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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 adults can be restored to a degree with moderate exercise 

training, albeit not to the level seen in young.
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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 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 
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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 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 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 
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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.

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 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 in total) at the NAU Student 
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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 60–70 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-
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suspended in 1.5 mL second wash buffer. Cells were counted using Countess Automated 

Cell Counter (Invitrogen, Carlsbad, CA). Aliquots of 2×106 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 

1×106 and 3×106 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, 3×106 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, 1×106 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.

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.
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2.10 RT-qPCR – Reverse transcriptase quantitative polymerase chain reaction

RNA 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.

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 × 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 × 7 repeated 

measures ANOVA (Age x Time). All analyses on the effects of training or control 

intervention were 2 × 2 × 5 (training group x intervention time x sampling time point for 

gene expression) or 2 × 2 × 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.

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 
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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% 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.

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 (ΔBMI) were also associated with VO2 peak measurements (RM ANCOVA, 

ET vs CON p < 0.001, Age p < 0.001, Sex p < 0.001, ΔBMI p = 0.022). Within the ET 

group, there were no differences in the magnitude of improvement across age or sex 

(Repeated Measures ANCOVA ΔVO2 x Age p =0.405 and ΔVO2 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 ΔBody Fat %, p = 0.023, Δwaist circumference, p = 

0.001).

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 
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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).

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 (Δ 

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 ΔWaist circumference, p = 0.004, Time x Δ Body Fat %, p = 0.008, Time 

x ΔVO2 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 Δ 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 Δ Baseline Nrf2 p < 0.001). 

There was also a significant three-way interaction between the intervention, GCLC response, 
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and the change in baseline Nrf2 protein expression (Intervention x Time x Δ Baseline Nrf2 p 
< 0.001).

For GCLC protein responses there was a main effect of the change in peak VO2 (ΔVO2 

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 ΔVO2 (p = 

0.031, Figure 8). There was a significant interaction between GCLC protein response and 

the change in baseline GCLC protein content (Time x Δ 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.

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.

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 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 
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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 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 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 
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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.

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 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. 
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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 

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 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].
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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 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 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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Highlights

• Older individuals show attenuated nuclear accumulation of Nrf2 and 

downstream gene expression following acute exercise compared to young

• Exercise Training (ET) can reverse some of the age-related impairment

• The degree of improvement in signaling is evident to a greater degree in 

young than older individuals after ET suggesting ET does not completely 

reverse age-related biological declines in Nrf2-dependent signaling systems

• The major improvements in signaling effects driven by ET in older 

individuals comes from decreasing baseline expression levels of Nrf2.
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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.
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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 same effect across age and sex (Compare all ET group changes 

in panels C-F). (Δ indicates the difference between Pre and Post Intervention for a given 
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measurement). Black squares indicate ET group, open triangles indicate CON group. Data 

shown as Mean ± SEM.

Ostrom and Traustadóttir Page 22

Free Radic Biol Med. Author manuscript; available in PMC 2021 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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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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 
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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. 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 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.
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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 (Δ Baseline Nrf2), 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 
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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.
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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, 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 ΔBaseline 
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GCLC protein interaction (p = 0.001). (C-F) Show acute exercise trial responses by age and 

training group. Data shown as Mean ± SEM.
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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 

β-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 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.
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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.

Ostrom and Traustadóttir Page 32

Free Radic Biol Med. Author manuscript; available in PMC 2021 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ostrom and Traustadóttir Page 33

Table 1.

Forward and reverse primers for RT – qPCR

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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Table 2.

Baseline physical characteristics

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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