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the rapid canonical signaling events leading to NF-B activation or in the increase in mRNA
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observed after 2 h of TNF- stimulation. Interestingly, mRNA levels for TRAF2 and the cell death-
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MPCs isolated from 32-month-old animals, compared to 3-month-old animals. Our data indicate
that age-related differences may exist in the regulatory mechanisms responsible for NF- B 
inactivation, which may have an effect on TNF- -induced apoptotic signaling. These
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Summary

Improving muscle precursor cell (MPC, muscle-specific stem
cells) function during aging has been implicated as a key
therapeutic target for improving age-related skeletal muscle
loss. MPC dysfunction during aging can be attributed to both
the aging MPC population and the changing environment
in skeletal muscle. Previous reports have identified elevated
levels of tumor necrosis factor-αααα (TNF-αααα) in aging, both
circulating and locally in skeletal muscle. The purpose of the
present study was to determine if age-related differences
exist between TNF-αααα-induced nuclear factor-kappa B (NF-κκκκB)
activation and expression of apoptotic gene targets. MPCs
isolated from 32-month-old animals exhibited an increased
NF-κκκκB activation in response to 1, 5, and 20 ng mL–1 TNF-αααα,
compared to MPCs isolated from 3-month-old animals. No age
differences were observed in the rapid canonical signaling
events leading to NF-κκκκB activation or in the increase in mRNA
levels for TNF receptor 1, TNF receptor 2, TNF receptor-
associated factor 2 (TRAF2), or Fas (CD95) observed after
2 h of TNF-αααα stimulation. Interestingly, mRNA levels for
TRAF2 and the cell death-inducing receptor, Fas (CD95),
were persistently upregulated in response to 24 h TNF-αααα
treatment in MPCs isolated from 32-month-old animals,
compared to 3-month-old animals. Our data indicate
that age-related differences may exist in the regulatory
mechanisms responsible for NF-κκκκB inactivation, which may
have an effect on TNF-αααα-induced apoptotic signaling. These
findings improve our understanding of the interaction
between aged MPCs and the changing environment
associated with age, which is critical for the development
of potential clinical interventions aimed at improving MPC
function with age.
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Introduction

Aging is associated with decreased strength and skeletal muscle

mass, a condition known as sarcopenia, leading to decreased

quality of life and increased mortality in our aging population.

One contributing factor to sarcopenia is its diminished capacity

for skeletal muscle regeneration (Brooks & Faulkner, 1990), hyper-

trophy (Alway et al., 2002), and regrowth after a bout of atrophy

(Chakravarthy et al., 2000).

In skeletal muscle, the resident stem cells responsible for

growth and repair exist primarily as a quiescent population of

cells located between the basal lamina and plasmalemma.

Based on their anatomical location, these stem cells were first

termed satellite cells in 1961 (Mauro, 1961). In response to

activation signaling events, the satellite cells enter the cell cycle.

The progeny of dividing satellite cells become a heterogenic

population of muscle precursor cells (MPC) (Sinanan et al., 2006),

with a large population that fuses with the myofiber to form

new myonuclei and a smaller subpopulation of self-renewing

stem cells that forms as a result of asymmetric cell divisions

(Cooper et al., 2006). Importantly, Conboy & Rando (2005)

concluded that an age-associated loss of MPC functionality

is the primary factor responsible for the loss of regenerative

potential and atrophy of aged skeletal muscle. It has been

shown that the age-associated changes in the systemic and

local environments contribute to skeletal muscle regenerative

capacity (Gutmann & Carlson, 1976; Carlson & Faulkner, 1989)

and MPC dysfunction (Conboy et al., 2005; Brack et al., 2007).

However, the differences in the intrinsic function of MPCs

generated from aged skeletal muscle satellite cells should not

be overlooked (Barani et al., 2003; Conboy et al., 2003; Lorenzon

et al., 2004; Machida & Booth, 2004). Taken together, it is

important to consider both the environmental cues and the

MPCs themselves while investigating the functional ability of

MPCs to contribute to skeletal muscle growth and repair.

Aging is associated with chronic low-grade systemic inflam-

mation, which is a condition that is identified by an approximately

2- to 3-fold increase in circulating levels of certain cytokines,

including TNF-α, interleukin-1 (IL-1) and IL-6 (Bruunsgaard et al.,
2001, 2003). Chronic low-grade systemic inflammation has

been linked to the development of atherosclerosis (Libby, 2002)

and insulin resistance (Dandona et al., 2004; Plomgaard et al.,
2005). In terms of skeletal muscle, chronic low-grade systemic

inflammation has been associated with the characteristic loss of

skeletal muscle mass in sarcopenia (Roubenoff, 2007). Importantly,

elevated levels of TNF-α mRNA (Greiwe et al., 2001; Leger et al.,
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2008) and protein (Greiwe 

 

et

 

 

 

al

 

., 2001) have been observed in

aged human skeletal muscle. Despite the importance of TNF-

 

α

 

as a critical mediator of inflammatory signaling and the vital role

MPCs play in muscle repair and maintenance, very little is known

about the effects of TNF-

 

α

 

 on MPCs isolated from aged skeletal

muscle.

TNF-

 

α

 

 activates nuclear factor-kappa B (NF-

 

κ

 

B) transcription

factor family members, which consists of the five members RelA

(p65), c-Rel, RelB, NF-

 

κ

 

B1 (p105/p50) and NF-

 

κ

 

B2 (p100/p52)

(Hayden & Ghosh, 2008). Notably, aged tissue including the

heart, liver, kidney and brain exhibit increased NF-

 

κ

 

B nuclear

binding activities (Helenius 

 

et

 

 

 

al

 

., 1996). It was recently reported that

MPCs isolated from aged skeletal muscle exhibit an increased

apoptotic response to TNF-

 

α

 

 in the presence of a stress inducing

agent, compared to MPCs isolated from both young and adult

rat muscle (Jejurikar 

 

et

 

 

 

al

 

., 2006). The purpose of the present

study was 2-fold. First, to determine the effects of TNF-

 

α

 

 on

NF-

 

κ

 

B activation in MPCs isolated from young and old rat

skeletal muscle. And, second, to determine if age influences

the TNF-

 

α

 

-induced transcriptional effects on the NF-

 

κ

 

B apoptosis

target genes, FasL and Fas (CD95).

 

Results

 

Our first aim was to determine if age-dependent differences

exist in response to TNF-

 

α

 

 stimulation in MPCs. In order to assess

NF-

 

κ

 

B activation in response to TNF-

 

α

 

, a NF-

 

κ

 

B 

 

cis

 

-reporter

construct was used. The NF-

 

κ

 

B 

 

cis

 

-reporter construct consists

of five tandem repeats of a conserved NF-

 

κ

 

B binding motif

linked to the firefly luciferase gene, which allows the detection

of changes in NF-

 

κ

 

B activation (schematic representation in Fig. 1).

Sample sizes are indicated in the figure legends where n represents

independent isolations from separate animals. TNF-

 

α

 

-induced

NF-

 

κ

 

B activation was increased to a greater extent in MPCs isolated

from old, compared to young animals, at both 6 (Fig. 1a) and

24 h (Fig. 1b) after the addition of TNF-

 

α

 

, at all doses tested. The

6- and 24-h time points represent intermediate and long-term

NF-

 

κ

 

B activation, respectively. The luciferase assay system is

not a sensitive measurement of rapid inactivation because it is

dependent on the half-life of the luciferase protein (which

is approximately 3–6 h) (Thompson 

 

et

 

 

 

al

 

., 1991; Bronstein 

 

et

 

 

 

al

 

.,

1994). In order to better understand potential mechanisms that

caused the age-dependent difference in NF-

 

κ

 

B activation, we

next determined whether the elevated NF-

 

κ

 

B response observed

in MPCs isolated from aged animals was activated via the

canonical (classical) NF-

 

κ

 

B signaling pathway.

Canonical NF-

 

κ

 

B signaling acts via IKK-

 

β

 

 (the noncanonical

pathway depends on IKK

 

α

 

; Hayden & Ghosh, 2008). Therefore,

we next determined if overexpression of an IKK-

 

β

 

 mutant in which

a conserved lysine-44 (K44) residue is mutated to a methionine

(IKK K44 M) was used (Mercurio 

 

et

 

 

 

al

 

., 1997). Previously, it

was reported that overexpression of IKK K44 M blocked TNF-

 

α

 

-

induced nuclear localization of p65 in normal cells (Laszlo & Endre,

1976). As shown in Fig. 1c, IKK K44 M completely blocked the

Fig. 1 Tumor necrosis factor-alpha (TNF-α) stimulation induces a greater nuclear factor-kappa B (NF-κB) response at both (a) 6 h and (b) 24 h after treatment in 
muscle precursor cells (MPC) isolated from 32-month-old animals (32-mo), compared to 3-month-old animals (3-mo). MPCs were treated with a vehicle (0 ng mL–1, 
designed as control) or 1, 5 or 20 ng mL–1 TNF-α for the specified time. Data are presented as fold-induction relative to control ± SEM (n = 4). (c) Overexpression 
of an IKK-β mutant, in which a conserved lysine-44 (K44) residue is mutated to a methionine (IKK K44 M), prevents the activation of NF-κB in MPCs isolated 
from 3- and 32-month-old animals. Data are presented as the ratio of firefly to Renilla luciferase. Values are means ± SEM (n = 2). †Significantly different from 
3-month-old animals within dose (panels A and B) or within TNF-α treatment (panel C). *Significantly different from vehicle control (panel C). #Significantly 
different from TNF-α (panel C).



 

Age increases TNF-

 

α

 

 response in skeletal muscle precursor cells, S. J. Lees 

 

et al.

 

 

© 2009 The Authors
Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2009

 

28

 

TNF-

 

α

 

-induced NF-

 

κ

 

B activation observed in MPCs isolated from

aged animals. Therefore, we have demonstrated that MPCs isolated

from aged animals exhibit an increased NF-

 

κB activation in

response to TNF-α that can be abolished with overexpression

of a mutant IKK-β. We next decided to determine if age was

associated with differential expression levels of key molecules

involved in canonical NF-κB signaling.

Increased TNF-α-induced apoptosis in human T cells was

associated with increased expression of TNFR1 and decreased

expression of TNFR2 (Aggarwal et al., 1999). In rat skeletal muscle,

TNFR mRNA was increased in both soleus and plantaris in old,

compared to young animals (Pistilli et al., 2006). In order to

determine if the age-dependent increase in NF-κB activation

could be explained by differences in TNF receptor expression in

MPCs, we measured basal (unstimulated) mRNA levels for both

TNFR1 and TNFR2. We found no difference in basal expression

levels in the transcripts for either TNF receptor (data not shown).

We also measured the basal mRNA level for the TNF receptor

adaptor protein, TRAF-2. TRAF-2 was of particular interest for

three reasons: (i) it facilitates cell signaling for both TNFR1 and

TNFR2 (Gupta & Gollapudi, 2005); (ii) it was shown to be decreased

in T cells from aged humans (Aggarwal et al., 1999); and (iii) it

is a known target of NF-κB (Wang et al., 1998). Taken together,

we hypothesized that higher TRAF-2 expression in MPCs isolated

from old animals might help explain the age-specific response

to TNF-α in MPCs. However, unlike aged T cells, basal TRAF-2

mRNA levels were not different in MPCs isolated from young,

compared to old animals (data not shown). The aforementioned

results led us to next determine if TNF-α stimulation altered

mRNA levels of TNFR1, TNFR2, and TRAF-2, relative to basal levels

(values were normalized to basal expression within each age

group). TNFR1 mRNA was not affected at either 2 h or 24 h

after the onset of TNF-α stimulation (Fig. 2a). However, both

TNFR2 and TRAF-2 transcripts were increased in response to

TNF-α at both 2 h and 24 h (Fig. 2b,c). Moreover, TRAF-2 mRNA

is increased to a greater extent at 24- h TNF-α stimulation in

MPCs isolated from old animals, compared to young (Fig. 2c).

These findings are significant due to the fact that TRAF-2 is both

involved as a key adapter molecule for signaling downstream

of TNFR1 and TNFR2 and a known target of NF-κB (Gupta &

Gollapudi, 2005). We next measured the signaling events

downstream of TNF receptors and their adaptor proteins.

IκBα is a key protein that is normally bound to and inhibits

NF-κB. Once activated by TNF-α, IKK-β rapidly phosphorylates

IκBα at serine-32 and serine-36, which in turn triggers two events.

First, phosphorylation of IκBα allows the release of NF-κB family

members allowing them to translocate to the nucleus. Second,

phosphorylated IκBα is then ubiquitinated and rapidly degraded

via the ubiquitin-proteasome pathway. Phosphorylation of IκBα-

serine-32 is significantly increased after 2 min of TNF-α stimulation

in MPCs isolated from both young and old animals (Fig. 3a).

After 5 min of stimulation, phosphorylation of IκBα-serine-32

is further increased in MPCs isolated from animals of both ages

(Fig. 3a). As mentioned above, phosphorylated IκBα is rapidly

degraded and we demonstrate that the vast majority of IκBα
has been degradated within 5 min of stimulation with TNF-α
(Fig. 3b). However, no age-dependent differences were observed

in the phosphorylation or degradation of IκBα.

In response to stimulation with TNF-α, NF-κB heterodimers

translocate to the nucleus (e.g. p65/p50). Phosphorylation of

these dimers induces DNA binding to conserved κB elements

of target genes. The NF-κB family member, p65, is phosphorylated

by a number of kinases including protein kinase A, mitogen- and

stress-activated protein kinase, IKKα and IKKβ. Phosphorylation

at serine-536 of p65 has been demonstrated to promote its

interaction with transcriptional co-activators (Hayden & Ghosh,

2008). As shown in Fig. 4, phosphorylation of p65 is increased

after 2 min of TNF-α stimulation in MPCs isolated from both young

and old animals. Moreover, after 5 min of TNF-α stimulation,

phosphorylation of p65 was increased several fold, compared

to basal levels (Fig. 4). However, there were no age differences

detected in phosphorylation of p65 in MPCs isolated from

Fig. 2 Tumor necrosis factor-alpha (TNF-α)-induced mRNA expressions of (a) TNF receptor 1 (TNFR1), (b) TNF receptor 2 (TNFR2), and (c) TNF receptor-associated 
factor 2 (TRAF2) in muscle precursor cells (MPC) isolated from 3-month-old animals (3-mo) and 32-month-old animals (32-mo). Data are presented as fold-increase 
over basal ± SEM (n = 4). *Significantly different from basal. †Significantly different from 3-month-old animals. #Significantly different from 2 h TNF-α.
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young, compared to old animals. In addition, there were no

differences in total p65 between either treatment time or age

groups (representative bands in Fig. 4). Therefore, it seems as

though rapid signaling events leading to NF-κB activation are not

affected by age. However, even though the events regulating

inactivation of NF-κB are poorly understood, another regulatory

step is the resynthesis of IκBα in order to resequester NF-κB in

the cytoplasm.

In order to better understand potential age-related differences

on NF-κB inactivation, we measured IκBα mRNA after stimulation

with TNF-α as an indicator of resynthesis. First, basal expression

of IκBα mRNA was not different between MPCs isolated either

young or old animals (Fig. 5a). In response to TNF-α, there is a

marked increased in IκBα mRNA in MPCs from both age groups

at 2 h. Although IκBα mRNA decreased from 2 h to 24 h after

stimulation in both age groups, it remained elevated over basal

levels after 24 h of TNF-α stimulation without discernable age

differences (Fig. 5b). This response, which may approximate mRNA

resynthesis, is expected since IκBα protein was almost completely

degraded after TNF-α stimulation (Fig. 3b) and needs to be

replenished. Moreover, after 24 h, IκBα protein had recovered to

pre-TNF-α stimulation levels in MPCs isolated from both age groups

(Fig. 5c). These data indicate that the age-dependent increase

in NF-κB activation observed do not appear to be a result of defective

up-regulation of IκBα transcriptional events, which allows for

resynthesis of IκBα and sequestration of NF-κB in the cytoplasm.

NF-κB activation can result in the upregulation of both anti-

apoptotic or pro-apoptotic pathways (Perkins, 2007). Based on the

finding that MPCs isolated from aged rats exhibit an increased

apoptotic response to TNF-α in the presence of a stress-inducing

agent (Jejurikar et al., 2006), we measured two target genes

of NF-κB involved in apoptotic signaling, FasL and Fas (CD95)

(Chan et al., 1999; Kasibhatla et al., 1999). Under basal conditions,

Fig. 3 Tumor necrosis factor-alpha (TNF-α)-induced 
phosphorylation and degradation of IκBα in muscle 
precursor cells (MPC) isolated from 3-month-old 
animals (3-mo) and 32-month-old animals (32-mo). 
(a) Serine-32 phosphorylation of IκBα for basal 
MPCs and after 2 min and 5 min stimulation with 
TNF-α (n = 4). (b) Total IκBα protein for basal MPCs 
and after 5 min stimulation with TNF-α. 
Representative Western blot images of blots are 
presented above group mean data. Group mean 
data are presented ± (SEM) in arbitrary units (A.U.) 
(n = 3 for basal and 5 min, n = 2 for 2 min). 
*Significantly different from basal. #Significantly 
different from 2-min TNF-α.

Fig. 4 Tumor necrosis factor-alpha (TNF-α)-induced phosphorylation of the 
nuclear factor-kappa B family member, p65, in muscle precursor cells (MPC) 
isolated from 3-month-old animals (3-mo) and 32-month-old animals 
(32-mo). (a) Serine-536 phosphorylation of p65 for basal MPCs and after 
2 min and 5 min stimulation with TNF-α. Total p65 protein was not different 
between either age group of any treatment level. Representative Western 
blot images of blots are presented above group mean data. Group mean data 
are presented ± SEM in arbitrary units (A.U.) (n = 4). *Significantly different 
from basal. #significantly different from 2 min TNF-α.
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mRNA levels were not different for either FasL or Fas in MPCs

isolated from young, compared to old, animals (data not shown).

After stimulation with TNF-α, MPCs from both young and old

animals did not increase FasL mRNA expression (values were

normalized to basal expression within each age group). Therefore,

unlike the response observed in T cells (Kasibhatla et al., 1999),

it does not appear that MPCs are responsive to NF-κB-induced

FasL expression (Fig. 6a). However, after 2 h of TNF-α exposure,

Fas mRNA increased > 2.5-fold in MPCs from both young and

old animals (Fig. 6b). Therefore, it does appear that MPCs are

responsive to NF-κB-induced expression of the pro-apoptotic

member of the TNF superfamily of receptors, Fas (CD95). By

24 h, Fas differentially declines between ages. In MPCs isolated

from young animals, 24 h after TNF-α exposure, Fas mRNA level

had returned to 1.4-fold increase over basal levels. Importantly,

24 h after TNF-α exposure, Fas mRNA in MPCs isolated from

Fig. 5 Basal and tumor necrosis factor-alpha (TNF-α)-induced IκBα mRNA levels. (a) Basal IκBα mRNA levels in muscle precursor cells (MPCs) isolated from 
3-month-old animals (3-mo) and 32-month-old animals (32-mo). Data are presented as group means relative to 3-mo ± SEM (n = 4). (b) TNF-α-induced IκBα 
mRNA expression after 2 and 24 h stimulation with TNF-α in MPCs isolated from 3-mo and 32-mo. Data are presented as fold-increase over basal ± SEM 
(n = 4). (c) IκBα protein level 24 h after TNF-α stimulation expressed relative to non-stimulated levels (n = 2). *significantly different from basal. #significantly 
different from 2-h TNF-α.

Fig. 6 Tumor necrosis factor-alpha (TNF-α)-induced FasL and Fas (CD95) mRNA expression in muscle precursor cells (MPCs) isolated from 3-month-old animals 
(3-mo) and 32-month-old animals (32-mo). (a) TNF-α-induced FasL mRNA levels after 2 and 24 h stimulation with TNF-α in MPCs isolated from 3-month-old 
animals (3-mo) and 32-month-old animals (32-mo). Data are presented as fold-increase over basal ± SEM (n = 4). (b) TNF-α-induced Fas (CD95) mRNA expression 
after 2 and 24 h stimulation with TNF-α in MPCs isolated from 3- and 32-month-old animals. Data are presented as fold-increase over basal ± SEM (n = 4). 
(c) TNF-α reduced cell viability in response to FasL treatment in MPCs isolated from 32-mo, however, TNF-α did not change cell viability in response to FasL 
in MPCs isolated from 3-moth-old animals. Cell viability data are presented relative to FasL treatment only (n = 4). *significantly different from basal (in panels 
A and B) or FasL only (in panel C). †significantly different from 3-month-old animals. #significantly different from 2 h TNF-α.
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old animals remained at ~2.5-fold increase over basal levels,

which was greater than the level observed in MPCs isolated

from young animals (Fig. 6b). Next we verified that the observed

age-associated difference in Fas mRNA after 24 h TNF-α
differentially affected cell viability in MPCs isolated from young

and old animals. In MPCs isolated from young animals, TNF-α
did not alter cell viability in response to FasL treatment. In contrast,

in MPCs isolated from old animals, TNF-α treatment with FasL

did decrease cell viability, compared to FasL only (Fig. 6c). TNF-α
alone does not induce a decrease in cell viability and similar to

previous findings, it seems to have a mitogenic effect (Li, 2003)

(Fig. 6c). These findings verify a specific apoptotic gene target

of NF-κB that exhibits a persistently unregulated, expression

after prolonged exposure to TNF-α in MPCs isolated from old,

compared to young animals.

Discussion

Aging is associated with chronically elevated circulating levels

of certain cytokines, including TNF-α, which has been termed

chronic low-grade systemic inflammation. Moreover, elevated

TNF-α mRNA and protein have been reported in aged human

skeletal muscle. In the present study, we sought to determine

if MPCs isolated from aged skeletal muscle exhibited an increased

response to TNF-α. To our knowledge, we are the first to

demonstrate that TNF-α causes an exaggerated increase in NF-κB

activation in MPCs isolated from old animals, compared to young.

The rapid, canonical signaling events leading to NF-κB activation

were not different in MPCs isolated from either age. In contrast,

however, prolonged TNF-α exposure (24 h) revealed two

persistently elevated NF-κB responses. The first response revealed

that MPCs isolated from old animals exhibited increased mRNA

levels for the key receptor adapter protein, TRAF-2, compared

to MPCs isolated from young animals. As samples were not

collected at intermediate time points between 2 and 24 h, it is

not known if TNF-α treatment causes an increase in TRAF-2

expression earlier than 24 h. The second response revealed a

prolonged maintenance of increased mRNA levels for the cell

death inducing receptor, Fas (CD95) in MPCs isolated from

old, compared to young animals. Taken together, our findings

support the notion that there are intrinsic differences in the

response to TNF-α as a result of age and that they could play

a role in increased pro-apoptotic signaling in MPCs in aged

skeletal muscle (Krajnak et al., 2006).

Here we show for the first time that MPCs isolated from aged

skeletal muscle exhibit an increased NF-κB activation in response

to TNF-α stimulation, compared to MPCs isolated from young

animals. These findings are particularly important for two reasons.

First, TNF-α is a key cytokine that is known to be elevated both

systemically (Phillips & Leeuwenburgh, 2005) and in the local

environment of skeletal muscle with age (Greiwe et al., 2001).

It has been shown that the age-associated change in the

systemic environment contributes to the impaired skeletal muscle

regenerative response observed with age (Gutmann & Carlson,

1976; Carlson & Faulkner, 1989; Conboy et al., 2005). Moreover,

neural, vascular and interstitial factors have been suggested to

contribute to an age-associated change in the local environment

that may influence the impaired skeletal muscle regenerative

response (Gopinath & Rando, 2008). Second, it is important to

consider the possibility that MPCs isolated from old animals

are intrinsically different from those in a young animal. There

are many examples of tissue-specific adult stem cell populations

that exhibit impaired intrinsic function with age (Roobrouck et al.,
2008). Our data support a previous report by Jejurikar et al. (2006)

that in the presence of the stress-inducing agent, actinomycin D,

TNF-α caused an increased apoptotic response in MPCs isolated

from old, compared to young and adult animals. Since both the

present data and those reported by Jejurikar et al. (2006) were

done in culture, our favored interpretation is that the cells isolated

from the old animals are intrinsically different. Therefore, in order

to best understand impaired MPC function and skeletal muscle

regenerative capacity with age, one must consider both the

changing environment (e.g. increased TNF-α) and the differences

intrinsic to the cells (e.g. increased response to TNF-α).

Although TNF-α caused selective increases in NF-κB response

in MPCs isolated from old animals, compared to young, it is

interesting that those rapid signaling events involved in NF-κB

activation that were determined here were not different with

age. One possible explanation for these findings may involve

other mechanisms than determined here that may regulate the

magnitude of the NF-κB response downstream of the signaling

through IKK and IκBα. In the present study, we demonstrated

that there was no age effect in the phosphorylation at serine-536,

which is in the transactivation domain of p65 and has been

shown to be induced by the IKKβ in response to TNF-α stimulation

(Schmitz et al., 1995; Sakurai et al., 1999). However, in addition

to serine-536, p65 is phosphorylated at serine-276, -311, and -529,

which can also modulate its ability to interact with DNA and co-

activators (Chen & Greene, 2004). Moreover, the post-translational

modifications are not limited to phosphorylation; acetylation

of p65 has been shown to regulate the NF-κB response as well.

Acetylation of different lysine residues of p65 by acetyltransferases

has been demonstrated to influence the magnitude of transcriptional

activation and inhibit association with IκBα (Chen & Greene,

2004). The complex regulation of NF-κB transcriptional activation

is further modulated by co-activators. CBP and p300 are both

versatile co-activators that have been shown to directly interact

with NF-κB and potentiate its transcriptional activation (Gerritsen

et al., 1997). In addition to their role as co-activators, CBP and

p300 are both histone acetyltransferases for NF-κB target genes,

which is one aspect of histone modification that determines

which promoter regions will be transcriptionally active (Jorquera

et al., 2001; Zhong et al., 2002). Besides the mechanisms regu-

lating the magnitude of the NF-κB response, our current findings

suggest a selective failure to ‘shut off’ NF-κB activation of Fas

(CD95) mRNA, in MPCs isolated from old animals. These findings

are important because Fas (CD95) is a member of the TNF-α
superfamily of receptors involved in the formation of the death-

inducing signaling complex and is involved in pro-apoptotic

signaling (Peter & Krammer, 2003).
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Even though Fas (CD95) mRNA increased similarly in MPCs

isolated from both young and old animals after 2 h TNF-α
stimulation, Fas (CD95) mRNA was ~2-fold higher 24 h after

stimulation in MPCs isolated from old animals, as compared

to young animals. These findings suggest that MPCs isolated

from young animals were better able to reverse the upregulation

of Fas (CD95) mRNA, compared to MPCs isolated from old animals.

Mechanisms that regulate inactivation of NF-κB are not completely

understood; however, IκBα re-synthesis is considered a critical

element to ‘shutting-off’ NF-κB (Hayden & Ghosh, 2008). Once

NF-κB is activated, it stimulates the resynthesis of IκBα as part

of a negative feedback mechanism. The newly expressed IκBα
binds NF-κB and sequesters it in the cytoplasm (Li & Lin, 2008).

However, our current findings of IκBα mRNA 2 and 24 h after

stimulation with TNF-α, as a measure of IκBα mRNA re-synthesis,

do not indicate an age-related dysfunction in this negative

feedback mechanism. Two hours after stimulation, IκBα mRNA

is increased ~6-fold in MPCs isolated from both young and

old animals (Fig. 5). Twenty-four hours after stimulation, IκBα
mRNA levels in MPCs isolated from both young and old animals

had decreased compared to the level observed after 2 h, but

remained elevated ~4-fold over basal levels. These findings

indicate that persistent Fas (CD95) expression observed in

MPCs isolated from old animals cannot be explained by deficient

re-formation of IκBα mRNA. Other putative mechanisms that ‘shut

off’ NF-κB activation, not determined here, include proteasomal

degradation in the nucleus (Saccani et al., 2004) and post-

translational modification of NF-κB. As mentioned previously,

p65 is subject to acetylation, which can inhibit association with

IκBα (Chen & Greene, 2004). It is possible that the age-associated

increase in Fas (CD95) expression after 24 h TNF-α stimulation

may involve persistent acetylation of p65. Further investigation

into mechanisms responsible for NF-κB inactivation in aging will

need to be the focus of future studies.

A better understanding of how age-related changes in the

environmental milieu of skeletal muscle are vital to understanding

the mechanisms responsible for age-associated impaired function

of MPCs. Just as important, the intrinsic differences between

MPCs isolated from young and old animals must be considered

in terms of determining the age-related differences of the inter-

actions between the MPC and the environment. Aging has been

previously shown to cause an increase in NF-κB/DNA binding

in multiple tissues (Helenius et al., 1996), increased TNF-α/apoptosis

signaling in aged muscle (Phillips & Leeuwenburgh, 2005; Pistilli

et al., 2006; Krajnak et al., 2006), and increased TNF-α-induced

apoptosis in aged satellite cells when co-treated with an agent

that blocks translation (Jejurikar et al., 2006). However, very little

is known about the implications of elevated TNF-α observed in

aged skeletal muscle on NF-κB signaling events in MPCs isolated

from old animals. Here we show for the first time that MPCs

isolated from old animals exhibit an increased TNF-α-induced

activation of a consensus NF-κB reporter construct, a persistent

increase in Fas (CD95) mRNA, and a decreased FasL-induced

MPC viability. Future studies are needed to better establish the

potential role of TNF-α in increasing the susceptibility MPCs to

FasL-induced apoptosis in aging. Taken together, the current

findings support the hypothesis of increased TNF-α-induced NF-κB

apoptotic signaling in old MPCs. These findings are particularly

important because during aging, MPCs are considered to be a

primary factor contributing to failed skeletal muscle repair

(Conboy & Rando, 2005). An improved understanding of the

interactions between the MPCs in aged skeletal muscle and the

changing environment associated with age will best facilitate

the development of clinical interventions aimed at improving

skeletal muscle repair and therefore quality of life.

Experimental procedures

Animals

All procedures were approved by the Institutional Animal Care

and Use Committee at the University of Missouri–Columbia.

Three- and 32-month-old Fischer 344 × Brown Norway F1 hybrid

male rats were obtained from the National Institute on Aging.

Animals were housed at 21 °C on a 12-h light : dark cycle and

allowed free access to food and water. At the time of sacrifice,

animals were given an intraperitoneal injection of ketamine

(80 mg kg–1), xylazine (10 mg kg–1), and acepromazine (4 mg kg–1)

and then muscles were excised.

MPC isolation and culture

MPC isolation was modified from Allen et al. (1997), as described

(Lees et al., 2006; Lees et al., 2008). Briefly, cells isolated from

the gastrocnemius and plantaris muscles by pronase digestion

were pre-plated for 24 h on tissue-culture treated 150-mm plates.

After the 24 h pre-plate, cells were seeded onto Matrigel (BD

Biosciences, San Jose, CA, USA) coated 150-mm plates (0.1 mg mL–1

Matrigel, 60 min at 37 °C) and cultured for 3 days in growth media

(20% fetal bovine serum, 100 units mL–1 penicillin, 100 μg mL–1

streptomycin, 40 μg mL–1 gentamicin in Ham’s F-10) in a humidified

incubator with 5% O2, 5% CO2, and 90% N2 at 37 °C (HERAcell,

Thermo Scientific, Waltham, MA, USA). After 3 days, the cells

reach ~80% confluence. Cells were then passaged one time and

seeded onto appropriate Matrigel tissue-culture plates. Greater

than 95% desmin and MyoD-positive cells are obtained using

this isolation protocol (data not shown). As media depth is an

important concern for 5% O2 culture conditions (Tokuda et al.,
2000), 1.5 and 10 mL of growth media were used for experiments

carried out in 6-well culture plates (25 000 cells/well) and 100-mm

culture plates (125 000 cells/plate), respectively.

Recombinant human TNF-α was obtained from Peprotech

(Rocky Hill, NJ, USA). For dose–response experiments in Fig. 1,

TNF-α was added at a dose of 1, 5 or 20 ng mL–1 in 0.1% bovine

serum albumin (BSA) in phosphate-buffered saline (PBS) (Sigma,

St. Louis, MO, USA). In all other experiments, TNF-α was added

at 20 ng mL–1. Recombinant rat FasL was obtained from R&D

Systems (Minneapolis, MN, USA) and cells were treated with

40 ng mL–1 FasL (vehicle was 0.15% BSA in sterile PBS). Control

conditions were given the appropriate vehicle.
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DNA constructs, transfection and promoter activity

The NF-κB cis-reporter construct contains five repeats of the

transcription recognition sequence (TGGGGACTTTCCGC) linked

to a basic promoter element (TATA box) and the firefly luciferase

gene (Stratagene, La Jolla, CA). The IKK-2 K44 M mutant (IKK

K44, Addgene plasmid 11104), which had been created by

mutation of a conserved lysine44 residue to a methionine and

was previously shown to inhibit TNF-induced NF-κB activation

(Dr Anjana Rao) (Mercurio et al., 1997), was obtained from

Addgene (Cambridge, MA, USA). Transient transfections were

carried out immediately after the cells were seeded in antibiotic-

free growth media using Fugene® 6 (Roche Applied Science,

Indianapolis, IN, USA), following the manufacturer’s instructions.

The phRK-null Renilla luciferase reporter vector (Promega,

Madison, WI, USA) was co-transfected in each experiment and

used as an internal control promoter in order to normalize for

transfection efficiency. A total of 0.7 μg of DNA for each well

on a 6-well plate was used for both firefly and Renilla luciferase

reporter constructs at a firefly : Renilla ratio of 20 : 1. Cells were

lysed using passive lysis buffer (Promega) and stored at –80 °C.

Firefly and Renilla luminescence were measured using the

Dual-Luciferase® Reporter Assay System (Promega) on a Veritas™

microplate luminometer (Turner BioSystems, Sunnyvale, CA, USA).

RNA isolation and real-time PCR

Samples were lysed at 2 h and 24 h post-seeding in RLT-

lysis buffer with 1% β-mercaptoethanol and passed through a

QIAshredder (Qiagen, Valencia, CA, USA). RNA purification was

performed with the on-column DNase I digestion using the

RNeasy® micro kit (Qiagen) according to the manufacturer’s

instructions. RNA was quantified spectrophotometrically by

measuring the absorbance at 260 nm and the purity was

assessed by measuring the ratio of the absorbance at 260 nm

and 280 nm. RNA integrity was verified by denaturing agarose

electrophoresis and ethidium bromide staining. RNA was

reverse transcribed using SuperScript™ III first-strand cDNA

synthesis system (Invitrogen) with random hexamer primers.

Real-time quantitative PCR was performed using Sybr Green

Master Mix and an ABI Prism 7000 (Applied Biosystems, Foster City,

CA, USA). The sequences for the target primers are listed in Table 1.

The specificity of the primer pair was evaluated using agarose gel

electrophoresis; only a single product of appropriate size was

observed. The endegenous control, 18S rRNA, was also determined

in each sample (product number 4319413E, Applied Biosystems).

25 ng of cDNA for each sample was used. Standard curves

for all targets and 18S rRNA were run to determine amplification

efficiency. Data analysis was performed using the comparative

method (ΔΔCT) and results are reported as fold change.

Western blot analysis

Cells were treated with TNF-α at the specified times and

lysed with RIPA buffer containing 1.04 mM 4-(2-Aminoethyl)

benzenesulfonyl fluoride hydrochloride (AEBSF), 800 nM aprotinin,

20 μM leupeptin, 40 μM bestatin, 15 μM pepstatin A, 14 μM E-64,

and the phosphatase inhibitor cocktail 1 (P2850, Sigma-Aldrich,

a proprietary mix of Cantharidin, Bromotetramisole, and Micro-

cystin LR used at 1 : 100 dilution). Cell lysates were then frozen and

stored at –80 °C. The samples were thawed and then centrifuged

at 12 000 × g (4°C) for 15 min, the supernatant was collected,

protein concentration was determined using the Bradford assay,

and samples were diluted to equal concentrations (0.4 mg mL–1)

in sodium dodecyl sulfate-reducing buffer. Equal amounts of

protein were loaded and separated on sodium dodecyl sulfate–

polyacrylamide gel electrophoresis and transferred to nitrocellulose

membranes (Osmonics Inc., Minnetonka, MN, USA). To ensure

equal loading, nitrocellulose membranes were stained with

Ponceau S (Sigma-Aldrich), which allows for both the qualitative

visualization and quantitation of the amount or protein in a

given lane (Klein et al., 1995). The total IκBα, phospho- IκBαser32,

total p65, and phospho-p65ser536 antibodies were purchased

from Cell Signaling Technology (Beverly, MA, USA). Horseradish

peroxidase-conjugated secondary IgG antibody was purchased

from Pierce Biotechnology (Rockford, IL, USA). Immuno-

complexes were visualized using Supersignal West Dura Extended

Duration Substrate (Pierce Biotechnology). The signal bands were

scanned using a Kodak Image Station 4000R Digital Imaging

System (Eastman Kodak Company, Rochester, NY, USA) and

quantified using Kodak molecular imaging software (version 4.0).

Cell viability

For cell viability experiments, cells were washed once with PBS

and replaced with low serum media (2% HS in DMEM) prior to

FasL treatment (40 ng mL–1) (Sandri & Carraro, 1999). Cell number

was quantified using the CyQUANT® Cell Proliferation Assay Kit

following the manufacturer’s instructions (Invitrogen–Molecular

Probes, Carlsbad, CA, USA).

Statistics

Data are presented as mean ± standard error. Sample sizes are

indicated for each measurement in the figure legends, where

Table 1 Real-time quantitative polymerase chain reaction primers

mRNA target Primer(s)

TNFR1 F: 5′-CTGGAGGACCGTACCCTGATT-3′
R: 5′-GAGCCCCGGGTTAGAAAGG-3′

TNFR2 F: 5′-GTGCATGTCCGGGTTATGC-3′
R: 5′-GCGTGGGCCCTTCAACT-3′

TRAF2 F: 5′-GCAGTGACTGCAGAGGCTTGT-3′
R: 5′-TGTTGCTTAGGGCCTCAATCTT-3′

IκBα F: 5′-GCTGCCCGAGAGTGAGGAT-3′
R: 5′-GTCATCGTAGGGCAACTCATCTT-3′

FasL F: 5′-GAGCTGTGGCTACCGGTGAT-3′
R: 5′-TTGATACATTCCTAACCCCATTCC-3′

Fas F: 5′-TGCAGATATGCTGTGGATCATG-3′
R: 5′-TCCCTTGCATTCGAACATTTAA-3′
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n represents independent isolations from separate animals.

Comparisons between groups were done using the analysis of

variance (SigmaStat, version 3.1). Significance was accepted at

p ≤ 0.05.
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