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Skeletal muscle comprises approximately 40% of 
the human body mass and is critical for a number of 

physiological functions including locomotion. Significant 
decreases in skeletal muscle mass and force production ca-
pacity are widespread problems that typically occur in the 
face of disuse (1), aging (2), and disease (3,4). Broadly, at-
rophy is the result of an imbalance between protein synthe-
sis and protein degradation. Several intracellular and 
extracellular mechanisms are capable of degrading muscle 
proteins, including the ubiquitin–proteasome system, calci-
um-dependent proteases (calpains), lyosomal proteases, 
matrix metalloproteases, and apoptosis. Yet, interplay be-
tween these processes remains largely unknown. Under-
standing the precise signaling cascade involved in protein 
degradation is complicated by the large number of stimuli 
that can induce muscle atrophy.

One of the most prominent of these atrophy-related sig-
naling cascades is one involving nuclear factor kappa B 
(NF-kB), an evolutionarily conserved transcription factor 

involved in stimulating more than 150 genes involved in  
inflammation and protein turnover (5). Genes involved in 
protein turnover that are targets of NF-kB include MuRF1, 
MyoD and cyclin D, ubiquitin-conjugating enzyme (E2), 
and proteasome C3 subunit (6). NF-kB is formed by the 
heterodimerization or homodimerization of proteins from 
the rel family—RelA (p65), RelB, cRel, p50, and p52—and 
subsequent binding to DNA.

Prior to DNA binding, NF-kB family members are re-
tained in the cytoplasm bound to inhibitory proteins known 
as inhibitors of NF-kB (IkBs). Protein turnover is stimulated 
by the activation of kinases (IKKs), which pIKBa and thus 
allow translocation of NF-kB to the nucleus. Thus, skeletal 
muscle atrophy may be initiated by excessive NF-kB acti-
vation and subsequent protein turnover. To date, two differ-
ent NF-kB pathways have been described which initiate 
muscle atrophy (7,8). These pathways differ in the forma-
tion of the DNA-binding dimer. The first discovered path-
way, known as the classical pathway, involves DNA binding 
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of a p50/p65 heterodimer (7). The second pathway, referred 
to as the alternative pathway, does not involve the p65 sub-
unit but rather involves binding of a p50/p50 homodimer 
(8). Data have shown the classical pathway to be involved in 
disease-mediated atrophy (7) and the alternative pathway to 
be involved in disuse (8).

Meanwhile, the role of NF-kB in the progression of age-
related atrophy remains largely unknown. Furthermore, no 
clinical data exist concerning the role of physical activity on 
NF-kB signaling in older adults. Regular exercise is well 
known to provide a host of physiological benefits to older 
skeletal muscle, including maintenance of mass (9,10) and 
force production capacity (11,12). Chronic training has also 
been shown to attenuate NF-kB activation within other cell 
types (13–15). Others have hypothesized that exercise may 
be capable of downregulating NF-kB activation in older in-
dividuals (16,17). Because of the paucity of evidence, there 
is a need to examine NF-kB signaling within aging skeletal 
muscle of individuals and the effect of physical activity. 
Therefore, the aim of the present study was to evaluate the 
effect of age and physical activity status on lean mass, mus-
cle force production, and skeletal muscle NF-kB signaling.

Methods

Participants
Participant characteristics are shown in Table 1. Twenty-

seven healthy men between the ages of 55 and 75 years (14 
physically active [OA], 13 sedentary [OS]) and 14 men be-
tween the ages of 18 and 30 years (sedentary [YS]) matched 
for height participated in the study. Prior to the study, par-
ticipants completed activity questionnaires and were con-
sidered physically active by participating in running or 
jogging, basketball, or resistance training, and so forth for 
at least 15 h/mo. Eleven of the 14 active participants re-
ported resistance training at least 3 h/wk, whereas all par-
ticipants participated in aerobic exercise at least 3 h/wk. 

Table 1.  Physical Characteristics of Study Participants

YS (N = 14) OS (N = 13) OA (N = 14)

Age (y) 21.35 ± 3.84* 63.85 ± 6.59* 60.71 ± 5.54
Height (cm) 176.80 ± 5.79 173.99 ± 5.95 176.44 ± 4.54
Body weight (kg) 79.55 ± 17.09* 93.69 ± 15.25* 84.20 ± 7.24
Resting heart  
  rate (bpm)

68.43 ± 9.39 68.54 ± 6.28 65.0 ± 8.44

SBP (mm Hg) 112.14 ± 9.72* 136.62 ± 19.86*† 122.0 ± 13.06†
DBP (mm Hg) 76.00 ± 4.90 79.08 ± 7.05 76.71 ± 9.34
Body fat (%) 20.97 ± 7.83* 31.71 ± 4.44*† 24.38 ± 4.96†
VO2max 43.42 ± 7.44* 25.52 ± 5.15*† 34.04 ± 3.5†

Note: Values are means ± SD. bpm = beats per minute; DBP = diastolic 
blood pressure; OA = men aged between 55 and 75 years who exercise at least 
15 h/mo; OS = physically inactive men aged between 55 and 75 years; SBP = 
systolic blood pressure; VO2max = maximal oxygen consumption; YS = physi-
cally inactive men aged between 18 and 30 years. Groups sharing a common 
symbol significantly different at p < .05.

* p < .05 between YS/OS.
† p < .05 between OA/OS.

Sedentary participants reported no physical activity beyond 
light walking required for daily activity for at least 1 year. 
OA reportedly exercised (mean ± SE) 6.15 ± 0.83 h/wk and 
with an average training history of 23.08 ± 3.37 years. Ex-
clusionary criteria included smoking during previous year, 
use of nutritional supplements or supplemental androgens 
within the previous 6 months, current use of statins, recent 
history of cancer (within 2 years), neurological disease or 
cardiac arrhythmia interfering with physical function, pe-
ripheral vascular disease, congestive heart failure, previous 
stroke, complicated diabetes, chronic inflammatory disease, 
recent stroke (within 1 year), and renal and kidney disease. 
All eligible participants were asked to provide oral and writ-
ten informed consent based on documents approved by the 
Institutional Review Board of Baylor University. Verbal ex-
planation of the purpose of the research, the protocol to be 
followed, and the experimental procedures to be used were 
given to the participants. Participants were instructed to re-
frain from exercise for 48 hours and fast for 8 hours prior to 
testing. Furthermore, participants were instructed to refrain 
from the usage of anti-inflammatory medications for at least 
7 days prior to the exercise-testing session.

Entry and Familiarization Session
Participants expressing interest in participating in this study 

were interviewed on the phone and/or via e-mail to determine 
whether they appeared to qualify to participate in this study. 
Participants believed to meet eligibility criteria were then 
invited to attend a familiarization session. Older participants 
were asked to bring signed physician approval of participation 
to the familiarization session. Participants were then familiar-
ized to the study protocol, and the tests to be performed, via a 
verbal and written explanation outlining the study design.

Experimental Procedures
Upon reporting to the laboratory for the exercise-testing 

session, body mass, heart rate, and blood pressure were de-
termined prior to analyzing body composition using dual x-
ray absorptiometry (DEXA; Hologic, Waltham, MA; Table 1). 
Following the DEXA scan, muscle biopsy samples were 
obtained by standard and sterile procedures. Employing 
the Bergstrom technique, percutaneous muscle biopsies were 
obtained under local anesthesia of 1% Xylocaine with epi-
nephrine from the middle portion of the vastus lateralis mus-
cle of the dominant limb at the midpoint between the patella 
and the greater trochanter of the femur at a depth between  
2 and 3 cm. The tissue sample was immediately frozen in 
liquid nitrogen and then stored at −80°C for future analyses.

Following the muscle biopsy, the participants performed a 
standard warm-up consisting of 5 minutes on a stationary 
bicycle at a comfortable speed. Then, participants performed 
muscle strength testing on the nondominant limb. Maximal 
isokinetic dynamic peak torque of the quadriceps extensors 
was assessed using a Biodex-System 3 (Biodex Medical 
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Systems, Inc., Shirley, NY). This consisted of participants 
performing three submaximal trial repetitions at an estimated 
effort of 25%, 50%, 75% and two maximal (100% effort) 
repetitions, a rest period of 1 minute, followed by five maxi-
mal (100% effort) repetitions at 60 degrees/s. These contrac-
tions were performed over a 75 degree range of motion. 
Finally, participants completed a graded treadmill test to vo-
litional exhaustion to determine maximal oxygen consump-
tion with an automated open-circuit gas analyzer calibrated 
daily. The highest oxygen uptake per minute reached was 
defined as the maximal oxygen uptake (VO2max; Table 1).

Skeletal Muscle RNA Isolation
Muscle tissue was separated from adipose and/or connective 

tissue, and approximately 10 mg of muscle tissue was placed in 
a microcentrifuge tube and homogenized with a plastic pestle 
in a monophasic solution of phenol and guanidine isothiocya-
nate contained within the TRI-reagent (Sigma Chemical Co., 
St Louis, MO) as previously described (11,18). This procedure 
yielded intact RNA, free of DNA and proteins as indicated by 
prominent 28s and 18s ribosomal RNA bands on agarose gel 
and an OD260/OD280 ratio of approximately 2.0.

Reverse Transcription and Complementary DNA Synthesis
Two micrograms of total skeletal muscle RNA was then 

reverse transcribed to synthesize complementary DNA 
(cDNA) using the iScript cDNA Synthesis Kit (Bio-Rad, 
Hercules, CA). A reverse transcription reaction mixture (2 
mg of cellular RNA, 5× reverse transcription buffer [20 mM 
Tris–HCl, pH 8.3; 50 mM KCl; 2.5 mM MgCl2; 100 mg of 
bovine serum albumin per milliliter]; a dNTP mixture con-
taining 0.2 mM each of dATP, dCTP, dGTP, and dTTP; 0.8 
mM MgCl2; 0.5 mg/mL of oligo(dT) 15 primer; and 25 U/mg 
of MMLV RNAase H+ reverse transcriptase enzyme [Bio-
Rad]) was incubated at 25°C for 5 minutes, 42°C for 30 
minutes, heated to 85°C for 10 minutes, and then quick 
chilled on ice. The cDNA concentration was determined by 
using an OD260 equivalent to 50 mg/mL, and the starting 
cDNA template concentration was standardized by adjust-
ing all samples to 200 ng prior to amplification.

Oligonucleotide Primers for Real-Time Polymerase  
Chain Reaction

The messenger RNA (mRNA) sequences of human skele-
tal muscle b-actin (NM_001101) and IKKB (NM_001556) 
published in the National Center for Biotechnology Informa-
tion Entrez Nucleotide database (www.ncbi.nlm.nih.gov) 
were used to construct oligonucleotide polymerase chain re-
action (PCR) primers using Beacon Designer software (Bio- 
Rad). The sense and antisense primers were then synthesized 
commercially (Integrated DNA Technologies, Coralville, 
IA). b-actin was used as an external control standard for each 
reaction due to its consideration as a constitutively expressed 
“housekeeping gene” and the fact that it has been shown to be 
an appropriate external reference standard in real-time PCR 
in human skeletal muscle following acute exercise (19).

Real-Time PCR Amplification and Quantitation
Two hundred nanograms of cDNA template were added to 

iQ SYBR Green Supermix (Bio-Rad), and each PCR reac-
tion was amplified using RT quantitative PCR (iCycler IQ 
Real-Time PCR Detection System; Bio-Rad). The amplifica-
tion profile was run for 40 cycles employing a denaturation 
step at 95°C for 30 seconds, primer annealing at 58°C for 30 
seconds, and extension at 72°C for 30 seconds. Fluorescence 
was measured after each cycle resulting from the incorpora-
tion of SYBR green dye into each amplicon. The quantity of 
mRNA was determined relative to the expression of b-actin 
and the 2−DCT method used to compare gene expression (20). 
The specificity of the PCR was demonstrated with an abso-
lute negative control reaction containing no cDNA template, 
and a single gene product was confirmed using DNA melt 
curve analysis. Positive amplification of the amplicons was 
assessed with agarose gel electrophoresis illuminated with 
UV transillumination (Chemi-Doc XRS; Bio-Rad).

Determination of pIKBa
To determine muscle content of pIKBa, approximately 

25 mg of each muscle sample was placed in an autoclaved 
microcentrifuge tube. The skeletal muscle samples were ho-
mogenized with cell extraction buffer (1 mM EDTA, 6 M 

Figure 1. A ging in the absence of physical activity leads to significant decreases in lower limb lean mass. (A) Whole-body lean mass (g/cm2) in young, physically 
inactive (gray), older, physically inactive (red), and older, physically active (blue) individuals. (B) Lower limb lean mass (g/cm2) of the nondominant leg. Bars depict 
means; error bars indicate standard error. Groups sharing a common symbol significantly different at *p < .05.
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urea, 0.5% Triton-X 100, 0.0005% Tween 20 in phosphate 
buffered saline) supplemented with phenylmethanesulpho-
nylfluoride and a protease inhibitor cocktail (Cat. No. 
P2714; Sigma Chemical Co.). Protein content of the sam-
ples was determined spectrophometrically using the DC 
Protein Assay (Bio-Rad) with bovine serum albumin uti-
lized as the reference standard. Samples were then assayed 
in duplicate to determine muscle content of pIKBa (S32) 
relative to protein content of the sample using an ELISA kit 
from Invitrogen Corp. (Carlsbad, CA).

Determination of Nuclear p50 and p65
To determine nuclear p50 and p65, approximately 25 mg of 

each muscle sample was removed, weighed, and subsequently 
placed in an autoclaved microcentrifuge tube. Nuclear- 
localized NF-kB was quantified using a Transcription Factor 
ELISA kit (Panomics, Freemont, CA) to detect activated p50 
and p65 subunits. Nuclear extracts were prepared using sup-
plied reagents, and samples were then assayed for protein 
content utilizing the DC Protein Assay. Assays were then con-
ducted in duplicate according to the manufacturer’s instruc-
tions. Briefly, 5 g of nuclear extract was loaded in the wells of 
a 96-well plate coated with oligonucleotides containing the 
NF-kB consensus sequence (GGGACTTTCC). Then, the 
wells were incubated with an antibody against either the p50 or 
the p65 subunit of NF-kB, followed by incubation of a perox-
idase-conjugated secondary antibody. The data were expressed 
as the optical density at 450 nm per milligram of protein.

Statistical Analyses
Data were initially analyzed for normality and homoge-

neity of variance. An analysis of variance was then con-
ducted on each dependent variable, and Tukey’s post hoc 
analysis was utilized to compare differences between OS/
YS and OS/OA groups. All statistical procedures were per-
formed using SPSS 16.0 software (Chicago, IL), and a 
probability level of less than .05 was adopted throughout.

Results

Lower Limb Lean Mass and Muscular Performance
No significant differences were observed among groups 

for whole-body lean mass (Figure 1A). However, OS pos-
sessed significantly (p = .01) less lean mass (g/cm2) in the 
lower limb than did YS (Figure 1B). No significant differ-
ences existed between the two older groups. For isokinetic 
muscle testing, OS produced significantly less maximal 
torque compared with both YS (p = .03) and OA (p = .033; 
Figure 2A). When maximal peak torque was expressed rela-
tive to body weight, relative peak torque of OS was again 
significantly lower than the other two groups (YS [p < .001], 
OA [p = .004]; Figure 2B). Additionally, a significant differ-
ence was observed between OS and YS for isokinetic mus-

Figure 2.  Muscle force production declines significantly as an effect of age 
and/or inactivity. (A) Maximal isokinetic peak torque (Nm) production of the 
quadriceps extensors of the nondominant limb in young, physically inactive 
(gray), older, physically inactive (red), and older, physically active (blue) indi-
viduals. (B) Maximal isokinetic peak torque relative to body mass (Nm/kg) of 
the quadriceps extensors of the nondominant limb. (C) Maximal isokinetic 
power (W) production of the quadriceps extensors of the nondominant limb. 
Bars depict means; error bars indicate standard error. Groups sharing a common 
symbol significantly different at p < .05

* p < .05 between YS/OS.
† p < .05 between OA/OS.

cular power (p = .032; Figure 2C). No significant difference 
was observed between the two older groups for isokinetic 
muscular power (Figure 2C).

NF-kB Signaling
pIKBa was 50% and 61% lower, respectively, in OA (p = 

.05) and YS (p = .013) compared with OS (Figure 3A). Sur-
prisingly, mRNA expression of skeletal muscle IKKb rela-
tive to expression of b-actin was not significantly different 
among groups (Figure 3B).

In conjunction with elevations in pIKBa, OS muscle con-
tained significantly (p = .022) more nuclear p65 (+14%) 
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compared with YS (Figure 3C). Finally, no group differences 
were observed among groups for nuclear p50 (Figure 3D).

Discussion
Previous data indicate that individuals lose 20%–40% of 

skeletal muscle mass between the third and ninth decades of 
life (2,21,22). As our population ages, the loss of skeletal 
muscle function is affecting large numbers of people and 
their ability to carry out daily tasks, such as climbing stairs, 
rising from the toilet, or carrying groceries. Estimates have 
indicated that approximately 45% of older Americans are 
sarcopenic (23), whereas approximately 20% are function-
ally disabled (24). In addition to the individual loss of func-
tional capabilities, the economic impact of sarcopenia is 
also dramatic as it has been estimated that the direct health 
care costs of sarcopenia in the United States were approxi-
mately $18 billion at the turn of the century (25).

Subsequently, researchers are actively looking for prom-
ising molecular biomarkers that may serve as targets for 
therapeutic interventions for sarcopenia. Although NF-kB 
is involved in numerous physiological processes, including 
immunity and inflammation (5), tumorigenesis (26), and 
tissue development and differentiation (27), it has also been 
shown to be a crucial signaling molecule in the pathogene-
sis of skeletal muscle atrophy (28). Previous data showed 
that NF-kB signaling is upregulated within aged skeletal 
muscle (16,29,30). However, clinical studies investigating 
the role of NF-kB in skeletal muscle atrophy are limited.

The present study examined NF-kB signaling in human 
skeletal muscle biopsy samples from sedentary young and 
older men. In addition, the study investigated whether NF-kB 
activation was decreased in older men performing regular 
physical exercise compared with their sedentary counter-
parts. Our results indicated that age increases nuclear-bound 
content of p65 as the protein was significantly higher in OS 
than YS. These results agree with previous data from animal 
models, which indicated that aging results in greater p65 
content with skeletal muscle (29,30).

Not surprisingly, elevated nuclear p65 in OS was associ-
ated with significantly increased pIKBa. It was surprising, 
however, that nuclear content of neither p50 nor p65 dif-
fered between OS and OA in spite of a twofold difference 
in pIKBa. Equally as surprising is the relatively small dif-
ference in nuclear p65 between groups when pIKBa dif-
fered quite robustly. We believe each of these findings may 
be explained by changes in ubiquitin–proteasome activity. 
IKB phosphorylation and subsequent degradation by the 
proteasome are thought to immediately precede NF-kB 
translocation to the nucleus. We speculate that when IKBa 
phosphorylation is increased, proteasome degradation of 
pIKBa is slowed as compensatory mechanism. This pro-
posed mechanism may serve to slow NF-kB nuclear trans-
location in attempt to slow protein degradation. Future data 
are needed to support or refute this speculation.

The authors acknowledge that the present study has sev-
eral limitations. First, the results are only applicable to men 
as women were not included in the study due to resource 

Figure 3.  Nuclear factor kappa B (NF-kB) activity is elevated by advanced age, and p65 is the critical subunit for regulating NF-kB signaling in age-related 
muscle atrophy. Skeletal muscle messenger RNA (mRNA) expression of IKKb (IKKb/b-actin) from biopsies taken from the vastus lateralis of the dominant limb in 
(A) young, physically inactive (gray), older, physically inactive (red), and older, physically active (blue) individuals. (B) Skeletal muscle content of IKBa phospho-
rylated at serine 32 (U/mg protein) from vastus lateralis biopsies. (C) Nuclear p50 (OD450/mg protein) from skeletal muscle biopsies of the vastus lateralis. (D) Nu-
clear p65 (OD450/mg protein) from skeletal muscle biopsies of the vastus lateralis. Bars depict means; error bars indicate standard error. Groups sharing a common 
symbol significantly different at p  <  .05

* p < .05 between YS/OS.
† p < .05 between OA/OS.
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restraints. Second, if additional resources were available, a 
group consisting of trained younger men would have added 
significant value in determining the precise role that physi-
cal activity and NF-kB signaling plays across the life span. 
Finally, the study provides utility as a cross-sectional study, 
but future longitudinal studies should include untrained in-
dividuals who either remain sedentary or adhere to a train-
ing program to further elucidate the effects of exercise on 
NF-kB signaling within skeletal muscle.

Nevertheless, we demonstrated that skeletal muscle con-
tent of pIKBa is altered by both aging and physical activity 
status in older men. Furthermore, p65 appears to be upregu-
lated in older skeletal muscle. Future investigations are 
needed to examine the apparent incongruence between 
changes in pIKBa and nuclear-bound NF-kB family mem-
bers. In addition, future longitudinal studies should exam-
ine specific training modalities and their effects on NF-kB 
signaling in older adults.
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