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ABSTRACT 28 

The metabolic stress placed on skeletal muscle by aerobic exercise promotes acute and 29 

long-term health benefits in part through changes in gene expression.  However, the transducers 30 

that mediate altered gene expression signatures have not been completely elucidated.  Regulated 31 

in Development and DNA Damage 1 (REDD1) is a stress-induced protein whose expression is 32 

transiently increased in skeletal muscle following acute aerobic exercise.  However, the role of 33 

this induction remains unclear.  Because REDD1 altered gene expression in other model 34 

systems, we sought to determine whether REDD1 induction following acute exercise altered the 35 

gene expression signature in muscle.  To do this, wild type and REDD1 null mice were 36 

randomized to remain sedentary or undergo a bout of acute treadmill exercise.  Exercised mice 37 

recovered for 1, 3, or 6 hr prior to sacrifice.  Acute exercise induced a transient increase in 38 

REDD1 protein expression within the plantaris only at 1 hr post exercise, and the induction 39 

occurred in both cytosolic and nuclear fractions.  At this time point, global changes in gene 40 

expression were surveyed using microarray.  REDD1 induction was required for the exercise 41 

induced change in expression of 24 genes.  Validation by RT-PCR confirmed that the exercise-42 

mediated changes in genes related to exercise capacity, muscle protein metabolism, 43 

neuromuscular junction remodeling, and Metformin action, were negated in REDD1 null mice.  44 

Lastly, the exercise-mediated induction of REDD1 was partially dependent upon glucocorticoid 45 

receptor activation.  In all, these data show that REDD1 induction regulates the exercise-46 

mediated change in a distinct set of genes within skeletal muscle.           47 
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INTRODUCTION 52 

 Aerobic exercise places a large metabolic stress on the skeletal muscle leading to a 53 

variety of acute and long-term health benefits mediated in part by changes in the types of genes 54 

expressed (3, 49).  For example, the exercise-mediated induction of genes related to muscle 55 

oxidative capacity and mitochondrial biogenesis contribute to the ability of the skeletal muscle to 56 

generate ATP aerobically, and in turn, the ability to sustain prolonged muscular activity (3).  57 

Likewise, the exercise-mediated induction of glucose transporter 4 (GLUT4) in muscle enhances 58 

the capacity to maintain postprandial glucose levels (49).  While the regulatory pathways that 59 

control gene expression following exercise are becoming recognized, there are still many 60 

unknown molecular transducers that contribute to this effect.       61 

In skeletal muscle, sustained expression of the stress-induced protein, Regulated in 62 

Development and DNA Damage 1 (REDD1; a.k.a. ddit4, RTP801, dig2), is typically observed 63 

during pathological conditions in which skeletal muscle mass and metabolism are perturbed (7, 64 

15, 18-20, 45, 54, 56).  Many of these effects are thought to be predominantly reconciled by 65 

repressed signaling through the mechanistic target of rapamycin in complex 1 (mTORC1) (18, 66 

20).  Paradoxically, REDD1 expression is highly induced in skeletal muscle by an acute bout of 67 

aerobic exercise (22, 41, 44, 46), while changes in mTORC1 signaling are inconsistent (4, 14, 68 

22, 41).  These data suggest that REDD1 may regulate exercise-sensitive metabolic processes 69 

within the skeletal muscle that are distinct from the regulation of mTORC1 signaling.   70 

In other models, modulation of REDD1 expression results in altered gene expression.  71 

For example, prolonged deletion of REDD1 in mouse embryonic fibroblasts (MEFs) increased 72 

the expression of genes involved with glycolysis, such as pyruvate dehydrogenase kinase 1 (24).  73 

Further, inhibiting REDD1 induction following acute, topical glucocorticoid administration 74 

negated the change in gene expression related to various processes such as antigen 75 



processing/presenting and DNA replication (2).  Further, REDD1 is localized in the nucleus (33, 76 

38), providing additional support for REDD1 in the regulation of gene expression.  Since 77 

REDD1 is among the genes induced in skeletal muscle by acute aerobic exercise (44), we 78 

hypothesized that the induction of REDD1 facilitates the change in the gene expression signature 79 

in an mTORC1-independent manner.  We utilized a genetic model and an unbiased microarray 80 

approach with subsequent RT-PCR validation to show that preventing the REDD1 induction 81 

within the skeletal muscle altered the exercise-induced change in the expression of a specific set 82 

of genes with previously designated functions in skeletal muscle biology.  Importantly, this 83 

occurred in an mTORC1-independent manner.  Thus, these data strongly suggest that REDD1 is 84 

a molecular transducer that regulates a specific gene signature following acute exercise.  85 

   86 

METHODS 87 

Animals 88 

Male, REDD1 null mice (REDD1-/-) aged 12 weeks were generated as previously 89 

described (17, 18, 20, 56), and permission to use them was generously granted by Dr. Elena 90 

Feinstein (Quark Pharmaceuticals).  REDD1-/- mice were bred in The Pennsylvania State 91 

University College of Medicine animal facility.  Male wild type, age-matched B6/129F1 control 92 

mice (REDD1+/+) were obtained from Taconic (Hudson, NY).  Female REDD1+/+ and 93 

REDD1-/- mice aged 8-12 weeks were generated and housed as previously described (51) and 94 

used to determine maximal treadmill exercise performance.  Male, C57Bl/6 mice aged 12 weeks 95 

were obtained from Envigo (Indianapolis, IN) or from a breeding colony within the vivarium at 96 

the University of Central Florida for use in the glucocorticoid receptor inhibition experiments.  97 

All mice were housed in a temperature- (25C) and light (12h:12h light:dark)-controlled 98 



environment and had access to food and water ad libitum.  The Institutional Animal Care and 99 

Use Committee of the Pennsylvania State University College of Medicine, the University of 100 

Central Florida, and Mass General Hospital approved the animal facilities and all experimental 101 

protocols.   102 

Experimental Design and Aerobic Treadmill Exercise Protocol  103 

 REDD1+/+ and REDD1-/- mice were acclimated to a Columbus Instruments rodent 104 

treadmill (Columbus, OH) for the 2 days immediately prior to experimentation.  Acclimation 105 

included 10 min (10 m/min), 5 min (15 m/min), and 5 min (18 m/min) all at a 5% incline.  The 106 

maximal treadmill speed of this exercise paradigm corresponds to an intensity previously 107 

reported to be ~60% of maximal O2 consumption in mice (43).  On the day of experimentation, 108 

mice were deprived of food 3 hr prior to experimentation, but had access to water ad libitum.  At 109 

the time of experimentation, mice were randomized to remain sedentary or undergo an acute 110 

bout of treadmill exercise consisting of a warmup [5 min (10 m/min) and 5 min (15 m/min)] 111 

followed by 50 min (18 m/min) at a 5% incline.  A similar protocol has been shown to increase 112 

REDD1 content in skeletal muscle (44).  Mice randomized to the sedentary condition remained 113 

in their cages next to the treadmill.  Immediately after completion of the exercise session, mice 114 

were returned to their cages were they remained fasted, but had unlimited access to water, until 115 

sacrifice at 1, 3, or 6 hr post completion of the exercise session.  The sedentary mice were 116 

sacrificed immediately prior to sacrificing the 1 hr post exercise group.  At sacrifice, mice were 117 

anesthetized with isoflurane (2-3%), and the plantaris and gastrocnemius muscles were excised, 118 

flash frozen in liquid nitrogen, and stored at -80 ºC.  Initial analyses (i.e. Western blotting and 119 

microarray) were performed on the plantaris as this muscle undergoes a high degree of molecular 120 

adaptation following long-term aerobic exercise training (34).   121 



Treadmill Exercise Performance Test 122 

 Treadmill exercise capacity was assessed as previously described (46).  Briefly, mice 123 

were acclimated to an Exer 6 rodent treadmill (Columbus Instruments, Columbus, OH) for the 2 124 

days immediately prior to the exercise test.  Acclimation on day 1 included 5 min at 8 m/min.  125 

Acclimation on day 2 included 5 min at 8 m/min and 5 min at 10 m/min.  For the exercise test, 126 

mice ran for 40 min at 10 m/min at which point the treadmill speed increased 1 m/min every 5 127 

min until exhaustion.  Exhaustion was defined as ≥5 sec on an electric shock grid without 128 

attempting to run.                129 

Glucocorticoid Receptor Inhibition 130 

RU-486 (Sigma Aldrich, St. Louis, MO, cat.# M8046) diluted in Polyethylene Glycol 131 

400 (PEG) (Fisher Scientific, Pittsburgh, PA, cat.#MPX1286B2) at a dose of 8 mg/kg of body 132 

weight was used to inhibit the glucocorticoid receptor as previously described (31).  Preliminary 133 

experiments confirmed receptor blockade as Dexamethasone (DEX) (Sigma Aldrich, St. Louis, 134 

MO; cat. #D1756) failed to increase REDD1 expression in skeletal muscle following RU-486 135 

treatment (Fig. 5A).  Specifically, mice were given a subcutaneous injection of RU-486 or 136 

vehicle (PEG) 24 hr and 2 hr prior to receiving a single intraperitoneal injection of DEX (4 137 

mg/kg body weight) diluted in physiological saline.  Plantaris muscle samples were collected 2 138 

hr post DEX injection to mimick the time point of the subsequent aerobic exercise experiments 139 

(i.e. 1 hr of exercise + 1 hr of recovery).  Following confirmation of receptor blockade, a new set 140 

of mice were acclimated to the treadmill for 2 days as described above.  Immediately after the 141 

second acclimation period, mice were given the first injection of RU-486 or vehicle.  Twenty-142 

four hr later, mice were given a second injection of RU-486 or vehicle, and food was withheld 143 

for the remainder of the study.  Two hr following the injection, a subset of mice were subjected 144 



to a single bout of treadmill exercise as described above and sacrificed 1 hr following completion 145 

of the bout.                      146 

Serum Corticosterone 147 

 Serum corticosterone levels were determined by ELISA (Cayman Chemical, Ann Arbor, 148 

MI; cat.# 501320) according to the manufacturer’s procedures except that the sample purification 149 

procedure was omitted.  Whole blood was allowed to clot on ice for at least 30 min followed by 150 

centrifugation (2,000 x g for 10 min at 4 °C) and storage at -80 °C.  For analysis, serum was 151 

diluted 1:200 into the ELISA buffer supplied with the kit to obtain absorbance readings within 152 

the standard curve.  Data are presented as ng/ml.     153 

RNA Extraction, cDNA synthesis, and RT-PCR 154 

  Plantaris muscle samples were homogenized in 500 µl of Zymo Tri Reagent (Irvine, CA), 155 

and RNA was isolated using a Zymo RNA Miniprep kit (cat. #R2071) with on column DNase 156 

treatment (Irvine, CA).  RNA quantity was determined spectrophotometrically by 260-to-280 nm 157 

ratio, and cDNA was synthesized from RNA totaling 1-1.75 ng using a High Capacity cDNA 158 

Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA).  RT-PCR was conducted 159 

on a QuantStudio5 thermal cycler (Thermo Fisher Scientific, Waltham, MA) using PowerUp 160 

Sybr Green Master Mix (Thermo Fisher Scientific, Waltham, MA).  The conditions for RT-PCR 161 

with Sybr Green included an initial 2 min at 50 ºC and 2 min at 95 ºC, followed by 40 cycles 162 

which included a 15 sec denature step at 95 ºC, a 15 sec annealing step at 55 ºC, and a 1 min 163 

extension step at 72 ºC within each cycle.  A melt curve analysis was performed for each primer 164 

pair to ensure that a single product was efficiently amplified, and the product sizes for each 165 

primer pair were verified via agarose gel electrophoresis.  Junb mRNA expression was 166 

determined using TaqMan predesigned probes (Mm04243546_s1, Thermo Fisher Scientific, 167 



Waltham, MA) and TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) following 168 

the manufacturer’s recommended RT-PCR cycling conditions for the QuantStudio5 thermal 169 

cycler.  Relative expression levels of each target gene were normalized by using the delta delta 170 

Ct method with GAPDH as the control gene since GAPDH expression was not altered by 171 

genotype or exercise.  Primer sequences for all Sybr Green reactions are listed in Table 1.   172 

Microarray and Microarray Data Analysis 173 

Total RNA (N=3/condition) from the plantaris was subjected to microarray analysis at the 174 

Analytical Genomics Core within the Sanford Burnham Prebys Medical Discovery Institute 175 

(Orlando, FL).  The quality of total RNA was assessed by the Agilent Bioanalyzer Nano Chip 176 

(Agilent Technologies; Santa Clara, CA).  Labeled, single-stranded cDNA (sscDNA) was 177 

generated using 300 ng of total RNA according to the Whole Transcript Sense Target Labeling 178 

Assay protocol using Affymetrix’s GeneChip WT PLUS Reagent kit (Santa Clara, CA; cat. 179 

#902281).  Then, 5.5 µg of sscDNA was fragmented and labelled using Affymetrix WT 180 

Terminal according to the manufacturer’s protocol. The labeled sscDNA was then hybridized 181 

onto GeneChip Mouse Gene 2.0 ST Arrays (Affymetrix; Santa Clara, CA), which analyzes 182 

28,000 coding transcripts and ~ 7000 noncoding transcripts using ~ 760,000 probe sets (on 183 

average 27 probes per gene).  The staining and washing of the arrays were conducted using an 184 

Affymetrix Fluidics 450 Station, and scanned using Affymetrix GeneChip Command Console 185 

Software and GeneChip® Scanner 3000 7G.  All procedures were conducted according to the 186 

manufacturer's instructions.   187 

Basic microarray data analysis was performed at the Bioinformatics Core at the Sanford 188 

Burnham Prebys Medical Discovery Institute (La Jolla, CA).  Raw data files from Mouse Gene 189 

ST Arrays were imported into Partek’s Genomic Software for microarray expression analysis 190 



(Partek, Inc., Chesterfield, MO).  No interrogating probes or control probes were skipped.  The 191 

Robust Microarray Average method was used in Partek for data processing (5, 25, 26, 57), which 192 

included background correction, quantile normalization and median polish correction.  Signals 193 

for probes were Log2 transformed to create data sets closer to the normal distribution.  194 

Affymetrix quality control charts were analyzed in line form, and box and whisker plots were 195 

analyzed to verify that no outliers were detected.  Additional quality control and checks for 196 

outliers were provided by Principal Component Analysis (PCA) with no outliers detected.  197 

Following this, lists of differentially expressed genes (DEGs) were generated between groups 198 

using the following conditions: 1) exercise-REDD1+/+ vs. sedentary-REDD1+/+; 2) exercise-199 

REDD1-/- vs. exercise-REDD1+/+; 3) sedentary-REDD1-/- vs. sedentary-REDD1+/+.  ANOVA 200 

analysis was used to define DEGs using two criteria.  Initial DEG criteria was assessed using 201 

rigorous P-values (Fold Change ≥ 1.5 and P-value with False Discovery Rate < 0.05), which 202 

produced only handfuls of DEGs for each comparison.  Due to this, a flexible P value (Fold 203 

Change ≥ 1.5 and P-value without False Discovery Rate < 0.05) resulted in several hundred 204 

DEGs for every comparison.  The gene lists using the flexible P-value were used in the 205 

subsequent analysis.  Gene expression data has been made available at GEO 206 

(http://www.ncbi.nlm.nih.gov/geo) for this study (GSE97415).     207 

Western Blot Analysis 208 

Whole muscle protein from the plantaris was extracted by glass on glass homogenization 209 

in 10 volumes (10 µl/mg tissue) of RIPA buffer (Thermo Fisher Scientific, cat. #89900, 210 

Waltham, MA) consisting of 25 mM Tri-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium 211 

deoxycholate, 0.1% SDS, and supplemented with 5 mM NaVO4, 20 mM NaF, and 10 µl/ml 212 

protease inhibitor cocktail (Sigma Aldrich #P8340, St. Louis, MO), or a buffer consisting of 50 213 

mM HEPES (pH 7.4), 0.1% Triton-X 100, 4 mM EGTA, 10 mM EDTA, 15 mM Na4P2O7, 100 mM く-214 

http://www.ncbi.nlm.nih.gov/geo


glycerophosphate, 25 mM NaF, 5mM Na3VO4, and 10 µl/ml protease inhibitor cocktail (Sigma Aldrich 215 

#P8340).  The muscle extract was centrifuged at 10,000 x g for 10 min and the protein content of 216 

the supernatant fraction was quantified by the Bradford method (6) or using a DC protein assay 217 

(Bio-Rad; Hercules, CA).  For analysis, proteins in the supernatant were fractionated, transferred 218 

to PVDF membranes, and stained with Ponceau-S to confirm effective transfer and equal protein 219 

loading.  Membranes were incubated with appropriate antibodies overnight at 4°C.  Antibodies 220 

against REDD1 (cat. #10638-1-AP) were obtained from ProteinTech (Chicago, IL).  Antibodies 221 

against GAPDH (cat. #sc-32233) were obtained from Santa Cruz Biotechnology (Dallas TX).  222 

Antibodies against Histone H2B (cat. #8135), phospho-4E-BP1 (Ser65) (cat. #9451), phospho-s6 223 

ribosomal protein (Ser240/244) (cat. #2215), total s6 ribosomal protein (cat. #2217), phospho-224 

ULK1 (Ser757) (cat. #6888), and total ULK1 (cat. #8054) were obtained from Cell Signaling 225 

(Danvers, MA).   Antibodies against total 4E-BP1 were custom made by Bethyl Laboratories 226 

(Montgomery, TX) and kindly provided by Dr. Scot R. Kimball (Pennsylvania State University 227 

College of Medicine). Following incubation with appropriate secondary antibodies (Bethyl 228 

Laboratories, cat. #A120-101P or A90-116P, Montgomery, TX), the antigen-antibody complex 229 

was visualized by enhanced chemiluminescence (Clarity Reagent; Bio-Rad, Hercules, CA) on a 230 

Bio-Rad ChemiDoc Touch imaging system.  All blots were quantified using Image J software 231 

(NIH, Bethesda, MD). 232 

Cytosolic/Nuclear Fraction Separation 233 

 Whole gastrocnemius muscle samples were homogenized using glass on glass in 10 234 

volumes (10 µl/mg tissue) of buffer (referred here after as buffer A) consisting of 10 mM NaCl, 235 

1.5 mM MgCl2, 20 mM HEPES, 20% glycerol, 0.1% Triton-X 100, 1 mM DTT, and 10 µl/ml 236 

protease inhibitor cocktail (Sigma Aldrich #P8340, St. Louis, MO).  Samples were centrifuged 237 



for 5 min at 2,400 x g at 4º C.  The supernatant was collected and saved as the cytosolic enriched 238 

fraction.  This fraction was further centrifuged 3 times, each at 5-min/3,500 x g/4º C, to pellet 239 

and remove any remaining non-cytosolic material.  The pellet containing the nuclear-enriched 240 

fraction was then gently washed 3 times in buffer A.  Between each wash, the nuclear pellet was 241 

centrifuged for 5 min at 2,400 x g at 4º C.  The final nuclear pellet was then re-suspended in lysis 242 

buffer A containing 5 M NaCl and rocked at 4º C for 1.5 hr.  The sample was then centrifuged 243 

for 15 min at 21,000 x g at 4º C.  The supernatant was collected and saved as the nuclear 244 

enriched fraction.  The protein content of each fraction was quantified by the Bradford method 245 

(6), and equal quantities of protein from each fraction were subjected to Western blot analysis as 246 

described above. 247 

Statistical Analysis 248 

 Data are presented as Mean ± SE.  Differences in REDD1 protein expression in the 249 

plantaris of REDD1+/+ mice following recovery were analyzed by one-way ANOVA with 250 

Fisher’s LSD post hoc.  Differences in REDD1 protein expression in the nuclear/cytosolic-251 

enriched fractions were analyzed by two-way ANOVA using exercise and cellular fraction as the 252 

two factors.  The mRNA expression of REDD2 and indices of mTORC1 signaling were analyzed 253 

by two-way ANOVA using time and genotype as the two factors.  Exercise capacity was 254 

evaluated by Student’s t-test.  Differences in gene expression following exercise were analyzed 255 

by two-way ANOVA using exercise and genotype as the two factors, by one-way ANOVA, or 256 

by Kruskill-Wallis if the normality assumption was violated.  Fisher’s LSD was used Post Hoc 257 

when an interaction was detected by two-way ANOVA or if a significant F value was detected 258 

by one-way ANOVA.  Dunn’s multiple comparison test was used if a significant H value was 259 

detected following Kruskill-Wallis.  Due to the smaller sample size, and as previously utilized 260 



(40), detection of an interaction at P ≤ 0.1 was accepted for two-way ANOVA.  Using this 261 

approach, only Junb mRNA expression required this alternative threshold, as the P value for the 262 

interaction was P = 0.056.  Post hoc analysis was used to analyze Serpina3m gene expression 263 

analysis from the RU-486 experiments even though the Kruskill-Wallis H value only reached P 264 

= 0.06 as our previous experiments showed Serpina3m gene expression was increased after 265 

exercise (i.e. Fig. 4C).  With the exception of these modified thresholds, significance was set at P 266 

≤ 0.05 for all other analyses.        267 

 268 

RESULTS 269 

Disruption of REDD1 does not alter mTORC1 signaling following acute aerobic exercise. 270 

 Consistent with others (22, 41, 44), acute aerobic exercise profoundly increased REDD1 271 

protein expression in the plantaris by 860% at the 1 hr post exercise time point (Fig. 1A).  This 272 

induction was highly transient as REDD1 expression returned to baseline at the 3 and 6 hr post 273 

exercise time points (Fig. 1A).  The induction of REDD1 protein was likely mediated by a 274 

change in the corresponding message as REDD1 mRNA content was increased 1,550% at the 1 275 

hr post exercise time point before returning to baseline values at 3 and 6 hr of recovery (Fig. 1B).  276 

Also, expression of REDD2 was decreased at each time point in the post exercise recovery 277 

period, and this was independent of genotype (Fig. 1C).   278 

  Since REDD1 is a known repressor of mTORC1 signaling, we assessed whether 279 

disruption of REDD1 altered the phosphorylation of various substrates downstream of mTORC1.  280 

While we were unable to detect phosphorylation of the 70 kD ribosomal protein s6 kinase 1 281 

(p70S6K1) on Thr389 in any condition, which was likely due to the fasted state of the mice, we 282 

found no detectable difference in the phosphorylation of the p70S6K1 substrate, s6 ribosomal 283 



protein (Ser240/244) by either exercise or genotype (Fig. 1D).  Likewise, neither exercise nor 284 

genotype altered the phosphorylation of uncoordinated like kinase 1 (ULK1) on Ser757 (Fig. 285 

1E).  Interestingly, there was a main effect to decrease phosphorylation of the eIF4E binding 286 

protein 1 (4E-BP1) on Ser65 in both REDD1+/+ and REDD1-/- mice only at 1 and 3 hr post 287 

exercise, but this main effect was abolished when the 6 hr time point was included in the analysis 288 

(Fig. 1F).  This exercise-mediated reduction in 4E-BP1 phosphorylation, without a 289 

corresponding change in other mTORC1 substrates, is consistent with previous reports (16, 22, 290 

41, 55).  In all, these data show that preventing induction of REDD1 in skeletal muscle following 291 

an acute bout of aerobic exercise does not alter mTORC1 signaling.     292 

REDD1 expression is induced in both nuclear and cytosolic enriched fractions 1 hr post exercise 293 

To gain a better understanding of the REDD1 induction following acute aerobic exercise, 294 

we determined the fractional distribution 1 hr into the post exercise recovery when expression 295 

was elevated.  Gastrocnemius muscles from sedentary REDD1+/+ mice and REDD1+/+ mice 296 

were separated into cytosolic and nuclear enriched fractions.  Importantly, others have shown 297 

that the exercise-mediated induction of REDD1 protein in the gastrocnemius exhibits a similar 298 

pattern of expression in the post-exercise recovery as that observed in the plantaris (i.e. Fig. 1A 299 

and (22, 41, 44)).  In the sedentary condition, REDD1 protein was detected in both the cytosolic 300 

and nuclear-enriched fractions, with no significant difference observed between the fractions 301 

(Fig. 2A & B).  Interestingly, exercise increased REDD1 protein in both the cytosolic (392%) 302 

and nuclear (240%) enriched fractions to a similar magnitude.  Validity of our REDD1 303 

measurement was confirmed in control experiments utilizing gastrocnemius fractional extracts 304 

from REDD1+/+ and REDD1-/- mice 1 hr post exercise (Fig. 2C).   305 

REDD1 regulates the exercise-mediated gene expression signature 306 



 Because REDD1 expression was induced in the nuclear enriched fraction, we next sought 307 

to determine whether disruption of REDD1 altered the exercise-induced gene expression 308 

signature.  Using an unbiased approach, total RNA from the plantaris of REDD1+/+ and 309 

REDD1-/- mice in the sedentary and 1 hr post exercise conditions was subjected to microarray 310 

analysis.  To confirm the validity of the methodology, the list of DEGs from exercise-311 

REDD1+/+ vs. sedentary-REDD1+/+ was searched for putative genes induced by acute exercise.  312 

Indeed, an increase in Peroxisome Proliferator Activated Receptor Gamma Co Activator 1 Alpha 313 

(Ppargc1a; a.k.a. PGC-1g), Heat Shock Protein Family A Member 1A (Hspa1a; a.k.a. Hsp70), as 314 

well as REDD1 (Ddit4) were detected by the microarray (39, 44).  In order to compare the 315 

magnitude of REDD1 induction to other altered genes, we generated a list of the top 10 genes 316 

exhibiting the greatest induction following acute exercise (Table 2) and a list of the top 10 genes 317 

exhibiting the greatest repression following acute exercise (Table 3).  Interestingly, of all DEGs 318 

identified by the microarray, REDD1 exhibited the greatest fold change, supporting an important 319 

role for REDD1 following the exercise stimulus.     320 

To determine if REDD1 regulated the skeletal muscle gene expression signature 321 

following acute exercise, we generated a list of genes that were 1) increased by exercise in 322 

REDD1+/+ mice (exercise-REDD1+/+ vs. sedentary-REDD1+/+), 2) altered by the disruption of 323 

REDD1 following exercise (exercise-REDD1-/- vs. exercise-REDD1+/+), and 3) not altered by 324 

disruption of REDD1 in the sedentary condition (sedentary-REDD1-/- vs. sedentary-325 

REDD1+/+).  This strategy identified 24 genes whose normal exercise-mediated change was 326 

altered in REDD1-/- mice (Fig. 3).  Using RT-PCR, we validated the microarray output for those 327 

identified genes previously implicated in skeletal muscle biology (8, 32, 36, 47).  Specifically, 328 

preventing the induction of REDD1 negated the exercise-mediated increase in Orosomucoid 1 329 



(Orm1), Junb, Serine Peptidase Inhibitor Clade A Member 3M (Serpina3m), and Solute Carrier 330 

Family 22 Member 3 (Slc22a3) (Fig. 4A-D).  While the expression of these genes were affected 331 

by disruption of REDD1, the induction of the putative exercise responsive and intensity 332 

dependent genes, PGC-1g and Hsp70 (39, 53), were unaffected (Fig. 4E & F), supporting 333 

specificity of the REDD1 sensitive gene signature and a similar exercise stimulus.  In further 334 

support of a similar exercise stimulus, there was no difference in overall exercise capacity 335 

between REDD1+/+ and REDD1-/- mice (Fig. 4G).  Together, these data indicate that REDD1 336 

induction is required for the exercise-mediated change in the expression of a unique set of genes 337 

related to skeletal muscle biology. 338 

REDD1 induction is partially dependent upon a functional glucocorticoid receptor 339 

 Of the identified REDD1 sensitive genes, Orm1 is a presumed target of glucocorticoid 340 

signaling (35).  Since glucocorticoids are increased by aerobic exercise (10, 21), and they induce 341 

REDD1 expression in skeletal muscle (31, 52), this prompted us to test whether glucocorticoid 342 

signaling contributed to the REDD1 induction and change in the gene expression signature 343 

following acute aerobic exercise.  Upon confirmation that RU-486 sufficiently blocked the 344 

glucocorticoid induction of REDD1 in skeletal muscle (Fig. 5A), mice treated with RU-486 or 345 

vehicle only were subjected to a single bout of aerobic exercise.  Inhibition of the glucocorticoid 346 

receptor significantly blunted, but did not prevent, the induction of REDD1 protein following 347 

exercise (Fig. 5B).  This was likely mediated by a change in the corresponding transcript as 348 

REDD1 mRNA content showed a similar expression pattern following glucocorticoid receptor 349 

blockade (Fig. 5C).  Importantly, these reductions were not due to reduced glucocorticoid 350 

production as serum corticosterone levels were significantly elevated in the mice treated with 351 

RU-486 (Fig. 5D).  352 



 Consistent with Orm1 as a glucocorticoid target gene, RU-486 impaired the exercise-353 

mediated increase in Orm1 mRNA expression (Fig. 6A).  In contrast, the induction of Junb and 354 

Slc22a3 mRNA following exercise were maintained despite receptor blockade (Fig. 6B & D).  355 

While the overall H value for Serpina3m did not reach significance, a strong trend was observed 356 

(P = 0.06).  Because we observed induction of Serpina3m in earlier experiments (i.e. Fig. 4C), 357 

we utilized post hoc analysis to confirm that Serpina3m mRNA was also induced by exercise in 358 

vehicle treated mice (Fig. 6C).  However, following receptor inhibition only a trend (P = 0.054) 359 

for an increase was detected (Fig. 6C).  These data show that glucocorticoids contribute to the 360 

exercise-mediated induction of REDD1, but signaling through this receptor does not regulate all 361 

of the previously identified REDD1 sensitive genes.  Thus, it is likely that REDD1 induction 362 

coupled with the activation of upstream signals initiate changes in the specific gene expression 363 

signature.                   364 

 365 

DISCUSSION 366 

 In skeletal muscle, studies have principally focused on REDD1 as a negative regulator of 367 

mTORC1 signaling during pathological and catabolic conditions (7, 15, 17-20, 29, 54).  In 368 

contrast, the results herein support an alternative, mTORC1-independent role for REDD1 in the 369 

regulation of exercise-induced changes in gene expression. Specifically, four of the 24 REDD1 370 

sensitive genes identified and validated herein have been previously implicated in regulating 371 

various aspects of skeletal muscle biology.  Thus, the exercise-mediated induction of REDD1, 372 

and the subsequent change in the gene expression signature, may contribute to such long-term 373 

adaptations including enhanced work capacity (28), muscle hypertrophy (30), neuromuscular 374 

junction size (12), or the action of Metformin in skeletal muscle (37).  For instance, Orm1 is a 375 



secretory protein produced by skeletal muscle, and increased Orm1 levels in circulation have 376 

been shown to enhance exercise capacity (32).  Alternatively, Junb expression promotes skeletal 377 

muscle hypertrophy by enhancing protein accretion (47), and increased expression may 378 

contribute to the increase in muscle size reported following aerobic exercise training (37).  While 379 

the role of Serpina3m in skeletal muscle is less understood, Serpina3m is likely involved in 380 

neuromuscular junction maintenance and/or stability as its expression is induced and localized at 381 

the motor endplate following denervation, and this effect is augmented in a rodent model of 382 

enhanced re-innervation (36).  Lastly, Slc22a3 is a member of the Organic Cation Transporters 383 

(OCTs) expressed on the cell membrane of various tissues, including skeletal muscle (8).  384 

Slc22a3 expression increased the Metformin-mediated activation of the 5'- AMP-activated 385 

protein kinase (AMPK) (8).  Consequently, an exercise-mediated induction of Slc22a3 may 386 

potentiate the function of the drug in skeletal muscle, and it may also regulate the uptake other 387 

cationic molecules following exercise.   388 

Though we show a role for the glucocorticoid receptor in the induction of REDD1 389 

following exercise (Fig. 5B & D), the fact that REDD1 was still induced to some degree suggests 390 

that other factors contribute.  Based upon our data and others, (i.e. Fig. 1B, 5B & (46)), the 391 

induction is likely mediated by a change in the corresponding REDD1 mRNA transcript.  392 

Accordingly, other positive effectors of REDD1 gene transcription were shown to be 393 

activated/increased by exercise, including hypoxia inducible factor 1 alpha (HIF-1g) (1).  394 

However, the exercise-mediated activation of HIF-1g persisted up through 6 hr into the post 395 

exercise recovery (1), which is significantly longer than the REDD1 induction observed herein 396 

and as previously reported (44).  In addition, expression of REDD2, which can be mildly induced 397 

by hypoxia in a manner independent of HIF-1g (48), was decreased at each time point during 398 



recovery (Fig. 1C), suggesting a limited role of hypoxia in this response.  Increased production 399 

of Interleukin-6 (IL-6) is a potential contributing factor as IL-6 alters REDD1 expression (45), 400 

and circulating IL-6 levels are increased by acute exercise (42).  Moreover, the transcription 401 

factor, Signal transducer and activator of transcription 1 (STAT1), is activated by IL-6 signaling 402 

(9), and the Serpina3m promoter contains a predicted STAT1 binding site.  It is also likely that 403 

changes in expression of REDD1 sensitive genes depend upon exercise intensity in a manner 404 

similar to the intensity dependent changes in glucocorticoid production (23).  Therefore, the 405 

magnitude of REDD1 induction, as well as that of glucocoriticoid-target genes (e.g. Orm1), 406 

could depend on exercise intensity.  How signals generated by the yet to be identified factors 407 

might contribute to the induction of REDD1 and its target genes, particularly relative to changes 408 

in exercise intensity, remains to be determined. 409 

Though the current findings support the premise that REDD1 alters gene expression, a 410 

mechanistic explanation(s) remains elusive.  For instance, it is unknown whether the changes in 411 

expression of the identified genes were due to a change in the rate of transcription, the rate of 412 

mRNA turnover, or both.  In support for a REDD1-mediated change in transcription, others and 413 

we showed that REDD1 is localized in the nucleus, and that the induction of REDD1 following 414 

exercise occurs in the nuclear enriched fraction (i.e. Fig. 2 and (33, 38)).  However, we are 415 

unaware of any reports identifying REDD1 as a transcription factor.  In addition, a DNA binding 416 

motif within the protein sequence has not yet been described.  Likewise, the possibility of 417 

REDD1 acting as a gene transcriptional co-activator has yet to be explored.  Based upon other 418 

work related to the REDD1 mechanism of action, it can be hypothesized that REDD1 would alter 419 

the activation of signaling proteins/transcription factors through posttranslational modification, 420 

particularly phosphorylation (11, 13).  Upon confirming the list of DEGs, we identified 421 



transcription factors predicted to bind to the promoter regions of the confirmed genes.  However, 422 

we were unable to detect a change in phosphorylation of the identified transcription factors by 423 

either exercise or genotype (data not shown) necessitating further analysis.   424 

While changes in REDD1 expression are usually inversely associated with mTORC1 425 

signaling (17, 18, 20), the REDD1 induction observed here and by others following acute 426 

exercise did not correlate well with repressed mTORC1 signaling (22, 41).  Further, we only 427 

observed repressed phosphorylation of the mTORC1 substrate, 4E-BP1 (Ser65), at the 1 and 3 hr 428 

post exercise time points, and this occurred even in the absence of REDD1 (i.e. Fig. 1F), 429 

suggesting that REDD1 and mTORC1 regulate divergent processes in the post exercise recovery 430 

period.  Interestingly, previous work suggests that mTORC1 may also contribute to the 431 

regulation of gene expression in the post exercise recovery, and those genes are distinct from 432 

those regulated by REDD1.  For example, treating mice with rapamycin prior to acute exercise 433 

augmented the mRNA induction of PGC-1g, pyruvate dehydrogenase kinase 4 (PDK4), and 434 

transcription factor A, mitochondrial (TFAM) in the post exercise recovery (44).  Accordingly, 435 

in our study, PGC-1g induction was similar in both REDD1+/+ and REDD1-/- mice, suggesting 436 

that this mTORC1 mode of regulation, in combination with other known activators of PGC-1g 437 

such as Calcineurin and AMPK (27, 50), was intact and did not require REDD1.   438 

In summary, we describe an alternative, mTORC1-independent function of REDD1 in 439 

the regulation of the skeletal muscle gene expression signature following acute aerobic exercise.  440 

Specifically, we identified a change in the expression of Orm1, Junb, Serpina3m, and Slc22a3, 441 

which have each been implicated in skeletal muscle biology.  Thus, in addition to the negative 442 

connotations generally associated with long-term changes in REDD1 expression in skeletal 443 

muscle, we provide evidence that the transient induction of REDD1 following acute exercise, 444 



which is partially dependent upon signals induced by glucocorticoids, may be beneficial by 445 

facilitating changes in gene expression.                     446 
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 622 

FIGURE LEGENDS 623 

Figure 1:  REDD1 expression and mTORC1 signaling following acute aerobic exercise.  (A) 624 

REDD1 protein expression from the plantaris muscle in the sedentary, 1, 3, and 6 hr post 625 

exercise conditions was determined by Western blot analysis.  The relative mRNA content of (B) 626 

REDD1 and (C) REDD2 from the plantaris muscle in the sedentary, 1, 3, and 6 hr post exercise 627 

conditions was determined by RT-PCR.   The phosphorylated to total protein ratio for (D) 628 

ribosomal protein s6 (Ser240/244), (E) ULK1 (Ser757), and (F) 4E-BP1 (Ser65) within the 629 

plantaris muscle in sedentary, 1, 3, and 6 hr post exercise conditions was determined by Western 630 

blot analysis.  +/+, REDD1+/+; -/-, REDD1-/-; S, Sedentary; 1, 1 hr; 3, 3 hr; 6, 6 hr.  N = a total 631 

of 4-6/group generated from 3 independent experiments.  * Indicates significant difference 632 

compared to corresponding sedentary values.  # Indicates main effect of time.  P ≤ 0.05 for all 633 

analysis.   634 

     635 

Figure 2:  Fractional distribution of the REDD1 in the sedentary and post-exercise conditions.  636 

(A) REDD1 protein expression was determined in the cytosolic and nuclear enriched fractions of 637 

the gastrocnemius of REDD1+/+ mice from sedentary and 1 hr post exercise conditions by 638 

Western blot analysis.  (B) Representative Western blot.  (C) Representative Western blots from 639 

control experiments.   C, Cytosolic; N, Nuclear; +/+, REDD1+/+; -/-, REDD1-/-.  N = a total of 640 



4/group generated from 2 independent experiments.  # Indicates a main effect of exercise.  P ≤ 641 

0.05 for all analysis 642 

 643 

Figure 3:  Identification of REDD1 sensitive genes following acute aerobic exercise.  RNA was 644 

isolated from the plantaris of REDD1+/+ and REDD1-/- mice 1 hr post exercise and subjected to 645 

microarray analysis to identify genes that were altered by disruption of REDD1.  The exercise-646 

induced fold change for each gene is illustrated by genotype.  N = 3/genotype.      647 

 648 

Figure 4:  Validation of REDD1 sensitive genes following acute aerobic exercise.  The relative 649 

mRNA content of (A) Orm1, (B) Junb, (C) Serpina3m, (D) Slc22a3, (E) PGC-1g, and (F) Hsp70 650 

from the plantaris was determined by RT-PCR.  (G) Exercise capacity of REDD1+/+ and 651 

REDD1-/- mice was determined on a rodent treadmill.  N = a total of 4-6/group generated from 652 

1-3 independent experiments.  * Indicates significant difference compared to sedentary condition 653 

within genotype.  # Indicates significant difference between genotypes within the same condition 654 

(sedentary or exercise).  P ≤ 0.10 for detection of an interaction.  P ≤ 0.05 for all other analysis.    655 

 656 

Figure 5:  Role of glucocorticoid signaling on REDD1 induction following acute exercise.  The 657 

protein content of REDD1 following (A) glucocorticoid administration or (B) following acute 658 

exercise was determined by Western blot analysis.  (C) The mRNA content of REDD1 following 659 

acute aerobic exercise was determine by RT-PCR.  (D) Serum corticosterone was determined by 660 

ELISA.  N = a total of 3-8 mice/group generated from 1-2 independent experiments.  * Indicates 661 

significant difference compared to non-glucocorticoid treated or sedentary group.  # Indicates 662 

significant difference compared to Exercise vehicle treated group.  P ≤ 0.05 for all analysis.         663 



 664 

Figure 6:  Role of glucocorticoid signaling on REDD1 sensitive gene expression following acute 665 

exercise.  The mRNA content of (A) Orm1, (B) Junb, (C) Serpina3m, and (D) Slc22a3 following 666 

acute aerobic exercise was determined by RT-PCR.  N = a total of 4-8 mice/group generated 667 

from 2 independent experiments.  * Indicates significant difference compared to sedentary group.  668 

P ≤ 0.05 for all analysis except for Serpina3m in which post hoc analysis was performed despite 669 

an H value of P = 0.06.     670 

   671 
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Table 1:  Primer sequences for RT-PCR using Sybr Green 687 

Gene Symbol Forward (5’–3’) Reverse (5’–3’) Amplicon Size 

(bp) 

Orm1 

 

TCGGGAGTCTCAAACAATA

GGTG 

GGTCAAAGGCAAGCATGAAG 161 

Serpina3m 

 

CAATGACTATGTGAGCAATC

AGACC 

ACCTTCACAGATCTCTTCTCA

TCC 
183 

Slc22a3 

 

GACTTGCTTCGTGATCGTGA

C 

GAAAGCTGGGCAGAGAGATG 167 

PGC-1g 

 

AAGACGGATTGCCCTCATTT 

 

AGTGCTAAGACCGCTGCATT 191 

Hsp70 TGGTGCTGACGAAGATGAA

G 

ATGATCCGCAGCACGTTTAG 154 

GAPDH 

 

GTTGTCTCCTGCGACTTCA 

 

TGCTGTAGCCGTATTCATTG 124 

REDD1 

 

TGGTGCCCACCTTTCAGTTG GTCAGGGACTGGCTGTAACC 121 

REDD2 

 

CCAGCCTCAAGGACTTCTTC TCTTCAATGACTGTCGTTCC 133 

 688 

Table 2:  Top 10 genes exhibiting increased expression 1 hr post aerobic exercise in the plantaris 689 

of REDD1+/+ mice determined by microarray analysis. 690 

Gene Symbol RefSeq Fold Change P value 

Ddit4 NM_029083 6.49065  0.00001 

Otud1 NM_027715 4.99101 0.0007 

Nr4a3 NM_001307989 4.32013 0.004 

Nr4a2 NM_001139509 4.19124 0.005 

Mt2 NM_008630 3.98769 0.00003 

Slc25a25 NM_001164357 3.78215 0.0004 

Btg2 NM_007570 3.57261 0.01 

Atf3 NM_007498 3.35136 0.02 

Ciart NM_001033302 3.34383 0.0005 

Sik1 NM_010831 3.28446 0.00001 
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Table 3:  Top 10 genes exhibiting decreased expression 1 hr post aerobic exercise in the plantaris 697 

of REDD1+/+ mice determined by microarray analysis.   698 

Gene Symbol RefSeq Fold Change P value 

Zfp273 NM_198322 -2.31408 0.006621 

Rassf9 NM_146240 -2.30025 1.55E-05 

Trav6d-3 OTTMUST00000035995 -2.20007 8.12E-05 

Obox1 NM_027802 -2.07174 0.000152 

Aplnr NM_011784 -2.06461 0.001068 

Mir181a-2 NR_029568 -2.04873 0.000307 

BC094916 NM_001024721 -2.00509 0.032251 

n-R5s29 ENSMUST00000082836 -1.98531 0.036761 

Krtap6-5 NM_130856 -1.96854 0.028312 

Igkv5-45 OTTMUST00000132854 -1.95646 0.045261 
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