox sensitive systemic signaling mechanisms. 

 

Key Words: High Intensity Exercise, Redox signaling, Nrf2-Keap1, Muscle 

Contraction 

 

INTRODUCTION 

 

Exercise induces beneficial adaptations through redox signaling cascades that are 

mediated by the redox stress response transcription factor nuclear erythroid related factor 

2 (Nrf2) [1-3]. The redox stress response system is a critical cytoprotective mechanism 

that protects both the cell from endogenous and environmental redox stressors and 

contributes to adaptive processes to exercise [4, 5]. The redox signal transduction 

cascade is a highly complex and coordinated system involving the generation of reactive 

oxygen species, the oxidation of redox-relay molecules or direct oxidation of sensor 

molecules with thiol switches like Kelch-like ECH-associated protein 1 (Keap1), and 

effector molecules that change activity, localization, protein-protein interactions, or 

protein turnover in response to the redox signaling cascade [6, 7]. The overall 

physiological adaptation resulting from redox signaling cascades depends on the rate of 

accumulation of these reactive species, and the steady-state levels of enzymatic and non-

enzymatic antioxidants [4], as well as the basal oxidation state of proteins with thiol-based 

redox switches [7-9].  
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Reactive oxygen species (ROS) generation is required for appropriate skeletal muscle 

adaptations to exercise such as mitochondrial biogenesis [10]. Inhibiting exercise-

induced ROS signaling with antioxidants impairs markers of mitochondrial biogenesis 

including AMPK and PGC1a activation [11-13], Nrf2 activation [2], and downstream gene 

expression [14]. Furthermore, there is a linear relationship between exercise-induced 

ROS accumulation and Nrf2 activation [15], which is dependent on the duration of the 

exercise bout [15, 16]. Nrf2 can also be activated in human skeletal muscle in response 

to supramaximal exercise of shorter duration [17], suggesting that longer durations are 

not required to induce Nrf2 activity if the intensity of the bout is high enough. High intensity 

interval training is a popular training method to obtain improvements in cardiorespiratory 

fitness quickly and efficiently, partly through increases in mitochondrial biogenesis – 

processes that are redox signaling dependent [10, 18-20].  

 

The molecular pattern of redox signaling responses can differ depending on the intensity 

of the exercise which leads to different adaptations and resulting phenotypes [21-23]. 

However only two studies to date have directly compared moderate intensity and high 

intensity exercise and Nrf2 activation, one in human peripheral blood mononuclear cells 

(PBMCs), and one in human skeletal muscle [24, 25]. There were no differences in Nrf2 

signaling between exercise intensities in either human PBMCs or human muscle  [24, 

25]. However other studies comparing different exercise intensities have shown divergent 

redox signaling effects in other redox proteins, highlighting some interesting caveats in 

the field [26]. Therefore, more detailed and well controlled studies comparing differing 

intensity stimuli on Nrf2 redox stress response signaling are needed. 
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One issue regarding the redox stress response to exercise, is the considerable variability 

in the adaptive signaling responses across individuals [27]. This makes it difficult to 

predict the hormetic response, and thus the overall adaptation to regular exercise, and 

impacts the ability to effectively prescribe exercise to clinical and non-clinical populations. 

Therefore, the purpose of this pilot study was to test high and low muscle stimulation 

intensities on redox stress responses in mouse skeletal muscle using a within-animal 

study design to control for any intra-animal variation in responses to the contractile 

stimulus, as well as a between-animal control using a mock stimulation condition. We 

hypothesized that high intensity stimulation would lead to greater adaptations and 

activation of Nrf2 signaling compared to low intensity exercise. Here we show a novel 

systemic Nrf2-ARE activation mechanism gated by high intensity stimulation but not low 

intensity stimulation that increases Nrf2-ARE binding by acting through inhibition of the 

negative regulator Keap1. 

 

METHODS 

Animals – Young (6mo) C57BL/6 male mice were received from the Jackson Labs. All 

mice were maintained at 21°C on a 14/10 light/dark cycle and given standard mouse 

chow and water ad libitum. The study was approved by the University of Washington 

Institutional Animal Care and Use Committee (IACUC) and the tissue transfer was 

approved by the Northern Arizona University IACUC. 

Study Design – There were three experimental groups for this study (Figure 1): High 

intensity stimulus (HI, n=5), low intensity stimulus (LI, n=5), and naïve unstimulated 
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control (NC, n=5). An intra-animal study design was used for HI and LI groups to control 

for within animal variation, where the stimulated (STIM) limb was used as the exercise 

condition and contralateral unstimulated (CON) limb was used as the non-exercise 

control. The Naïve Controls (NC) were used as the inter-animal controls and were 

anesthetized for the same amount of time as the other two groups before both hind limbs 

were harvested, but no muscle stimulation occurred in either limb. Naïve controls were 

used to control for systemic effects that could affect both limbs in the HI and LI groups. 

Nrf2-mediated redox stress response signaling was compared between each group (HI, 

LI, & NC) as well as paired comparisons within animals unstimulated control and 

stimulated (exercised) limbs (Figure 1).  

Figure 1. Study Design 

 

In Vivo Muscle Stimulation – Muscle stimulation was performed on the right leg of 

anesthetized mice (1-2% isofluorane) resting on a heated plate at 37°C as previously 

described [28]. The knee was secured, and foot taped to a footplate perpendicular to the 

tibia. The footplate was connected to a force transducer (Aurora Scientific, ON, Canada). 

The tibial nerve was stimulated using Grass Stimulator (S88X, Astro Med, Inc.) at optimal 
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voltage (1-4V) that was selected by measuring maximal isometric torque of plantarflexion 

during isometric contractions (200ms train, 0.1ms pulse, 100Hz). Following optimization, 

the plantarflexors underwent a fatigue protocol with isometric contractions (200ms train, 

0.1ms pulse) induced by a high (100Hz) or low (50Hz) stimulation frequency every fourth 

second for 30 minutes. Following the fatigue procedure, the electrodes were removed 

and the was leg released from the instrument. While on anesthesia, mouse remained on 

the heated plate until muscle harvest. The gastrocnemius and soleus muscle from the 

stimulated and unstimulated legs (contralateral control) were removed 30 minutes after 

the end of muscle stimulation and flash frozen in liquid nitrogen and stored at -80˚C. 

Animals were euthanized through cervical dislocation. 

 

Gene Expression – Soleus muscles were homogenized in RLT buffer (+ 1% BME). RNA 

extraction was done using RNeasy Plus Mini Kit following Proteinase K digestion and 

elimination of DNases using RNase-free DNase kit (all reagents from Qiagen). Isolated 

RNA was then converted to cDNA using Bio-Rad iScript kit and RT-qPCR using Bio-Rad 

SYBR Sso Advanced. Samples were analyzed using the ∆∆Ct method.  A panel of six 

housekeeping genes were used to determine which were the best three genes to use for 

internal controls (Table 1). The geometric mean for the three most stable housekeeping 

genes were used to quantify changes in target gene mRNA expression in response to 

stimulation [29]. All primer sequences are listed in Table 1. 
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Table 1. Primer Sequences for RT - qPCR  

Gene Forward Primer Reverse Primer 

RPL41 GCCATGAGAGCGAAGTGG  CTCCTGCAGGCGTCGTAG  

RPL27 AAGCCGTCATCGTGAAGAACA  CTTGATCTTGGATCGCTTGGC  

RPL7L1 ACGGTGGAGCCTTATGTGAC  TCCGTCAGAGGGACTGTCTT  

RER1 GCCTTGGGAATTTACCACCT  CTTCGAATGAAGGGACGAAA  

ACTB CCTCGCCTTTGCCGA TGGTGCCTGGGGCG 

PPIA CCCACCTGTTTCTTCGACAT CCATGTCTCAGAGCACGAAA 

HMOX1 CCTCACTG GCAGGAAATCATC  CCTCGTGGAGACGCTTTACATA  

NQO1 GGGTCGTCTTGGCAACCA  CAGATGTTGAGGGAGGATCGTAA  

GCLC GCTGTCTTGCAGGGAATGTT ACACACCTTCCTTCCCATTG 

GSTP1 GCTCTTACCACGTGCAGCTT  GGCTGGGAAGAGGAAATGGA  

GSR GCTATGCAACATTCGCAGATG  AGCGGTAAACTTTTTCCCATTG  

NFE2L2 CGAGATATACGCAGGAGAGGTAAGA  GCTCGACAATGTTCTCCAGCTT  

 

Glutathione Content – Intracellular glutathione levels were measured as previously 

described [30] using a spectrophotometric assay based on the affinity of 2,3-

naphthalenedicarboxaldehyde (NDA) for g-glutamylcysteinylglycine (GSH). Skeletal 

muscle (10-20mg) was homogenized in ice-cold Locke’s buffer (10 mM HEPES, 5.5 mM 

KCl, 10 mM glucose, 5 mM NaHCO3, and 130 mM NaCl). A portion of the homogenate 
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was set aside for protein quantification using a Bradford assay. An equal volume of 

200mM 5-sulfosalicylic acid dehydrate (SSA) was mixed in. After resting on ice for 15 

minutes the samples were centrifuged at 12,000 x g for 3 minutes at 4 °C. The 

supernatant was plated into a 96 well plate in duplicate. Standards with known GSH 

concentrations (0-50µM) were also plated in duplicate. 0.2 M NEM/0.02 M KOH were 

added to each well followed by 10 mM TCEP. After a 20-minute incubation at room 

temperature, 0.5 N NaOH was added followed by 10mM NDA. After a 30-minute 

incubation the plate was read at fluorescence intensity using 472 (excitation) and 528 

(emission). GSH levels were assessed using the standard curve and normalized to 

protein concentration.  

 

Western Blotting – Gastrocnemius muscles were homogenized on ice for 5 minutes in the 

presence of 25µl of Cell Lytic MT cell lysis buffer (Sigma-Aldrich) per mg of tissue. Lysis 

buffer was supplemented with 0.1% protease inhibitors (Sigma-Aldrich) and 0.2% 

phosphatase inhibitor (ThermoFisher). Following homogenization, aliquots were taken 

from original samples for Bradford assays to determine protein concentrations. Next, 

sample buffer was added to the original sample then boiled and stored at -80˚C. Thirty 

micrograms of protein were separated by gel electrophoresis in each well followed by wet 

transfer on to nitrocellulose membranes and one hour blocking in TBS + 5% non-fat dry 

milk. Blots were incubated with Keap1 (EPR22664-26, Abcam, Cambridge MA) GCLC 

(EP12345, Abcam), GSR (Santa Cruz Biotech, Dallas TX), HO1 (Cell Signaling 

Technology, Danvers MA),  or NQO1 (Cell Signaling Technology, Danvers MA) 
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monoclonal antibodies to detect proteins with Ponceau S, used for loading controls (Cell 

Signaling Technology, Danvers MA). 

 

Nrf2-ARE Binding Assay – Gastrocnemius muscles were homogenized, lysed, and 

nuclear fractions extracted per manufacturer’s instructions (Nrf2-ARE binding kit, 

TransAM, Carlsbad CA). Briefly, samples were homogenized in a 1:30 ratio (mg tissue:µl 

buffer) followed by centrifugation, isolation, and lysis of the nuclear pellet. After Bradford 

assays were run to determine protein content in nuclear fractions, nuclear lysates were 

incubated in a 96 well plate coated with ARE consensus oligonucleotides for Nrf2 Binding. 

Following three washes, primary Anti-Nrf2 antibodies were incubated (1:1000) in each 

well used to detect Nrf2 followed by secondary antibody incubation and colorimetric 

development. Absorbance was read at 450nm on a Synergy HT plate reader (Bio-Tek, 

Winooski, VT).  

 

Statistical Analysis – For all measures, a three by two repeated measures ANOVA 

(Intensity group by Stimulation condition) was run for analysis of intensity group 

differences, stimulation differences and their interaction. Tukey’s post hoc analysis was 

used for CON vs STIM pairwise comparisons within group. All relevant p values reported 

are adjusted p values using Tukey’s multiple comparisons post hoc analysis. Statistical 

analysis was performed using SPSS (IBM, version 27) and GraphPad Prism software 

(San Diego, CA). 
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RESULTS 

 

Muscle stimulation 

The results from the muscle stimulation protocol in HI and LI are shown in figure 2. The 

force output of a tetanic contraction at 100Hz was not different between groups (12.1 mN-

m ± 0.9 and 11.9 mN-m ± 1.7 for LI-STIM and HI-STIM respectively). The fatigue protocol 

at HI-STIM led to a final force output that was 27.7% ± 5.6 of initial 100Hz tetanus, and 

LI-STIM led to a final force output that was 12.8% ± 5.6  of a 100Hz tetanus and 37.3% ± 

2.8 of the initial 50Hz contraction.  

 

Figure 2. Muscle force output and fatiguing stimulation. 

Figure 2. A) Both low and high intensity stimulation groups had similar maximal tetanic 
force at 100Hz. B) The absolute force (mN-m) over time in response to either High 
(100Hz) or Low (50Hz) intensity stimulation frequency. C) The normalized force to 
maximal tetanus. Data are Mean ± SD.  
 

Stimulation Intensity Reveals Divergent Effects on Nrf2-ARE Binding and Keap1 Protein 

Dynamics in Skeletal Muscle 

Nrf2-ARE binding was low under basal unstimulated conditions (Figure 3A, Naïve Control 

group and LI-CON condition). There was a significant interaction between stimulation 

condition by intensity (RM ANOVA Group x Stimulation condition, p = 0.005), where Nrf2 
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ARE binding significantly increased in LI-STIM condition compared to LI-CON (Figure 3A, 

** p = 0.047), while NC and HI were not significantly different between conditions (Figure 

3A, HI-CON vs HI-STIM, or both NC-CON conditions). Nrf2-ARE binding was significantly 

higher in the HI group under both conditions compared to NC group (Figure 3A, ## p = 

0.007). Keap1 showed a significant main effect of intensity indicated by the difference 

between high intensity and naïve controls (Figure 3B, ##p = 0.008). There was also an 

interaction of stimulation by intensity (p = 0.035) and a main effect of stimulation (p = 

0.016). The interaction of stimulation by intensity was driven by a significant decrease in 

Keap1 protein in LI-STIM condition compared to LI-CON (Figure 3B, *p = 0.015) with no 

changes between CON vs STIM conditions in HI or differences between the two NC-

CON. There were no differences in total glutathione content across groups, or in response 

to stimulation within groups (Figure 3D).  
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Figure 3. Nrf2-ARE Binding and Keap1 Protein Expression in Response to Skeletal 

Muscle Stimulation 

 

Figure 3. Keap1-Nrf2-ARE signaling response to high and low intensity stimulation and 
total glutathione content. A) Nrf2-ARE binding is low under basal unstimulated conditions 
(Naïve Control group and LI CON condition) but increases in response to low intensity 
stimulation (LI-CON vs LI-STIM, * p = 0.047). Nrf2-ARE binding is significantly higher in 
the HI group compared to NC group (## p = 0.007) . B) Keap1 content is unchanged 
between limbs in the Naïve Control group or the LI-CON, however there is a significant 
decrease in Keap1 content in the LI-STIM limb (*p = 0.015). Keap1 content is significantly 
lower in the HI group under both conditions compared to NC (##p = 0.008).  C) Nrf2:Keap1 
ratio illustrates the same pattern as either Nrf2-ARE binding or Keap1 protein content 
alone (HI vs NC, #### p < 0.0001). D) Total glutathione content was not different across 
groups and did not change significantly in response to stimulation. Representative 
western blot image of Keap1 protein is shown in Figure 5B. Keap1 was normalized to Left 
hind limb of the NC group. Data are presented as mean ± SEM.  
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Gene expression responses to skeletal muscle stimulation 

A panel of six housekeeping genes were used to assess their stability in response to 

skeletal muscle stimulation (Figure 4A and 4B). Variability from CON to STIM conditions 

was assessed for each housekeeping gene (Figure 4A) as well as variation by intensity 

group (Figure 4B). RPL41, RPL27, and RPL7l1 were selected as the best genes to use 

for analysis because their within animal variation was lowest across groups (∆Cq in 

response to stimulation was minimized). Target gene fold change was calculated using 

the geometric mean of the 3 housekeeping genes with the ∆∆Cq method. Target gene 

responses to muscle stimulation were not significantly different from CON or across 

intensities, although there was a trend for an increase in GCLC mRNA expression in 

response to stimulation (Figure 4C, p = 0.06).  

 

Figure 4. Gene Expression of Redox Stress Response Genes to Skeletal Muscle 

Stimulation 

Figure 4. A) Housekeeping gene average Cq change (∆ Cq) in response to skeletal 
muscle stimulation. B) Housekeeping gene average Cq change (∆ Cq) by group. Based 
on these results RPL41, RPL27, and RPL7l1 were selected for housekeeping genes. C) 
Effects of high intensity (H), low intensity (L) muscle stimulations, and control (C) for target 
genes HMOX1, NQO1,  GCLC, GSR, and NFE2L2 fold change from unstimulated muscle 
(dotted line). In Naïve Controls the mock stimulated muscle (right limb) was compared to 
the unstimulated control (left limb in all cases). There were no statistically significant 
increases in gene expression in response to stimulation in either group, although GCLC 
showed trends for increases regardless of intensity groups. RPL41, RPL27, and RPL7l1 
were used for analysis of target gene fold change. H = High intensity stimulation group, L 
= Low intensity stimulation group, C = Naïve control group. 
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Changes in redox stress response proteins in response to skeletal muscle stimulation 

There was a main effect of intensity for HO1 Protein expression (p = 0.01) with HO1 

significantly elevated in the high intensity group compared to the Naïve controls (Figure 

5C, p = 0.003). There was a significant effect of stimulation condition on NQO1 protein 

(Figure 5D, p = 0.019) with no differences between high and low intensity stimulus and 

no differences between stimulation groups. There was a significant main effect of 

stimulation on GCLC protein content where the stimulation condition decreased GCLC 

protein slightly (Figure 5E, p = 0.03) with no differences between groups. There were no 

significant differences between groups or in response to muscle stimulation for GR protein 

(Figure 5F).  
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Figure 5. Redox stress protein response to muscle stimulation. 

 

 

 

 

 

Figure 5. Redox stress protein response to muscle stimulation. A) Representative 
Ponceau S stain, B) Representative western blot images. C) Heme Oxygenase 1 protein 
is significantly elevated in both conditions of  the high intensity group compared to the 
Naïve control group (p = 0.002). D) NQO1 protein increased significantly in response to 
stimulation (Stimulation condition p = 0.019), with no differences between intensities, or 
across groups. E) GCLC decreases slightly in stimulation conditions regardless of 
intensity (Stimulation condition p = 0.03) with no differences between groups. Glutathione 
reductase is unchanged in response to muscle stimulation or across intensity groups. All 
values are normalized to left limb of the NC group and set equal to 1 for western blot 
graphs. 
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DISCUSSION 

 

Exercise is one of the most powerful pleiotropic interventions to improve health and 

fitness. These health benefits are mediated in part by redox signaling responses to an 

exercise bout, including activation of the inducible redox stress response transcription 

factor Nrf2. Nrf2 mediates hundreds of different cytoprotective and metabolic genes 

increasing metabolic and redox capacity with repeated transient stressors like exercise 

training. Recently there has been an increased interest in using high intensity interval 

exercise as a more time efficient way to elicit beneficial adaptations [18]. How the 

molecular signature from high intensity exercise differs from moderate intensity exercise 

is still unclear. The aim of this pilot study was to investigate the effects of high intensity 

and low intensity muscle stimulation on redox stress response markers in mouse skeletal 

muscle. 

 

Previous studies on Nrf2 signaling responses to exercise have used whole animal 

treadmill exercise, measuring Nrf2 in several different tissues [2, 15, 16, 31-37], or whole-

body exercise in humans [1, 17, 24, 25, 38-40]. We have recently shown that basal levels 

of Nrf2 affect its inducibility to an acute exercise bout in humans  [39]. Therefore, in order 

to control for intra-animal variations in basal redox homeostasis and basal Nrf2 activation, 

we elected to use an intra-animal design, where the right limb of the animals were 

stimulated with either high intensity or low intensity muscle stimulation, while the 

contralateral unstimulated limb served as the internal control. Unexpectedly, we found 

that both stimulated and contralateral unstimulated limb of the high intensity group 



161 
 

showed increased Nrf2-ARE binding activity. This is in contrast to the low intensity group 

where Nrf2 was low in the unstimulated contralateral control limb, but significantly 

increased in the stimulated limb. The low levels of Nrf2-ARE binding in both Naïve control 

limbs confirm that Nrf2 activity is low in resting healthy tissue.  

 

Western blots of Keap1, the negative regulator of Nrf2, show opposite effects, where 

Keap1 protein is highly expressed in both naïve control limbs, and the low intensity control 

limb, as predicted with  the low levels of Nrf2-ARE binding. Keap1 decreases in response 

to low intensity stimulation, releasing the inhibition on Nrf2 and resulting in  increase in 

Nrf2 activation and ARE binding in low intensity stimulation. Keap1 is lowly expressed in 

both control and stimulated limbs of the high intensity group, in line with the increases in 

Nrf2 activation in both stimulated and contralateral control limbs. The ratio of Nrf2-ARE 

binding to Keap1 content also illustrates the relationship between Keap1 protein and Nrf2-

ARE binding. A recently published paper reported significant decreases in Keap1 content 

after acute exhaustive exercise in human skeletal muscle and concomitant increases in 

Nrf2 [17], our data here are in agreement with these results. Together these data 

demonstrate i) Basal Nrf2 activation is low under resting or unstressed conditions in 

young adult skeletal muscle; ii) Nrf2 activity is inducible in response to muscle stimulation; 

iii) high intensity, but not low intensity muscle contraction, activates Nrf2 even in 

unstimulated muscles; and iv) Keap1 protein content mirrors these findings, indicating 

these inducible Nrf2 responses are acting through canonical Keap1 inhibition in response 

to skeletal muscle stimulation.  
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We measured gene expression 30 minutes after the muscle stimulation was finished. The 

timing may have been a limitation in detecting peak changes in gene expression of these 

redox stress response genes because there were no statistically significant increases. 

We and others have shown Nrf2 regulated genes to be induced between 1-4 hours after 

completion of an exercise bout [38, 39]. However, these results were in human PBMCs, 

and given that NQO1 protein content increased in response to stimulation in the current 

investigation, the gene expression may occur earlier in skeletal muscle than in PBMCs. 

Therefore, future research will utilize different timepoints to assess gene expression 

changes.  

 

Our results show minimal changes to GSR, and slight but significant decreases in GCLC 

protein in response to muscle stimulation. The decrease in GCLC here is likely a temporal 

effect, where the acute stimulation increases proteasomal activity causing decreases in 

constitutively expressed proteins like GCLC, and the increase in protein likely occurs after 

the increase in mRNA expression. We have shown that GCLC protein increases 

significantly eight hours after a single bout of exercise, which is dependent on the 

increases in mRNA at 1 and 4 hours after completion of the exercise bout [39]. Therefore, 

increasing the time of skeletal muscle harvest would likely capture greater GCLC protein 

accretion in response to the exercise bout. 

 

In contrast to GCLC protein expression, HO1 and NQO1 protein increased, albeit in 

different patterns, in response to muscle contraction. The elevated HO1 expression in 

both limbs of the high intensity group mirrors the activation of Nrf2 and suggests that HO1 
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protein expression is rapidly increased and intensity dependent. HO1 mRNA induction 

has also been shown to be intensity or dose dependent in human skeletal muscle, 

supporting these findings [41]. NQO1 protein was inducible in response to muscle 

stimulation in both high and low intensity muscle stimulation, with no significant 

differences between groups. NQO1 induction in response to exercise has been 

demonstrated in other reports [42] and is highly dependent on Nrf2 induction [43]. The 

fact that NQO1 mRNA was not statistically significant but the protein was, suggests that 

the time course for NQO1 mRNA accretion and protein is shifted closer to the exercise 

bout than GCLC mRNA. This poses an interesting paradox where some redox stress 

response genes are early response genes, while others may be late response genes. 

This may be due to other inducible transcription factors and inhibitors differentially 

regulating phase II antioxidant genes. For example, NF-kB is known to also regulate 

GCLC/M gene transcripts [44] which could be responsible for the discrepancies between 

gene transcripts and protein accumulation in our results. 

 

Taken together, these data suggest that there is an intensity gated redox sensitive 

exerkine released from high intensity contraction, but not low intensity contraction, that is 

driving these divergent Nrf2 signaling events in response to high and low intensity 

exercise, respectively. Recent work has shown that pH gated release of succinate is a 

myokine involved in adaptive responses to exercise [45]. Others have shown that 

peroxiredoxins and thioredoxins are released into the blood plasma compartment in an 

intensity and time dependent manner in response to high intensity, but not moderate 

intensity exercise in humans [26]. While we cannot ascertain what exerkine is involved 
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with our current results, the literature suggest that intensity gating mechanisms may 

explain the divergent effects seen in molecular responses to exercise, and that these 

mechanisms may be redox dependent [24, 26, 46]. This intensity gated systemic redox 

signaling model is illustrated in Figure 6, where the signal is released into the blood 

stream in response to the high intensity exercise and activates Nrf2 signaling in the 

contralateral unstimulated muscle, while low intensity muscle stimulation does not meet 

the threshold to propagate a systemic redox signaling response. 
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Figure 6. Model of systemic redox exerkine signaling is gated by muscle stimulation 

intensity 

 

Figure 6. High intensity muscle contraction induces release of a redox active exerkine 
that travels through the blood stream and acts on unstimulated skeletal muscle. This 
effect is not seen in low intensity contralateral control muscle, suggesting the redox 
exerkine release from skeletal muscle is intensity gated. In other words, this redox 
exerkine is only released upon stimuli above a certain stress threshold or is released at 
lower intensities but not at sufficient concentrations to cause signaling effects in other 
tissues.    
 

 

 

Strengths, Limitations, and Future Directions 

The strength of the current study is the utilization of multiple controls to assess skeletal 

muscle redox signaling: Internal contralateral unstimulated control limbs compared to 

stimulated limbs, as well as Naïve Control animals with control limbs and “mock” 
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stimulated control limbs. However, one limitation is the redox balance measures in this 

cohort. Total glutathione was measured, but after partitioning the sample for each assay 

there was not enough left to perform any additional measures of NAD+/NADH ratio, ROS 

production assays, or other redox balance measures. While additional redox balance 

markers would provide a more complete picture, perhaps more relevant to the current 

study is thiol redox status in target proteins. Future work should investigate protein thiol 

redox state in key signaling proteins like Keap1 in response to exercise. It is well known 

that Keap1 thiols are oxidized in response to oxidative stress, and that these modifications 

activate Nrf2. However, we are unaware of any study that has directly investigated the 

redox status of Keap1 protein thiols in response to exercise specifically. Furthermore, in 

studies measuring Nrf2 in tissues other than muscle tissue, it is still unclear how redox 

signaling mechanisms are being propagated.  

 

Future investigations should aim to identify the redox exerkine responsible for systemic 

signaling effects in the inducible redox stress response signaling system. In these studies 

that demonstrate exercise induced Nrf2 activation in peripheral tissues like nervous 

tissue, PBMCs, and lung tissue, and the current investigation, it is unlikely that superoxide 

and hydrogen peroxide are viable secondary messenger signaling candidates given their 

half-life and concentration of extracellular enzymes capable of quenching these signals. 

The prerequisite for this specific redox myokine is that it is stable enough to travel through 

the bloodstream and affect other peripheral tissues, including skeletal muscle. It is also 

possible that there is a relay of some kind, where the exerkine can bind to a surface 

receptor on a neighboring cell that initiates an intracellular signaling cascade which elicits 
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ROS production. The sheer number of possible candidate-myokines including proteins, 

lipids, RNA, exosomes, and microRNAs that could be responsible for the peripheral redox 

signaling makes this a difficult task. These findings are consistent with previous literature 

on high intensity exercise eliciting different molecular signaling cascades than low 

intensity exercise and illustrate an interesting dichotomy between low intensity and high 

intensity exercise. However, this is the first report that we are aware of demonstrating 

Nrf2 activation in response to high intensity but not low intensity exercise in a contralateral 

non-exercised muscle. These findings provide exciting future directions to unveil the novel 

signaling mechanisms highlighted here. 

Conclusions 

This pilot study set out to test the effects of muscle contraction intensity on Nrf2-mediated 

redox signaling. The current study design demonstrates a muscle contraction induced 

systemic redox signaling that appears to be intensity gated; where contralateral 

unstimulated muscles are responding to high intensity, but not low intensity stimulation. 

These effects are exerted in part on the Keap1-Nrf2-ARE signaling axis, as well as 

downstream gene and protein expression for the major Nrf2 targets: NQO1 and HO1 

protein. While these data are still preliminary, follow-up experiments are being designed 

to confirm these findings, including discovering the type of molecule or set of molecules 

responsible for these systemic redox signaling effects. 
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ABSTRACT 

Reactive oxygen species (ROS) produced during acute exercise can act as second 

messengers to drive improvements in metabolic capacity and redox stress response 

proteins. The transient nature of the ROS signal during and immediately after exercise 

makes this beneficial to the organism. Nuclear factor erythroid 2-related factor 2 (Nrf2) is 

an inducible redox stress response transcription factor responsible for transcribing 

hundreds of different antioxidant and metabolic enzymes that regulate the adaptive 

response to exercise. Nrf2 increases activity in response to acute exercise, leading to 

increased gene transcription and protein content. Habitual oxidative distress induced by 

inactivity, chronic overfeeding, and age-related mitochondrial dysfunction also increase 

Nrf2 under basal conditions. While this is initially protective, the increase in Nrf2 drives a 

ceiling effect that prevents Nrf2 from responding further to additional transient stimuli like 

acute exercise. Exercise training improves Nrf2 signaling responses in young healthy, 

and to a degree in aged humans. The increase in Nrf2 signaling magnitude after training 

in young healthy humans cannot be explained by traditional views of the antioxidant 

defense system solely as ROS quenchers. Recent studies have shown that enzymes like 

peroxiredoxins and glutathione S-transferases actively participate in the redox signaling 

space as redox relay intermediates during acute oxidative eustress. These data provide 

a more complete explanation of the observed Nrf2 signaling effects seen in response to 

exercise, although need to be experimentally confirmed. Thus, basal redox balance 

affects acute responses to oxidative stimuli and the interaction between acute and chronic 

stimuli determine, in part, whether the stimuli is a eustress or a distress.  Furthermore, 
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the redox relay mechanisms played by traditional antioxidant enzymes are novel 

paradigm shift with major implications in exercise physiology. This is an exciting time in 

the redox biology and exercise field, but these models require further investigation. 

 

Key Words: Nrf2 signaling, Redox Stress Response, Exercise Adaptation,  

 

Introduction 

 

Eustress is defined as moderate or normal physiological or environmental stress that is 

beneficial to the organism. Distress occurs when physiological or environmental stress is 

of sufficient duration or intensity to overwhelm the system and cause damage or 

dysfunction to the cell, tissue, organ, or organism. Acute exercise is a powerful 

physiologic eustress altering metabolic flux to meet the demands of the contracting 

skeletal muscle. Repeated application of this physiological stimulus, as in regular exercise 

training, leads to steady state changes in protein content and beneficial health effects. 

These favorable adaptions are regulated in part by reactive oxygen species (ROS) 

production during the exercise bout – oxidative eustress. ROS accumulation initiates 

redox reactions with protein thiols that act as redox switches, altering protein localization, 

turnover, interacting partners, or enzyme activity [1, 2]. Thus, an acute exercise bout can 

temporarily alter the vicinal milieu within a subcellular compartment to a more oxidized 

microenvironment leading to constructive changes in redox status, and subsequently 

resulting in beneficial long-term adaptations through changes in gene expression and 

protein content [3-8] (Figure 1). 
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Figure 1. 

 

Figure 1. Acute exercise (EX) acts as a transient stimulus to produce ROS. This alters 
the redox microenvironment within the cell, activating redox signaling responses and 
adaptive changes in cellular capacity and stress resilience. 
 

ROS act beneficially under physiological concentrations. However, past a certain 

threshold, ROS can cause hyperoxidation of protein thiols, formation of DNA adducts and 

lipid peroxidation products, potentially leading to accumulation of macromolecular 

damage and resulting dysfunction [9, 10]. Oxidative distress can occur in response to 

acute exercise if the exercise bout is sufficiently intense [11]. However, the increases in 

markers of DNA damage in response to high intensity exercise are often temporary and 

may therefore not be associated with any permanent dysfunction [11].  Chronic oxidative 

distress is more commonly seen with aging, sedentary behavior, and overfeeding, driven 

by elevated basal levels of mitochondrial ROS production [12-16]. This increase in basal 
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ROS results in site-specific occupancy of oxidized protein thiols leading to aberrant redox 

signaling and dysfunctional responses to subsequent redox stressors [13]. The key 

aspect of exercise-induced oxidative signaling is that the signal is constrained by the 

duration and intensity of the bout – in other words the oxidative stress is transient. This is 

in contrast to chronic low grade oxidative stress seen in aging and overfeeding diseases 

like type 2 diabetes where the oxidative distress is constant [13-18]. However, effects of 

aging may also be due to other mechanisms. Recent proteomic data in a mouse model 

has demonstrated that aging is associated with reprogramming of redox signaling that is 

distinct from that of young resulting in the loss of redox networks involved in tissue 

regulation [19]. The differences between acute and chronic ROS production may be 

relevant for describing the threshold between what constitutes an oxidative eustress and 

oxidative distress signal. This threshold is intrinsic to the hormesis model of exercise 

induced ROS production [20], however where this threshold lies is difficult to quantitatively 

define and will likely vary depending on reactive species [1] and is therefore difficult to 

assess where the signal stops being an adaptive eustress. 

 

Sites of ROS generation and chronic oxidative distress 

 

ROS can be generated from many different enzymatic and non-enzymatic sites in the 

cell, including mitochondria, NADPH oxidases (NOXs), xanthine oxidase [21], and 

lipoxygenases (LOX) [22]. The compartmentalization of these enzymes constrains the 

ROS products and can create oxidative or reductive hotspots in certain regions or 

compartments of the cell [23]. In vitro, ex vivo, and in vivo work all suggest that under 
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resting conditions in skeletal muscle, the mitochondria are the main source of ROS 

generation, which contribute to the basal tone of redox signaling [22, 24-26]. During 

exercise (or conditions mimicking exercise in vitro) the sources of ROS generation shift 

away from mitochondria and towards NOX and XO enzymes [22, 26]. This occurs 

because energy demand increases, providing ADP stimulated state 3 respiration in 

mitochondria, and a decline in overall superoxide (O2-)  leak through decreasing 

membrane potential and proton motive pressure release [18]. The concomitant 

recruitment of NOX subunits to the plasma membrane during exercise activate the 

complex and increase production of superoxide [4]. During resting conditions, chronic 

overfeeding with high fat diets increases mitochondrial superoxide leak because of the 

basal state 4 respiration plus the high driving pressure created by the buildup of NADH 

from intermediate metabolism [18]. Together this creates a high backpressure through 

the mitochondrial membrane potential, and O2- / H2O2 leak are one release valve 

mechanism when calorie consumption is high and ATP demand is low [18]. The chronic 

levels of mitochondrial oxidative distress from aging, sedentary behavior, and overfeeding 

stimuli all likely contribute to the increasing dysfunctional redox signaling seen with aging 

and diseased populations, and consequently in dysfunctional redox responses to exercise 

[27]. Together these data suggest the chronic oxidative distress in aging and disease 

populations are being driven by increased ROS production in the mitochondria and 

leading to redox signaling dysfunction. Treating with mitochondrial antioxidants reverses 

the age-related elevation in the oxidized thiol proteome [13]. Some evidence suggests 

that the mitochondrial antioxidant MitoQ decreases exercise-induced mitochondrial DNA 

damage [10]. Together these data indicate that targeting antioxidants to mitochondria 
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may be successful in preventing chronic oxidative distress whether it is from increasing 

age-related mitochondrial dysfunction or protecting the cell from overexertion/overtraining 

induced acute oxidative distress. If true, these mitochondrial targeted antioxidants may 

promote transient oxidative eustress through exercise, where other general antioxidants 

have failed [28-32]. Clearly this is an area where further research is warranted. 

 

Mechanisms of adaptive responses to exercise: Nrf2 

 

A critical mechanism involved in the adaptive response to exercise is activating 

transcription factors that increase mRNA content, driving increases in protein content and 

exercise capacity [33, 34]. Many different transcription factors have some level of redox 

regulation, including NF-kB, AP-1, HIF1, HSF1, SP1, Notch, CREB, and Nrf2 [35]. Here 

we focus on Nrf2 because canonical Nrf2 activation is dependent on oxidative 

modification of Keap1, Nrf2 directly regulates gene expression for several hundred 

antioxidant and metabolic enzymes [36], and Nrf2 is a critical component of exercise 

induced adaptations [37]. 

 

Nrf2 is an inducible redox stress response transcription factor activated by increases in 

environmental or endogenous oxidative species [38]. Figure 2 shows a general schematic 

of the Nrf2 signaling pathway. Under unstressed conditions Nrf2 is bound by its negative 

regulator Keap1, which targets Nrf2 for degradation via the 26S proteasome.  Nrf2 would 

be expected to be lowly expressed under those conditions because the majority will be 

degraded by the proteasome. During an oxidative stress stimulus, solvent exposed 
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protein thiols on the backbone of Keap1 become oxidized, impairing Keap1’s ability to 

target Nrf2 for degradation [39-42]. This allows Nrf2 to accumulate in the nucleus, where 

it heterodimerizes with small Maf proteins, binds to the Antioxidant Response Element 

(ARE) and increases gene expression responsible for increasing metabolic and redox 

stress capacity. To our knowledge, direct oxidation of Keap1 in response to acute 

exercise has not been experimentally verified. However, Nrf2 activation occurs in a 

duration- and intensity-dependent manner which is associated with the accumulation of 

reactive species generation [43, 44] suggesting that Keap1 is likely oxidatively modified 

and degraded in response to exercise. Indeed, we have recently found Keap1 to be 

degraded in an intensity dependent manner in response to muscle stimulation in mice 

(unpublished data). In addition, a recent study demonstrated decreased Keap1 in human 

skeletal muscle in response to a maximal exercise test, with a concomitant increase in 

Nrf2 [45]. 

 

Others have shown increases in Nrf2 signaling in response to acute exercise in mouse 

heart [46, 47], brain [48, 49], and lung tissue in response to exercise [50]. Increases in 

Nrf2 signaling in response to acute exercise have also been shown in human skeletal 

muscle [45] and human PBMCs [51-53]. These changes lead to improvements in 

antioxidant protein content and greater redox stress capacity. Together these data 

suggest that Nrf2 mediates the redox dependent adaptations to exercise through 

generation of ROS during the exercise bout [37]. It should be noted that it has yet to be 

determined how Nrf2 becomes activated in peripheral tissues other than skeletal muscle. 

Nrf2 activation in tissues like the brain, lungs, and PBMCs are unlikely to be driven by 
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direct activation of ROS derived from skeletal muscle because: i) the half-life of reactive 

species is low, ii) the concentration of intracellular and extracellular antioxidant enzymes 

is very high, and iii) simple diffusion (H2O2) across multiple cellular and organellar 

membranes make the probability of ROS acting as a second messenger over long 

timescales and distances very low. Unraveling the “Redox Exerkine Signaling” dilemma 

provides an interesting and challenging future direction for the redox biology and exercise 

physiology field. 
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Figure 2. 

 

Figure 2. ROS-induced Nrf2 activation. An endogenous or environmental signal like 
exercise increases ROS production which interacts with solvent exposed cysteine 
residues on Keap1. Cysteine oxidation activates Nrf2 allowing it to translocate to the 
nucleus and bind to ARE sequences. This increases gene expression and protein content 
of antioxidant enzymes, as well as other proteins that negatively regulate Nrf2 like Bach1, 
which is a competitive inhibitor of ARE binding. Together these antioxidant enzymes and 
competitive inhibitors quench the signal, completing the negative feedback loop. 
 
Nrf2 Response to Exercise Training 

 

We have recently shown that basal levels of Nrf2 nuclear protein after training are 

unchanged in young healthy individuals, while older individuals who had higher basal 

levels prior to the intervention, showed a decrease in Nrf2 nuclear content [53]. This 

decline in Nrf2 protein in response to training has also been shown in mouse skeletal 

muscle [54]. The decline of basal nuclear Nrf2 in response to training in older adults 

improved their acute response to a single exercise bout, although the improvement was 
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still not as robust as young adults [53]. Together, these data suggest that the important 

health metric in Nrf2 signaling is the magnitude of the response to a transient oxidative 

eustress, as opposed to the basal resting levels [53]. Other research using Nrf2 knockout 

animals has shown that the adaptive response to training requires Nrf2 activation to 

stimulate mitochondrial biogenesis and increase redox stress capacity [30]. Furthermore, 

treating mice with the antioxidants N-Acetylcysteine or L-NAME impairs exercise-induced 

activation of Nrf2 and results in impaired markers of mitochondrial biogenesis [30]. 

Together these findings demonstrate that Nrf2 signaling is required for mitochondrial 

biogenesis in response to training, and that Nrf2 levels mirror the oxidative stress levels 

in the cell. It would therefore be predicted to observe elevated basal nuclear Nrf2 levels 

in aging, sedentary individuals, and chronic overfeeding. This increase in basal Nrf2 is 

initially adaptive, however, a side effect of this increasing chronic oxidative distress is a 

ceiling effect on Nrf2 inducibility. Any added transient stimulus – such as acute exercise 

– on top of the chronic oxidative distress results in diminished signaling effects and 

adaptive responses [55-57]. Despite the declining adaptive responses in aging 

populations, exercise training still elicits responsiveness in some redox regulated 

signaling networks [7]. 
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Role of basal redox status in the adaptive response to exercise 

 

The data above suggest that the antioxidant enzymes and proteins thiols that respond to 

acute exercise are important for exercise training adaptations and are dependent on basal 

redox status [58]. Figure 3 shows the relationship between basal redox status and acute 

oxidative eustress induced by exercise in healthy redox homeostasis (left), and in a 

chronic state of oxidative distress (right). In support of this concept, classifying individuals 

based on oxidative markers in response to acute exercise significantly predicted an 

individual’s adaptive response to exercise training. Individuals with moderate and high 

increases in oxidative stress markers in response to acute exercise showed significantly 

greater adaptations to a six-week aerobic exercise training protocol compared to 

individuals with a low acute oxidative response to exercise [58, 59]. Additionally, if 

researchers randomized healthy people to either vitamin C supplementation (antioxidant 

stimulus) or passive smoking (pro-oxidant stimulus), the F2-isoprostane and glutathione 

response to acute exercise was altered. Vitamin C supplementation lowered basal 

oxidative stress levels, and as a result those individuals showed appropriate responses 

to acute exercise. Conversely, if chronic oxidative distress is experimentally elevated 

using passive cigarette smoking, the redox responses to acute exercise were blunted 

[60]. In a later study, the same research group performed a targeted antioxidant 

supplementation of either vitamin C or N-Acetylcysteine after assessing basal blood 

measures. This allowed the researchers to tailor the intervention to reverse a deficiency 

in either vitamin C levels or glutathione. This targeted approach improved VO2 peak 

greater than a non-targeted antioxidant supplementation approach [61]. Together these 
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data suggest that the threshold between ROS induced oxidative eustress and oxidative 

distress is malleable [20] and that there is an optimal basal redox status. Furthermore, if 

that optimal basal redox steady state is not achieved, responses to acute exercise will be 

altered, potentially impairing exercise adaptations. 

 

An alternative hypothesis has recently been presented, around the concept that the 

adaptive redox response to exercise is dysfunctional with aging due to a more reduced 

state of protein thiols in the cytosol, rather than oxidized [62]. The rationale behind this 

hypothesis is that skeletal muscle denervation that increases with age, induces a burst of 

mitochondrial ROS production that initially stimulates axonal sprouting. This burst in ROS 

production also increases antioxidant proteins in the cytosol through redox signaling 

adaptations and over time contribute to an overall shift to a more reduced cytosolic milieu. 

The more reduced cytosolic environment prevents significant protein thiol oxidation, 

which results in impaired redox signaling and overall declining adaptations to exercise 

with increasing age. It is important to note that these two hypotheses are not mutually 

exclusive. Redox states may differ between cellular compartments or tissues and 

therefore it is possible that there is a shift to a more reduced state in some compartments 

and a shift to a more oxidized state in others [63]. Furthermore, the global protein thiol 

oxidation state is dynamic and therefore thiol oxidation states are likely dependent on the 

timeframe of the tissue sample collection, which may explain some of the differences 

seen in the field [13, 14, 62, 64]. Regardless of the discrepancies, collectively the data 

suggest that the redox homeostatic set point changes with a combination of age, 

sedentary behavior, and overfeeding, which alters redox specific adaptations to exercise. 



188 
 

Figure 3.  

 

Figure 3. The relationship between basal redox state and acute redox responses. Under 
normal healthy circumstances (Left side) redox homeostasis favors the reduced state. 
During an acute exercise bout, the state shifts to a more oxidized condition, followed by 
recovery to resting redox homeostasis after completion of the exercise. In unhealthy 
conditions there is a shift in redox homeostasis to favor an oxidizing environment creating 
a chronic oxidative distress. This impairs redox signaling mechanisms in response to 
acute exercise, preventing the dynamic nature of transient signaling to occur. This is 
followed by a mild recovery after completion of the exercise bout. 
 

A paradigm shift in the relationship between antioxidant enzymes and redox 

signaling 

 

The generally accepted idea of redox signaling and adaptive responses to exercise is that 

acute increase in ROS will stimulate Nrf2 activation, which consequently leads to 

Reduced Oxidized

Resting:
Redox Homeostasis

Acute Exercise:
Redox Perturbation

Reduced Oxidized

Recovery:
Redox Homeostasis

Reduced Oxidized

Healthy – Redox Homeostasis
& Transient Exercise Eustress

Reduced Oxidized

Reduced Oxidized

Resting: Altered
Redox Homeostasis

Acute Exercise: No
Redox Perturbation

Reduced Oxidized

Recovery: Mild
Redox Recovery

Unhealthy – Increased
Chronic Oxidative Distress



189 
 

upregulation of antioxidant gene transcription. With regular temporal Nrf2 activation, the 

adaptive response will increase the antioxidant enzyme capacity, resulting in the oxidative 

stimulus being quenched quicker (Figure 2), given the same ROS production.  

 

In this model, one would predict that the redox stress response capacity would increase 

after exercise training such that the same oxidative stimulus would be quenched quicker 

and more efficiently upon subsequent stressors of the same magnitude. In other words, 

at the same given oxidative stimulus intensity, the signal transduction response would be 

diminished. However, we have recently shown that Nrf2 signaling response to acute 

exercise increases in magnitude after exercise training [53], suggesting the oxidant-

induced negative feedback mechanism does not provide a complete picture of exercise 

induced redox signaling (figure 4). While it is certainly possible that exercise training 

increases the ability to produce ROS at the same relative exercise intensity compared to 

pre-training, it is also likely that our implicit assumptions about the relationship between 

the antioxidant defense system and redox signaling mechanisms are flawed. 
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Figure 4.  
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Figure 4. Nrf2 signaling responses to acute exercise before and after exercise 
training or inactive control intervention by age. Open circles indicate Nrf2 activation 
pre-intervention, and black squares indicate Nrf2 activation post-intervention. Panels A & 
C are ET subjects while panels B & D are CON subjects. (A&B) Eight weeks of aerobic 
exercise training increased the Nrf2 signaling response to an acute exercise bout in the 
young-trained cohort improved, while the Nrf2 signaling in the control group did not 
change. (C&D) Aerobic training in the older group showed improvements, while the older 
control group showed no changes. The increase in Nrf2 signaling after training was similar 
in pattern for young and older adults, although young improved their responses to a 
greater degree than older ET subjects (A vs D post-intervention, main effect of age, p = 
0.014). Representative western blots for (E) Young-ET, (F) Young-CON, (G) Older-ET, 
and (H) Older-CON. ET – Endurance Trained, CON – Control intervention. Data shown 
as Mean ± SEM. Data reprinted with permission from [50]. 
 

Hydrogen peroxide (H2O2) has been viewed as the main signaling molecule in redox 

signal transduction, where it was assumed that H2O2 reacts directly with protein thiols to 

initiate a signaling cascade. However, there are several problems with this assumption. 

Peroxiredoxins (Prxs) are some of the most abundantly and ubiquitously expressed 

antioxidant proteins in mammalian cells [65], and they react with H2O2 on orders of 

magnitude faster than even the most reactive solvent exposed protein thiols. Therefore, 

it would appear that Prxs are able to quench the oxidative stress signal from endogenous 

and exogenous signals before it can initiate a signal transduction cascade through other 

protein thiols [65]. Thus, Prxs likely outcompete most if not all protein thiols in the cell that 

utilize redox signaling mechanisms. The floodgate hypothesis proposes that H2O2 

signaling persists by first causing hyperoxidation-induced inhibition of Prx enzymes, 

which then allows H2O2 to accumulate and diffuse throughout the cell to react with other 

protein thiols to initiate a redox signaling cascade. This model, if true, would circumvent 

the problems with kinetic efficiencies between H2O2 and Prxs versus H2O2 and protein 

thiols [66]. While this may occur [67], the floodgate hypothesis still does not explain redox 

signaling specificity. How does H2O2 react with some protein thiols and not others? More 
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recently it has been shown that Prxs have much more diverse functions than just peroxide 

quenchers. 

 

Recently, Prxs have also been shown to form mixed disulfide intermediates with well-

known stress response signaling cascades. One study used an eloquent series of 

experiments to demonstrate that Prx2 can take oxidizing equivalents from hydrogen 

peroxide and transfer those oxidizing equivalents to the transcription factor STAT3, 

causing STAT3 dimerization and tetramerization, which impairs STAT3 transcriptional 

activity [68]. These data indicate that Prx2 is acting as a redox middleman by taking 

oxidizing equivalents from H2O2 and transferring them to other redox sensitive proteins 

[68]. Prx1 has also been shown to act as a H2O2 signaling intermediate by forming mixed 

disulfide links with the protein ASK1 [69]. ASK1 is required for phosphorylation and 

activation of p38 MAPK. ASK1 oxidation through Prx1 mediated oxidation promoted p38 

phosphorylation and activation, while knockdown of Prx1 impaired p38 phosphorylation 

and activation [69]. MAPK p38 signaling is an important redox sensitive mediator of the 

adaptive responses to exercise [4, 70]. Prx mediated oxidation of ASK1 is likely a viable 

redox-mediated adaptive signaling process in exercise adaptations, although this has yet 

to be empirically determined. In addition to these findings, previous studies have 

demonstrated increased levels of oxidized Prx dimers in isolated PBMCs following acute 

exercise and increased abundance of Prx2 following an exercise intervention [71]. The 

mechanism described by the ‘redox relay’ alleviates the inconsistencies with the floodgate 

model by relying on the superior kinetic efficiency of Prxs, as well as providing a 
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mechanism for specificity through steric hindrances in protein-protein interactions 

between Prxs and their target redox sensitive proteins. 

 

Together these data provide evidence that Prxs are involved in gene transcriptional 

regulation and protein chaperone behavior in addition to their traditional antioxidant 

capacities. Based on these findings it would be reasonable to predict that the increase in 

antioxidant enzymes in response to exercise training would not only prevent unwanted 

hyperoxidation and oxidative distress but also increase redox signaling flux through 

specific signaling pathways in response to oxidative eustress stimuli. In this way these 

antioxidant enzymes are simultaneously acting as true antioxidants (quenching the 

signal), and as redox relay intermediates. We suspect that the increases in Nrf2 signaling 

after exercise training in our recent work may be mediated by these redox relay 

mechanisms. The negative feedback loop model (Figure 2) would not explain an increase 

in Nrf2 signaling after training unless the increase in antioxidant enzymes also worked to 

direct the oxidative signal through these signaling pathways, however this still need to be 

confirmed. For a more complete review of Prx mediated redox signaling in exercise we 

refer the reader to this excellent review by Wadley et al. [72]. 

 

Another redox signaling mechanism is protein glutathionylation. This is where glutathione 

is added to a cysteine residue creating a mixed disulfide (–SSG) modification which can 

also alter protein function. This reaction is catalyzed by the family of glutathione 

synthetase transferases (GSTs) while glutaredoxins are responsible for removing 

glutathione from protein thiols. Glutathionylation occupancy increases in mouse skeletal 
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muscle subjected to fatiguing contractions [73]. This increase is likely a protective 

mechanism to desensitize the thiol proteome to hyperoxidation induced by overexertion 

and prevent further oxidation through inhibiting metabolic pathways that generate more 

ROS [74, 75]. Additionally, glutathione modification of Keap1 cysteines have been shown 

to induce Nrf2 activation [76]. This suggests that ROS-induced increases in protein 

glutathionylation is a positive feed-forward loop that enhances Nrf2 signaling in addition 

to minimizing ROS production through inhibiting enzymes that generate ROS and quench 

the signal through GPx mediated reduction of H2O2. Taken together it seems likely that 

the traditional view that antioxidant enzymes are pure antioxidants, (i.e., they quench 

ROS signals) needs to be refined. A more nuanced model about the relationship between 

the antioxidant defense system and Nrf2 activation in response to exercise is shown in 

figure 5, along with the chronic oxidative distress stemming from sedentary behavior and 

overfeeding induced mitochondrial dysfunction seen in aging populations. However, more 

research is needed to know if this redox relay signaling mechanism occurs in response 

to acute exercise-induced oxidative eustress. 
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Figure 5. 

 

 

Figure 5. Effects of acute and chronic oxidative stimuli on adaptive redox signaling 
responses mediated by Nrf2. Chronic oxidative distress from sedentary behavior, 
overfeeding, or aging lead to increases in chronic low levels of ROS production through 
mitochondria. This activates Nrf2, increasing antioxidant enzyme capacity, but also 
increasing Nrf2 negative regulators Bach1 and GSK3b. Acute exercise generates ROS, 
but in a system that is already saturated with increased protein thiol oxidation and high 
levels of negative regulators, the ROS signal from exercise becomes less effective 
(depicted by thin arrow). Regular exercise training can restore some of the signaling 
homeostasis but not to the same degree as young individuals.  The traditional view that 
antioxidant enzymes like PRDXs and GSTs act to quench the ROS signal (negative 
feedback loop) is not supported entirely by new literature in the field. Rather these 
enzymes may be acting as redox signaling mediators (positive feedforward loop) 
transferring oxidizing equivalents from ROS to protein thiols and using glutathionylation 
as a signaling mediator or protective mechanism in response to over production of ROS. 
This relationship is depicted by antioxidant enzymes enhancing the effect of hydrogen 
peroxide on Keap1 ( à ) in addition to quenching the signal ( –––| ). 
 

Conclusions and Future Directions 
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Oxidative eustress initiates adaptive processes in response to exercise that stem from multiple 

enzymatic sources in the cell. These processes initiate cell signaling cascades through protein 

thiol oxidation / reduction reactions that improve cellular metabolism and increase redox stress 

response capacity. These increases in mitochondrial biogenesis and the antioxidant defense 

system are governed partly by the inducible redox stress response transcription factor, Nrf2. 

Increases in Nrf2 activation and downstream target genes occur in response to acute exercise 

through a combination of ROS sources. The chronic increases in basal or resting levels of 

mitochondrial ROS from sedentary behavior, overfeeding, and age-related mitochondrial 

dysfunction increase basal levels of Nrf2, which likely impairs the Nrf2 signaling system from 

responding further to an added transient oxidative eustress like exercise. This is exacerbated by 

the feedforward redox signaling mechanisms elicited by the initial adaptive response to 

increasing basal ROS production, simultaneously protecting the cell from its own dysfunctional 

redox circuitry and making it harder for transient oxidative eustress signals like exercise to be 

effective. 

 

Overall, these concepts – particularly the redox relay signaling mechanisms of the antioxidant 

defense system – should be tested further in young healthy, aging, and diseased populations, as 

well as in appropriate model systems. This is an exciting area of research, with many questions 

still unanswered. The progression of several new assays and measurement techniques to 

delineate these challenging questions, including immunological techniques to assess protein thiol 

redox status [77-79] are exciting. These methods provide promising orthogonal approaches to 
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redox proteomic techniques and will likely advance the exercise physiology field dramatically 

when applied with appropriate study designs. 
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