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Abstract 
Go to: 

INTRODUCTION 

The proteostatic network is a complex and dynamic system of interrelated 

activities that determine proteome fidelity and contribute to overall cellular 

and organismal function (3). Protein and cellular turnover are important 

components of maintaining proteostasis. When cells replicate, DNA is 

replicated, and protein mass is doubled so that new cells have the full 

complement of both nuclear material and proteins (15). Thus, cell replication 

increases the rates of protein and DNA synthesis. Existing cells require newly 

synthesized proteins to replace proteins that have been degraded because they 

are damaged/misfolded or not needed. Therefore, it is important to consider 

protein synthesis in the context of cell proliferation to gain a clear picture of 

the role of protein turnover in maintaining proteostasis (16, 29). 

Exercise is a physiological stress that triggers a host of adaptations. In 

response to aerobic exercise, skeletal muscle protein turnover increases (43) 

and new mitochondrial proteins are synthesized (mitochondrial biogenesis) 

(22, 58). The combination of mitochondrial biogenesis and degradation of 
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damaged mitochondrial proteins maintains proteostasis (26) and presumably 

improves mitochondrial function. Beneficial skeletal muscle adaptations in 

response to exercise are likely regulated at least in part by redox-sensitive 

signaling events (44). Indeed, skeletal muscle contractions result in 

production of hydrogen peroxide (H2O2) and other reactive oxygen species 

(ROS) (40, 50) that can in turn activate redox-regulated pathways leading to 

mitochondrial biogenic signaling (19, 51) and maintenance of mitochondrial 

proteostasis. 

Although ROS are necessary for redox-regulated cell signaling, excess and 

unremitting production of ROS can damage cellular macromolecules, activate 

cell death signaling cascades, and potentially contribute to the pathology of 

chronic diseases (2, 7). In addition, excess oxidative stress during exercise 

could impede force production in skeletal muscle (1) and interfere with 

exercise adaptation. Supplementation with exogenous antioxidants such as 

vitamin C (VitC) and vitamin E emerged as a strategy to counteract the 

potential detrimental effects of ROS production during exercise. However, 

the efficacy of this strategy lacks consensus. A 2012 meta-analysis conducted 

on 11 primary research studies encompassing both human and rodent models 

and various exercise modalities concluded that supplementation with 

vitamins C and E for 3 wk or longer had discordant outcomes, with two 

studies yielding a negative effect, six yielding no effect, and two reporting 

ergogenic effects on mitochondrial, metabolic, and performance outcomes 

(37). Additional studies suggest that exogenous antioxidant supplementation 

may blunt beneficial exercise-induced adaptations (41, 53) although this 

conclusion lacks consensus (49, 57). In part, these conflicting results are due 

to methodological approaches, particularly those used to assess mitochondrial 

biogenesis. More often than not, the experimental approach to assess 

mitochondrial biogenesis involves measuring expression of signaling 

molecules and/or mitochondrial protein content. However, none of these 

approaches is a direct measurement of new mitochondrial proteins 

synthesized, and they frequently fail to capture important protein turnover 

events that can occur without a net change in protein content (30). Therefore, 

definitively identifying if supplementation with exogenous antioxidants like 

VitC blunts exercise-induced mitochondrial biogenesis and synthesis of other 

skeletal muscle proteins requires assessing the dynamics of protein turnover. 
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An alternative approach to supplementing with exogenous antioxidants to 

mitigate oxidative damage is to increase endogenous antioxidant networks 

via activation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2), the master 

regulator of cellular antioxidant defenses (12, 55). Nrf2 is a member of the 

basic leucine zipper transcription factor family and controls both basal and 

inducible expression of >200 genes (25) by binding to the 5′-upstream cis-

acting regulatory sequence known as the antioxidant response element (27). 

Nrf2 induces the transcription of genes with functions that favor cell survival, 

including mitochondrial biogenesis (42), phase II antioxidant and 

detoxification (55), and anti-inflammation (6). Our group has previously 

shown that treatment of cultured cardiac myocytes and coronary artery 

endothelial cells with a well-defined phytochemical combination marketed as 

Protandim (Pro) robustly activated Nrf2 and protects cells against oxidant-

induced cell death (8, 46). Furthermore, in older individuals, Pro treatment 

with concurrent protein supplementation showed trends toward increasing 

skeletal muscle protein synthesis (23). Finally, as part of the National 

Institute on Aging-Interventions Testing Program, treatment with Pro resulted 

in an increased mean lifespan of male mice (54). Although treatment with 

Nrf2 activators such as Pro shows promise for providing protection against 

deleterious effects of ROS, and may be a viable approach for improving 

healthspan-related outcomes, it is not known if treatment with Pro interferes 

with redox-sensitive adaptations to exercise. 

The aim of this study was to determine the effect of treatment with VitC or 

the phytochemical Nrf2 activator Pro on exercise- or H2O2-induced skeletal 

muscle mitochondrial biogenesis and proteostasis. We used a deuterium 

oxide (D2O) tracer to assess in vivo rates of protein and DNA synthesis, as 

well as protein and DNA synthesis and breakdown in vitro. We hypothesized 

that, compared with sedentary conditions, exercise would result in beneficial 

adaptations as evidenced by increased rates of mitochondrial protein 

synthesis and activation of proteostatic mechanisms in skeletal muscle. 

Furthermore, we hypothesized that, compared with exercise alone, 

cotreatment with VitC would blunt the exercise-induced beneficial 

adaptations, but cotreatment with Pro would permit the adaptations. 

Additionally, we used a novel in vitro approach to directly measure the effect 

of ROS exposure and VitC or Pro treatment not only on rates of protein and 

DNA synthesis but also on rates of protein and DNA degradation. This novel 
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and complementary approach provides a complete assessment of protein and 

cell turnover. 

Go to: 

MATERIALS AND METHODS 

Animal Care 

All procedures meet or exceed the standards for facilities housing animals as 

described in the Animal Welfare Act regulations, the Guide for the Care and 

Use of Laboratory Animals, and the Guide for the Care and Use of 

Agricultural Animals in Agricultural Research and Teaching and were 

approved by the Colorado State University Animal Care and Use Committee. 

Rats were euthanized by American Veterinary Medical Association-

consistent injection of ketamine and xylazine. Tissues were excised and 

immediately flash-frozen in liquid nitrogen for subsequent assessments. 

In Vivo Study Design and Use of Labeled Water 

Male Sprague Dawley rats (age 86 ± 17 days) were identified as high- or low-

volume wheel runners by monitoring habitual running for a minimum of 4 

wk. High-volume wheel runners were given access to running wheels (Mini-

Mitter Respironics; Vital View Software; STARR Life Sciences, Oakmont, 

PA) and allowed to voluntarily run for the 6-wk study duration (ACTIVE). 

Low-volume runners had locked wheels and served as sedentary controls 

(SED). ACTIVE rats were randomized to receive VitC, Pro, or no 

supplementation (CON) for 4–6 wk. All rats received a single intraperitoneal 

injection of 99% enriched D2O (Sigma-Aldrich, St. Louis, MO) calculated to 

enrich the body water pool (assumed 60% of body wt) to 5% and given ad 

libitum access to drinking water enriched to 4% for the remainder of the 

study (10, 13, 32, 33). The VitC cohort was provided with VitC-

supplemented drinking water (L-ascorbic acid; Sigma-Aldrich) at 500 mg/kg 

for the last 3 wk of the protocol; dosing and timing were based on previous 

literature surrounding this controversy (14, 17, 21). To minimize potential for 

oxidation, the VitC drinking water was protected from light and made fresh 

daily. Rats in the Pro group received a diet (Dyets, Bethlehem, PA) 

supplemented with Pro (600 ppm; LifeVantage, Sandy, UT) (27, 28) for 6 wk 

to allow time for the accumulation of downstream effects of Nrf2 activation. 
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The food was completely refreshed at least weekly. The stability of Pro 

supplement is bioassayed by LifeVantage (18). The night before sacrifice, all 

running wheels were locked, and the food was removed. The in vivo 

experimental design is summarized in Fig. 1A. 

 

 

Fig. 1. 

Experimental design for in vivo, in vitro synthesis, and in vitro breakdown 

experiments. A: male Sprague Dawley rats were given free access to a running wheel 

(ACTIVE) for 6 wk. Sedentary (SED) rats were given a locked wheel. Nuclear factor 

(erythroid-derived 2)-like 2 (Nrf2) activator [Protandim (Pro), 600 ppm] was 

supplemented in the chow for 6 wk while a separate cohort of rats received vitamin C 

(VitC, 500 mg/kg) in their drinking water for 3 wk. Protein and DNA synthesis was 

assessed during the last 2 wk of the active wheel-running period. B: for synthesis 

experiments, myoblasts were seeded on 100-mm culture dishes. Four percent 

deuterium oxide (D2O)-enriched media were added during initiation of H2O2 stimulus 

(50 µM). VitC (50 µM), Pro (100 mg/ml), or ethanol (EtOH) vehicle control were 

also added at time 0. Cells were harvested after 4, 8, 12, and 20 h. C: for breakdown 

experiments, myoblasts were cultured in 15% D2O-enriched media for 5 passages 

where the 5th passage was to 100-mm culture dishes. At time 0, the D2O-enriched 

media were removed, and nonenriched media with treatments (H2O2, VitC, Pro, 
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EtOH) were added. After 1 h, the media were changed to prevent reincorporation of 

the label. Cells were harvested after 4, 8, 12, and 20 h. 

In Vitro Study Design and Cells 

Proliferating C2C12 myoblasts (CRL-1772; ATCC, Manassas, VA) were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-

Aldrich) supplemented with 1% penicillin/streptomycin (ATCC) and 10% 

fetal bovine serum (ATCC) in a 5% CO2 humidified atmosphere at 37°C. The 

enriched media were made by adding sterilized 99% D2O to supplemented 

DMEM to yield final percentages of 4% D2O-enriched media for synthesis 

experiments and 15% D2O-enriched media for breakdown experiments. Cells 

were harvested in 1.2 ml isolation buffer 1 (in mM: 100 KCl, 40 Tris·HCl, 10 

Tris base, 5 MgCl2, 1 EDTA, and 1 ATP, pH 7.5) with phosphatase and 

protease inhibitors. The total volume was separated into a 1-ml aliquot for 

protein analysis and a 200-μl aliquot for DNA analysis. Immediately before 

cell harvesting, 1-ml samples of media were taken to measure the media D2O 

enrichment. 

To mimic in vivo ROS exposure in an in vitro model, we treated 

C2C12 myoblasts with hydrogen peroxide (H2O2; Sigma-Aldrich) diluted in 

DMEM to a concentration of 50 µM. This concentration was chosen based on 

preliminary experiments showing acute stimulation of mitochondrial protein 

synthesis with H2O2 treatment [Supplemental Fig. S1 (Supplemental data for 

this article are available on the journal website.)]. VitC (L-ascorbic acid; 

Sigma-Aldrich) was diluted in DMEM to a final concentration of 50 µM to 

match physiological concentrations of plasma VitC recorded in humans after 

a 100-mg supplement (24). The Pro was extracted in 100% ethanol to a final 

concentration of 100 µg/ml previously shown to activate Nrf2 (27, 28). 

Control cells were treated with ethanol (EtOH) vehicle. 

For protein and DNA synthesis experiments, cells were seeded in non-D2O-

enriched media. When cells reached 60–70% confluence, nonenriched media 

were removed, cells were washed with sterile PBS, and 4% D2O-enriched 

media (±H2O2, VitC, Pro, or EtOH) were added. Myoblasts were harvested at 

time points ranging from 4 to 20 h (n = 3/time point). The in vitro synthesis 

experimental design is summarized in Fig. 1B. 
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We designed the protein and DNA breakdown experiments as a “pulse-

chase” experiment using D2O. For the pulse, cells were cultured in 15% D2O-

enriched media for five passages. This prolonged labeling period ensured that 

we labeled both rapidly and slowly synthesizing proteins, which is a key 

consideration when determining the pulse (52). When cells reached 60–70% 

confluence, we removed enriched media, washed cells with sterile PBS, and 

“chased” with nonenriched media (±H2O2, VitC, Pro, or EtOH). In this case, 

the unlabeled H2O and alanine in the media act as an effective chase. As an 

extra insurance against reincorporation of label from rapidly degraded 

proteins, we removed media after 1 h, cells were washed, and fresh 

nonenriched mediun with treatments was added. Myoblasts were harvested at 

time points from 4 to 20 h (n = 3/time point). In a preliminary study, we 

compared media enrichments after 4 h with or without a media change at 1 h. 

From this experiment, we validated that replacing the nonenriched media 

after 1 h removed deuterium label released in the culture media from the 

degradation of short-lived proteins (data not shown). The in vitro breakdown 

experimental design is summarized in Fig. 1C. 

Tissue and Cell Preparation and Determination of Enrichment 

Protein. 

Flash-frozen plantaris and soleus were fractionated according to our 

previously published procedures (5, 10, 32, 47). Tissue (25–60 mg) was 

homogenized 1:10 in isolation buffer 1 with phosphatase and protease 

inhibitors using a bead homogenizer and then centrifuged at 800 g for 10 min 

at 4°C. The resulting pellet [myofibrillar (Myo) fraction] was washed in 

EtOH and H2O. The supernatant was centrifuged at 10,000 g for 30 min at 

4°C to pellet the mitochondrial (Mito) fraction. From the supernatant, 400 μl 

were removed to yield the cytosolic (Cyto) fraction, and equal volume of 

14% sulfosalicylic acid was added. The tube was vortexed and incubated on 

ice for 1 h. The Mito pellet was washed with 200 μl buffer 2 (100 mM KCl, 

10 mM Tris·HCl, 10 mM Tris base, 1 mM MgSO4, 0.1 mM EDTA, 0.02 mM 

ATP, and 1.5% BSA, pH 7.4) and then centrifuged at 8,000 g for 10 min at 

4°C. The supernatant was removed, and the pellet was washed a second time 

with 100 μl buffer 2 and then centrifuged at 6,000 g for 10 min. After the 1-h 

incubation, the Cyto fraction was centrifuged at 16,000 g for 10 min at 4°C to 

pellet the Cyto protein fraction. The Cyto pellet was washed in EtOH and 
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H2O. After the wash steps, the Myo, Mito, and Cyto pellets were solubilized 

by incubation in 250 μl 1 N NaOH at 56°C and 500 revoutions/min for 15 

min. The 1-ml aliquots of C2C12 myoblast lysates were centrifuged at 

800 g for 10 min at 4°C and then fractionated and solubilized according to 

the same protocol as the tissue. 

Cell Mito and Cyto protein pellets were hydrolyzed by incubation in 1.5 ml 6 

N HCl for 24 h at 120°C. Tissue protein pellets were hydrolyzed by 

incubation in 1.5 (Mito), 3 (Cyto), and 6 (Myo) ml 6 N HCl at 120°C for 24 

h. The hydrolysates were ion exchanged, dried under vacuum, and then 

suspended in 1 ml molecular biology grade H2O. Approximately 500 μl of 

suspended sample were derivatized by adding 500 μl acetonitrile, 50 μl 1 M 

K2HPO4 (pH = 11), and 20 μl pentafluorobenzyl bromide, and the sealed 

mixture was incubated at 100°C for 1 h. Derivatives were extracted in ethyl 

acetate, and the organic layer was removed and dried by N2. Tissue samples 

were reconstituted in 1 ml ethyl acetate while cell fractions were 

reconstituted in 750 μl ethyl acetate. Using negative chemical ionization, 

derivatized amino acids were analyzed on an Agilent 7890 GC and 7010 

triple quad mass spec using an Agilent DB-5MS GC column (30 m × 0.25 

mm × 0.25 μm). Samples (1 μl) were injected using splitless mode (inlet 

temperature 220°C). Helium was the carrier and methane the reagent gas. The 

mass-to-charge ratios (m/z) of 448, 449, and 450 were monitored for the 

pentafluorobenzyl-N,N-di(pentafluorobenzyl)alaninate derivative. In all 

cases, these mass-to-charge ratios represented the primary daughter ions that 

included all of the original hydrocarbon bonds from the given amino acid. 

DNA. 

Whole tissue DNA was isolated according to our previously described 

methods (10, 32, 48). DNA for the precursor pool was measured from bone 

marrow by extracting ~300 mg from the tibial bone marrow suspension, 

followed by a 10-min centrifugation at 2,000 g. Whole cell DNA was 

extracted from 200 μl of the initial cell lysates using the QIAmp DNA mini 

kit (Qiagen, Valencia, CA) following the manufacturer’s instructions. DNA 

was suspended in nuclease-free water and hydrolyzed to free 

deoxyribonucleic acids by incubation with nuclease S1 and potato acid 

phosphatase overnight at 37°C. Hydrolysates were reacted with 

pentafluorobenzyl hydroxylamine and acetic acid and then acetylated with 

acetic anhydride and 1-methylimidazole. Methylene chloride was added, and 
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the organic layer was removed to a GC vial. The DNA extracts were dried, 

resuspended in ethyl acetate, and analyzed by GC-MS on a DB-17 column 

with negative chemical ionization, using He as carrier and methane as the 

reagent gas. The in vitro DNA extracts were analyzed on an Agilent 7890B 

GC coupled to an Agilent 5977A MS using an Agilent DB-17 GC column. 

The fractional molar isotope abundances at m/z 435 (M + 0 mass isotopomer) 

and 436 (M + 1) of the pentafluorobenzyl triacetyl derivative of purine dR 

were quantified using MassHunter software (Agilent Technologies, Santa 

Clara, CA) previously described (10, 32, 48). 

Body water. 

For the water enrichment analysis, 125 μl of plasma or cell culture media 

were placed in the inner well of an o-ring screw on cap and placed inverted 

on a heating block overnight at 80°C. Next, 2 μl 10 M NaOH and 20 μl 

acetone were added to all samples and 20 μl 0–20% D2O standards and 

capped immediately. Samples were vortexed at low speed and kept overnight 

at room temperature. Samples were extracted with 200 μl hexane, and the 

organic layer was transferred through anhydrous Na2SO4 into GC vials and 

analyzed via EI mode using a DB-17MS column. 

Calculations 

In vivo and in vitro protein synthesis was calculated using the true precursor 

enrichment using plasma or media D2O enrichment and Mass Isotopomer 

Distribution Analysis (MIDA) adjustment (4). Protein synthesis rates were 

divided by time and expressed as fractional synthesis rates (FSR: %/day in 

vivo or %/h in vitro) (4, 34). For DNA synthesis, the fraction new was 

calculated by dividing DNA enrichment by a fully turned over cell population 

(bone marrow) from the same animals, or from media enrichment and MIDA 

adjustment, and divided by time (FSR, %/h). Protein and DNA breakdown 

rates were calculated by dividing the decrease in enrichment from the starting 

enrichment of passaged cells by the starting enrichment. The average 

enrichment of three plates at time 0 (protein) or 4 h (DNA) was used as the 

starting enrichment. The fractional loss of enrichment was divided by time to 

determine fractional breakdown rates (FBR, %/h). The ratios of protein 

synthesis to DNA synthesis (protein/DNA) and protein breakdown to DNA 

breakdown were calculated as indicators of proteostatic mechanisms 

(9, 16, 23). 
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Plasma Malondialdehyde 

Malondialdehyde (MDA) is a naturally occurring product of lipid 

peroxidation and is frequently used as a marker of overall oxidant damage. 

Plasma MDA was assessed using a commercially available kit for 

thiobarbituric acid reactive substances (Cayman Chemical, Ann Arbor, MI) 

following the manufacturer’s instructions. 

Statistical Analyses 

In vivo data were assessed by one-way ANOVA with comparison to SED 

and correction with Dunnett’s multiple-comparison test. In vitro data were 

analyzed by one-way ANOVA with planned contrasts. Analyses were 

performed using Graph Pad Prism. Data were log transformed where they did 

not meet the assumptions for homoscedasticity. Significance was set a priori 

at P < 0.05. Data are presented as means ± SE. 

Go to: 

RESULTS 

Identification of High-Volume Voluntary Wheel Runners 

Wheel-running activity was monitored for 4 wk preceding study initiation. 

Rats identified as high-volume voluntary runners were given continued 

access to activity wheels while sedentary rats were given locked activity 

wheels. ACTIVE rats ran 6 km/day, with no significant differences between 

the three treatment groups (Fig. 2A). All groups gained weight during the 

study protocol; however, the active rats (CON, VitC, and Pro) all gained 

significantly less weight than the SED animals (Fig. 2B). 
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Fig. 2. 

Running volume, body weights, and plasma malondialdehyde in sedentary and wheel-

running rats. A: control, Protandim (Pro), and vitamin C (VitC) active rats all engaged 

in voluntary wheel running, averaging 6 km/day. No significant differences between 

treatment groups were observed. Data were assessed by 1-way ANOVA. B: all three 

ACTIVE groups gained significantly less body weight than the sedentary (SED) 

cohort throughout the last 3 wk of the study protocol. In addition, VitC and Pro gained 

less weight than CON-fed rats. Delta body weights were calculated over the last 3 wk 

of the study protocol, and delta values were compared by 1-way ANOVA. 

*Significantly different from SED; #significantly different from control (CON) 

ACTIVE. C: plasma malondialdehyde (MDA), a marker of lipid peroxidation, was 

lower in rats receiving Pro supplemented in their chow (P = 0.06) compared with 

control and VitC supplementation. Data were assessed by 1-way ANOVA with 

Tukey’s post hoc and expressed as means ± SE. For all cohorts, n = 4/group. 

Systemic Oxidative Stress 

We measured plasma MDA as a marker of lipid peroxidation to determine if 

Pro and/or VitC treatment attenuated a marker of oxidative stress. We 

assessed MDA in a group of sedentary animals to avoid the impact of chronic 

activity on systemic oxidant damage. Treatment with Pro attenuated lipid 

peroxidation compared with CON (P = 0.06) while VitC did not improve 

oxidative damage (Fig. 2C). 

Protein and DNA Synthesis in Voluntary Wheel-Running Rats 

Exercise increased mitochondrial protein synthesis in both the soleus and 

plantaris. Compared with exercise alone, treatment with VitC blunted this 

response while treatment with Pro permitted this increase in exercise-induced 

mitochondrial biogenesis (Fig. 3, A and B). Similar patterns were observed in 
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the Cyto fraction, with exercise stimulating Cyto protein synthesis in the 

plantaris, an effect blunted by VitC and permitted by Pro (Fig. 3, C and D). 

Interestingly, Myo protein synthesis was stimulated by exercise in the soleus 

in all three treatment groups but not in the plantaris (Fig. 3, E and F). DNA 

synthesis was generally unchanged by exercise or treatment (Fig. 

3, G and H). 

 

 

Fig. 3. 

Skeletal muscle protein and DNA synthesis in voluntary wheel-running rats. Six 

weeks of active voluntary wheel running (ACTIVE) significantly stimulated 

mitochondrial protein synthesis in the soleus (A) and plantaris (B) compared with 

sedentary (SED) rats. Vitamin C (VitC) attenuated this adaptation while Protandim 

(Pro) permitted mitochondrial protein synthesis. Cytosolic fractional synthesis rate 

(FSR) was stimulated by exercise, blunted by VitC, and permitted by Pro in the soleus 

(C) while only Pro increased cytosolic FSR in the plantaris (D). Myofibrillar FSR was 

increased in all three treatment groups in response to exercise in the soleus (E), but the 

plantaris (F) was not responsive to voluntary while running. VitC attenuated DNA 

synthesis with exercise in the soleus (G) with no effect in the plantaris in any group 

(H). Data were analyzed by 1-way ANOVA with comparison to SED and correction 

with Dunnett’s multiple-comparison test. Data are expressed as means ± SE. *P < 

0.05 compared with SED; n = 4/group. 
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Analysis of the ratio of protein to DNA synthesis rates is indicative of what 

proportion of newly synthesized proteins are allocated to new cells vs. 

existing cells, thus providing a measure of proteostatic maintenance. When 

compared with SED, Mito proteostasis was improved in CON in the soleus 

and Pro treatment in the plantaris but not improved by VitC in either muscle 

(Fig. 4, A and B). Pro also improved Cyto and Myo proteostasis in the 

plantaris (Fig. 4, D and F). Although muscle- and fraction-specific 

differences exist, overall these data support an improvement of proteostasis 

with exercise, an effect blunted by VitC. 

 

 

Fig. 4. 

Skeletal muscle proteostasis in voluntary wheel-running rats. A: exercise stimulates 

mitochondrial proteostasis in the soleus [control (CON)], with no change with 

Vitamin C (VitC) or Protandim (Pro). B: mitochondrial proteostasis was upregulated 

by exercise only in Pro. Cytosolic proteostasis was unchanged in the soleus (C) but 

stimulated by Pro in the plantaris (D). Myofibrillar proteostasis was only improved by 

VitC in the soleus (E) and Pro in the plantaris (F). Protein-DNA synthesis was 

calculated as a ratio of protein to DNA fractional synthesis rate (FSR). Data were 

analyzed by 1-way ANOVA compared with sedentary (SED) and correction with 

Dunnett’s multiple-comparison test. Data are expressed as means ± SE. *P < 0.05 

compared with SED; n = 4/group. 
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Protein and DNA Turnover In Vitro 

To mechanistically investigate the redox-sensitive mitochondrial adaptations 

to exercise, we exposed myoblasts to H2O2 in culture to mimic exercise-

induced increases in ROS production. Analyses demonstrated similar 

outcomes at the 8- and 12-h time points; therefore, only results from the 12-h 

time point are presented. At 12 h of H2O2 treatment, there were no differences 

in Mito or Cyto protein synthesis or breakdown (Figs. 5, B, and D, and 6, B, 

and D). However, compared with CON + H2O2, H2O2 + VitC decreased Cyto 

FSR. Compared with CON + H2O2, H2O2 + Pro had lower rates of Cyto 

protein synthesis and lower rates of Mito and Cyto FBR. By examining DNA 

FSR and FBR, we gain novel insight into how the treatments affect the 

apparent protein synthesis rates. DNA FSR was slower during CON + 

H2O2 compared with CON (Fig. 4A). DNA FSR during H2O2 + VitC was not 

different from CON + H2O2. However, DNA FSR and FBR were slower in 

H2O2 + Pro compared with CON + H2O2 (Figs. 5A and and6A).6A). 

Therefore, when considering the ratio protein/DNA synthesis, H2O2 + Pro 

increased the Mito and Cyto ratio (Fig. 5, C and E) compared with CON + 

H2O2 while H2O2 + VitC did not. Furthermore, H2O2 + VitC decreased 

protein/DNA Mito breakdown and maintained the Cyto ratio while H2O2 + 

Pro maintained the ratio of protein to DNA Mito breakdown and had a 

greater Cyto ratio compared with CON + H2O2 (Fig. 6, C and E). We noted 

similar responses for these treatments at 4 and 8 h, and by 20 h of treatment, 

most of the differences compared with CON + H2O2 were attenuated, 

suggesting a transient impact of Pro on mitochondrial proteostasis 

(Supplemental Figs. S2 and S3). 
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Fig. 5. 

Protein and DNA synthesis in cultured myoblasts during an H2O2 challenge. A: control 

(CON) + H2O2 decreased DNA fractional synthesis rate (FSR) compared with CON, 

with H2O2 + Protandim (Pro) lower than CON + H2O2. B: mitochondrial FSR was not 

different between treatments. C: compared with CON + H2O2, H2O2 + Pro increased 

the ratio of mitochondrial (Mito) protein to DNA synthesis, indicating improved 

proteostatic maintenance. D: vitamin C (VitC) and Pro in combination with 

H2O2 decreased cytosolic FSR compared with CON + H2O2. E: CON + H2O2 increased 

the ratio of cytosolic (Cyto) protein to DNA synthesis while H2O2 + Pro was greater 

than CON + H2O2. Myoblasts were treated with 50 µM H2O2 alone (+) or in 

combination with ethanol (EtOH), 50 µM VitC, 100 mg/ml Pro, or left untreated (−) 

for 12 h in 4% deuterium oxide (D2O)-enriched media. Data were assessed by 1-way 

ANOVA with planned contrasts and presented as means ± SE. *P < 0.05; n = 3/group, 

except CON + H2O2 Mito FSR and Mito protein-to-DNA ratio; n = 2/condition. 
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Fig. 6. 

Protein and DNA breakdown in cultured myoblasts during an H2O2 challenge. A: 

Compared with CON + H2O2, H2O2+ Protandim (Pro) lowered the DNA fractional 

breakdown rate (FBR, A), B) mitochondrial (Mito) FBR (B), and Cyto FBR (D). C: 

compared with CON + H2O2, H2O2 + VitC lowered the ratio of Mito protein to DNA 

breakdown, as did H2O2 + EtOH, indicating reduced proteostatic maintenance. E: 

compared with CON + H2O2, H2O2 + Pro increased the ratio of cytosolic (Cyto) 

protein to DNA FBR. Data were assessed by 1-way ANOVA with planned contrasts 

and presented as means ± SE. *P < 0.05; n = 3/condition. 

Go to: 

DISCUSSION 

Maintained mitochondrial proteostasis is among the beneficial adaptations to 

exercise that contribute to maintenance of skeletal muscle function and 

protect against chronic disease. Redox-sensitive signaling promotes 

mitochondrial biogenesis and potentially proteostasis. Previous studies 

testing whether VitC blunts mitochondrial adaptations are conflicting, but 

none of these studies included a direct measurement of mitochondrial protein 

synthesis such as stable isotopic tracers. Our results show that VitC blunts 

exercise-induced increases in protein synthesis (including mitochondrial) and 

activation of proteostatic mechanisms in skeletal muscle, whereas Pro did 

not. Furthermore, in vitro VitC treatment during an oxidative challenge 
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blunted mitochondrial proteostatic mechanisms while Pro promoted these 

outcomes. Collectively, our data suggest that VitC treatment blunts positive 

protein adaptations to exercise and stress while Pro treatment is permissive of 

these outcomes. 

In Vivo Skeletal Muscle Mitochondrial Proteostasis 

The notion that supplementation with exogenous antioxidants such as VitC 

blunts exercise adaptations lacks consensus (14, 35, 53, 57, 59). Previous 

studies used mRNA and protein content of signaling proteins or markers of 

mitochondrial content (14, 57), rather than direct measures of mitochondrial 

biogenesis, which likely contributes to the differing results. As previously 

discussed, because of posttranscriptional regulation, mRNA is often not 

indicative of protein outcomes, and protein content masks changes in 

turnover (30, 31). To circumvent these issues, we used stable isotopes to 

make direct measurements of protein and DNA synthesis and breakdown to 

assess exercise- or H2O2-induced adaptation of skeletal muscle cells and 

tissue. By considering both the rates of protein turnover and DNA turnover, it 

was possible to account for how much of total protein turnover can be 

accounted for by cell turnover (cell replication and cell loss) vs. how much is 

directed toward maintaining the quality of proteins in the absence of cell 

turnover (29). 

In the current study, wheel-running exercise increased mitochondrial protein 

synthesis in both the plantaris and soleus muscle. In addition, the soleus 

appeared to be more responsive than the plantaris to exercise in that protein 

synthesis in the myofibrillar and cytosolic fractions also increased, whereas 

this was not the case for plantaris. These data support the important role of 

aerobic exercise to maintain skeletal muscle protein quality, even if this was 

not to result in skeletal muscle hypertrophy (36). VitC supplementation 

during exercise clearly blunted the exercise-induced increases in 

mitochondrial biogenesis in both soleus and plantaris muscles. In addition, 

VitC blunted cytosolic FSR in both muscles. DNA synthesis did not change 

in either muscle, indicating that VitC treatment did not affect DNA 

replication in skeletal muscle tissue. Because DNA synthesis was not altered 

with VitC treatment, the ratio of protein to DNA synthesis simply reflected 

protein synthesis rates. These data provide compelling evidence that 
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exogenous antioxidants are detrimental to exercise-induced skeletal muscle 

adaptation. 

To our knowledge, this study is the first report of Pro during chronic exercise 

training in rats. In the current study, Pro treatment did not blunt exercise-

induced increases in mitochondrial protein synthesis in either the soleus or 

plantaris. In addition, Pro treatment did not blunt the positive effects of 

exercise on Cyto and Myo protein synthesis in the soleus. When examining 

the ratio of protein to DNA synthesis, there were clear additional benefits of 

Pro on proteostatic processes in all three protein fractions of the plantaris, 

whereas these were not apparent in the soleus. Previous studies in mice 

indicate that Nrf2 activation may activate signaling involved with 

mitochondrial biogenesis (28), providing a potential mechanism by which 

Pro was permissive to mitochondrial adaptations. 

In Vitro Protein Turnover and Proteostatic Mechanisms 

The combination of protein synthesis and protein breakdown provides a 

comprehensive picture of proteostatic processes regulating protein content. 

The degradation of proteins is necessary for removing damaged or 

dysfunctional proteins, including those in the mitochondria (11), to maintain 

proteostasis. The measurement of protein breakdown in vivo, especially long-

term protein breakdown, is technically challenging. For this study, to further 

explore mechanisms of ROS-induced proteostatic processes, we developed a 

novel approach to simultaneously assess protein breakdown and DNA 

breakdown using D2O. As far as we are aware, this is the first study to 

simultaneously measure protein and DNA breakdown in vitro. By using this 

approach in combination with measuring protein synthesis and DNA 

synthesis, we provide a comprehensive picture of the dynamic nature of 

protein turnover with H2O2 treatment with or without Pro and VitC. 

The importance of assessing DNA turnover is especially evident in our in 

vitro studies. At 12 h of treatment, it appeared that H2O2 alone or in 

combination with Pro or VitC had no effect on mitochondrial protein 

synthesis. In addition, when we treated cells with H2O2 + Pro or H2O2 + VitC, 

there appeared to be a decrease in the rate of cytosolic protein synthesis. 

However, H2O2 and H2O2 + Pro both significantly decreased cell 

proliferation, as evident by decreased DNA synthesis. Therefore, when 

accounting for changes in proliferation by using the protein-to-DNA 
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synthesis ratio, H2O2 + Pro actually increased the ratios of mitochondrial and 

cytosolic protein to DNA while H2O2 + VitC did not. These findings support 

that Pro is permissive or even enhances cellular adaptations by decreasing 

cellular proliferation and increasing proteostatic processes. In contrast, VitC 

did not have these positive effects. 

As mentioned, for this project we developed a novel approach to 

simultaneously assess protein and DNA breakdown. At 12 h of treatment 

there was a significantly slower rate of protein breakdown in myoblasts 

treated with H2O2 and Pro compared with H2O2 alone. However, as was the 

case with DNA synthesis, H2O2 + Pro resulted in a significantly slower rate of 

DNA breakdown compared with H2O2 alone. Although the ratio of protein to 

DNA breakdown was not significantly different at 12 h compared with CON 

+ H2O2, this ratio was significantly greater by 20 h. In addition, the ratio 

H2O2 + Pro was significantly greater in the cytosolic fraction at both 12 and 

20 h compared with CON + H2O2. Conversely, the ratio protein/DNA 

breakdown with H2O2 + VitC was significantly lower compared with CON + 

H2O2 at 12 h, with no change at 20 h. When considering these findings in 

summary, it appears that, with H2O2 + Pro there is a cytoprotective effect in 

vitro. This effect is evident by the finding that cells are lost at a lower rate, 

and there is maintained or improved protein turnover. 

It is important to reiterate the insight gained by using the protein-to-DNA 

ratio, especially in vitro. In the CON + H2O2 condition, the protein-to-DNA 

synthesis ratio approximated one. A ratio close to one means that cell 

proliferation essentially accounted for all the measured protein synthesis. 

Therefore, when using a treatment that changes the rate of proliferation, cell 

cycle arrest, or cell death, it is difficult to interpret changes in protein 

turnover because cell turnover masks those changes. For example, many 

lifespan-extending treatments slow growth (e.g., rapamycin treatment or 

Snell dwarf mice) (9, 10) and also appear to decrease protein synthesis 

(9, 10, 20, 45). As we have indicated previously, the finding that slowed 

aging treatments decrease protein synthesis is likely simply due to the fact 

that most studies do not account for the influence of cell turnover on 

measured protein synthesis. When DNA synthesis is measured, it becomes 

clear that protein turnover is maintained or even increased (9, 29). Therefore, 

we advocate for this approach to determine the differences in protein 
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synthesis for maintaining proteostasis vs. protein synthesis for growth, 

especially in vitro. 

Study Limitations 

The current study examines the effects of an exogenous antioxidant, VitC, 

and a purported Nrf2 activator, Pro, but assessments of antioxidant activity 

and oxidant stress are lacking. VitC treatments were based on previously 

published studies (14, 57). Pro treatment was based off in vivo recommended 

doses and our previous studies in vitro demonstrating Nrf2 activation and 

cytoprotection (8, 46). Nrf2 activation in vivo is notoriously difficult to 

assess since at the time of animal sacrifice there is a high likelihood of 

missing transient (<15 min) Nrf2 activation. In addition, in an otherwise 

healthy young animal, Nrf2 activation likely occurs on an “as needed” basis 

for stress resistance, thus accentuating the transient nature. The same general 

argument has been put forth for exogenous antioxidant supplements, with 

some groups proposing that antioxidant deficiency is required for exogenous 

antioxidants to be therapeutically beneficial (39, 56). In fact, in humans 

supplemented with VitC, those with low baseline circulating concentrations 

showed improvements in physical performance, whereas those with high 

levels did not (38). Finally, these experiments should be repeated in human 

subjects to confirm our in vitro and in vivo animal studies. It is worth noting 

that we have previously shown that supplementing human subjects with Pro 

does not blunt basal mitochondrial biogenesis (23) although what impact 

exercise has on skeletal muscle adaptations and redox-sensitive mechanisms 

remains to be tested. 

Conclusions and Future Directions 

Despite efforts by multiple research groups over the past decade, consensus 

on the impact of VitC and vitamin E on exercise adaptation has remained 

elusive. As discussed above, we believe this is in part because of the failure 

to directly measure mitochondrial protein synthesis and the failure to account 

for changes in cell proliferation. When using these direct measures, it is clear 

that VitC supplementation decreased skeletal muscle adaptations to exercise 

in vivo. Our in vitro studies suggest that the decreased adaptations may be a 

result of attenuated ROS-induced stimulation of proteostatic mechanisms; 

however, further assessment of in vivo redox signaling is required to verify 
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these findings. In contrast, Pro did not blunt these adaptations. It is not yet 

entirely clear why treatment with phytochemicals that presumably activate 

Nrf2 and upregulate endogenous antioxidants is permissive to these 

adaptations. However, we speculate that parallel signaling pathways are 

activated such as activation of nuclear respiratory factor 1 (42), or there are 

temporal patterns of ROS bursts that stimulate adaptation while prolonged 

oxidative stress is mitigated. Future work could elucidate the impact of key 

biological variables, including exercise intensity and modality, age and 

disease status, and other variables known to impact proteostasis in response 

to exercise. 

In conclusion, our data support the notion that VitC supplementation blunts 

exercise-induced increases in mitochondrial biogenesis and improvements in 

proteostatic mechanisms. However, treatment with Pro, a phytochemical-

based treatment previously shown to activate Nrf2, permits mitochondrial 

adaptations and proteostatic maintenance. This insight was gained through 

the direct measure of protein and DNA synthesis and through a novel 

approach to assess protein and DNA synthesis and breakdown in vitro. Thus, 

we propose that targeting the endogenous antioxidant network is a better 

approach than the use of exogenous antioxidants to allow beneficial 

adaptations to exercise training. 
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• Regulation of heme oxygenase-1 expression through the phosphatidylinositol 3-

kinase/Akt pathway and the Nrf2 transcription factor in response to the antioxidant 

phytochemical carnosol.[J Biol Chem. 2004] 

• Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2) mediates exercise-induced 

mitochondrial biogenesis and the anti-oxidant response in mice.[J Physiol. 2016] 

• Degradation Parameters from Pulse-Chase Experiments.[PLoS One. 2016] 

• MCT1 confirmed in rat striated muscle mitochondria.[J Appl Physiol (1985). 2004] 

• Assessment of mitochondrial biogenesis and mTORC1 signaling during chronic 

rapamycin feeding in male and female mice.[J Gerontol A Biol Sci Med Sci. 2013] 

• A comprehensive assessment of mitochondrial protein synthesis and cellular 

proliferation with age and caloric restriction.[Aging Cell. 2012] 

• Acute {beta}-adrenergic stimulation does not alter mitochondrial protein synthesis or 

markers of mitochondrial biogenesis in adult men.[Am J Physiol Regul Integr Comp 

Physiol. 2010] 

• Assessment of mitochondrial biogenesis and mTORC1 signaling during chronic 

rapamycin feeding in male and female mice.[J Gerontol A Biol Sci Med Sci. 2013] 

• A comprehensive assessment of mitochondrial protein synthesis and cellular 

proliferation with age and caloric restriction.[Aging Cell. 2012] 

• Long-term synthesis rates of skeletal muscle DNA and protein are higher during 

aerobic training in older humans than in sedentary young subjects but are not altered 

by protein supplementation.[FASEB J. 2011] 

• Measurement of protein turnover rates by heavy water labeling of nonessential amino 

acids.[Biochim Biophys Acta. 2006] 

• Modeling the contribution of individual proteins to mixed skeletal muscle protein 

synthetic rates over increasing periods of label incorporation.[J Appl Physiol (1985). 

2015] 

• Long-lived Snell dwarf mice display increased proteostatic mechanisms that are not 

dependent on decreased mTORC1 activity.[Aging Cell. 2015] 

• Review Mitochondrial proteostasis as a shared characteristic of slowed aging: the 

importance of considering cell proliferation.[J Physiol. 2017] 

• Influence of Nrf2 activators on subcellular skeletal muscle protein and DNA 

synthesis rates after 6 weeks of milk protein feeding in older adults.[Geroscience. 

2017] 
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• Oral administration of vitamin C decreases muscle mitochondrial biogenesis and 

hampers training-induced adaptations in endurance performance.[Am J Clin Nutr. 

2008] 

• Vitamin C and E supplementation prevents some of the cellular adaptations to 

endurance-training in humans.[Free Radic Biol Med. 2015] 

• Antioxidant supplementation reduces skeletal muscle mitochondrial biogenesis.[Med 

Sci Sports Exerc. 2011] 

• High-dose antioxidant vitamin C supplementation does not prevent acute exercise-

induced increases in markers of skeletal muscle mitochondrial biogenesis in rats.[J 

Appl Physiol (1985). 2010] 

• Antioxidant supplementation does not alter endurance training adaptation.[Med Sci 

Sports Exerc. 2010] 
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• Review Targeting mitochondrial function and proteostasis to mitigate dynapenia.[Eur 

J Appl Physiol. 2018] 

• Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2) mediates exercise-induced 

mitochondrial biogenesis and the anti-oxidant response in mice.[J Physiol. 2016] 

• Review Mitophagy in maintaining skeletal muscle mitochondrial proteostasis and 

metabolic health with ageing.[J Physiol. 2017] 

• Long-lived Snell dwarf mice display increased proteostatic mechanisms that are not 

dependent on decreased mTORC1 activity.[Aging Cell. 2015] 

• Assessment of mitochondrial biogenesis and mTORC1 signaling during chronic 

rapamycin feeding in male and female mice.[J Gerontol A Biol Sci Med Sci. 2013] 

• Subacute calorie restriction and rapamycin discordantly alter mouse liver proteome 

homeostasis and reverse aging effects.[Aging Cell. 2015] 

• The effect of long term calorie restriction on in vivo hepatic proteostatis: a novel 

combination of dynamic and quantitative proteomics.[Mol Cell Proteomics. 2012] 

• Review The measurement of protein synthesis for assessing proteostasis in studies of 

slowed aging.[Ageing Res Rev. 2014] 

• Oral administration of vitamin C decreases muscle mitochondrial biogenesis and 

hampers training-induced adaptations in endurance performance.[Am J Clin Nutr. 

2008] 

• High-dose antioxidant vitamin C supplementation does not prevent acute exercise-

induced increases in markers of skeletal muscle mitochondrial biogenesis in rats.[J 

Appl Physiol (1985). 2010] 
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• Phytochemical activation of Nrf2 protects human coronary artery endothelial cells 

against an oxidative challenge.[Oxid Med Cell Longev. 2012] 

• Upregulation of phase II enzymes through phytochemical activation of Nrf2 protects 

cardiomyocytes against oxidant stress.[Free Radic Biol Med. 2013] 

• N-acetylcysteine supplementation increases exercise performance and reduces 

oxidative stress only in individuals with low levels of glutathione.[Free Radic Biol 

Med. 2018] 

• Review Vitamin E inadequacy in humans: causes and consequences.[Adv Nutr. 

2014] 

• Low vitamin C values are linked with decreased physical performance and increased 

oxidative stress: reversal by vitamin C supplementation.[Eur J Nutr. 2016] 

• Influence of Nrf2 activators on subcellular skeletal muscle protein and DNA 

synthesis rates after 6 weeks of milk protein feeding in older adults.[Geroscience. 

2017] 

• Heme oxygenase-1 regulates cardiac mitochondrial biogenesis via Nrf2-mediated 

transcriptional control of nuclear respiratory factor-1.[Circ Res. 2008] 
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