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Acetaminophen Improves Protein Translational
Signaling in Aged Skeletal Muscle

Miaozong Wu,1,2,4 Hua Liu,1,2,5 Jacqueline Fannin,3 Anjaiah Katta,3 Yeling Wang,1,2,6 Ravi Kumar Arvapalli,1,2

Satyanarayana Paturi,1,2 Sunil K. Karkala,3 Kevin M. Rice,1,2 and Eric R. Blough1–4

Abstract

Background: Age-related muscle atrophy is characterized by increased oxidative stress, diminished Akt enzy-
matic function, and reduced phosphorylation of the mammalian target of rapamycin (mTOR), which can be
attenuated by chronic acetaminophen ingestion. Here we hypothesize that age-related impairments in Akt/
mTOR function are associated with reduced protein translational signaling, and that these changes, if present,
can be attenuated by acetaminophen treatment.
Results: Compared to 6- and 27-month old animals, the expression of the mTOR-complex proteins raptor and
GbL and the phosphorylation of tuberin/TSC2 (Thr1462) were reduced in the soleus muscles of very aged rats
(33 months old). These changes in Akt/mTOR pathway signaling proteins were in turn associated with de-
creased phosphorylation of S6 kinase p85S6K (Thr412) and eukaryotic translation initiation factor-4E (eIF4E)
binding protein-1 (4EBP1, Thr37/46), reduced phosphorylation of S6 ribosomal protein (Ser235/236), and in-
creased inhibition of eIF4E by binding to 4EBP1. Age-associated alterations in the Akt/mTOR pathway signaling
and in the phosphorylation of the stress-responsive eIF2a protein were attenuated by chronic acetaminophen
treatment (30 mg/kg body weight per day). Ex vivo incubation of adult muscles with hydrogen peroxide
mimicked the age-related decreases seen in eIF4E and 4EBP1 phosphorylation, whereas the inclusion of acet-
aminophen in the muscle bath attenuated this effect.
Conclusion: Aging is associated with impairments in the regulation of proteins thought to be important in
controlling mRNA translation, and acetaminophen may be useful for the treatment of age-related muscle at-
rophy by reducing oxidative stress.

Introduction

The age-associated loss of skeletal muscle mass and
muscle strength, or sarcopenia, has a profound effect on

quality of life and is of significant socioeconomic interest.1–3

The accumulation or loss of muscle protein is determined by
the balance between muscle protein synthesis and degrada-
tion. The factors regulating the initiation and progression of
sarcopenia are not fully understood; however, recent data
have demonstrated that the rate of muscle protein synthesis
is decreased in advanced age of human and different animal
models4–6 and that this effect may be mediated, at least in
part by the reactive oxygen species (ROS) levels.7–10 How
increased age or ROS levels may affect the regulation of
protein synthesis is not well understood.

The mammalian target of rapamycin (mTOR) pathway is a
critical regulator of protein synthesis,6,11,12 whose activity is
regulated by phosphorylation at Ser2448 (via protein kinase
B/Akt13,14) and by binding to its regulatory partners, the
regulatory associated protein of mTOR (raptor) and GbL15–17

(both positive regulators), or Tuberin/TSC2,13,14 (negative
regulator). Regulation of protein translation by mTOR is ef-
fected through the phosphorylation of S6 kinase, which
functions to phosphorylate the S6 ribosomal protein18,19 and
eukaryotic translation initiation factor-4E (eIF4E) binding
protein-1 (4EBP1), with the latter event leading to the release
of eIF4E from 4EBP1, a step necessary for initiation of mRNA
translation.20–24 Like eIF4E, the eIF2 also plays a role in
regulating translational initiation because it mediates the bind-
ing of initiator methionyl-tRNA and guanosine triphosphate
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(GTP) to the ribosome 40S subunit.25,26 The ability of eIF2 to
regulate initiation is inhibited, at least in part, under conditions
of elevated stress, which can lead to the phosphorylation of the
eIF2 a subunit (eIF2a) and the formation of a stable eIF2–GDP–
eIF2B complex.25,26 Whether aging or increased oxidative stress
affects the amount or phosphorylation of molecules thought to
participate in the regulation of protein synthesis rates has to
our knowledge not been investigated.

Previous studies from our laboratory have demonstrated
that age-related muscle atrophy is characterized by increased
tissue ROS levels, impaired Akt enzymatic function, de-
creased mTOR phosphorylation/activation, diminished
myocyte size, and decreased expression of the contractile
proteins myosin and actin.7,10 Other work from our labora-
tory has demonstrated that chronic acetaminophen ingestion
can be used to attenuate these age-related changes in Akt/
mTOR signaling and muscle structure.10 Using the same
animals and tissues that we examined previously,10 here we
hypothesize that impairments in Akt/mTOR signaling will
be accompanied by a dysregulation of downstream protein
translational signaling and that chronic acetaminophen in-
gestion can be used to ameliorate these age-associated
changes. Although incapable of proving cause and effect, the
data of the present study suggest that acetaminophen may be
useful for improving age-related alterations in translational
signaling.

Materials and Methods

Materials

Primary antibodies against tuberin/TSC2 (#3612), phos-
pho-tuberin/TSC2 (Thr1462) (#3617), GbL (#3274), raptor
(#2280), p70S6 kinase (#9202), phospho-p70S6 kinase
(Thr389) (#9205), S6 ribosomal protein (#2217), phospho-S6
ribosomal protein (Ser235/236) (pS6, #4858), eIF4E (#2067),
phospho-eIF4E (Ser209) (#9741), 4EBP1 (#9452), phospho-
4EBP1 (Thr37/46) (#9459), eIF2a (#9722), phosphor-eIF2a
(Ser51) (#3597), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, #2118), secondary antibodies conjugated with
horseradish peroxidase (HRP) (anti-rabbit [#7074] or anti-
mouse [#7076]) were purchased from Cell Signaling Tech-
nology (Beverly, MA). Protein A/G PLUS Agarose (sc-2003)
were from Santa Cruz Biotechnology (Santa Cruz, CA). The
Laemmli 4� sample buffer was from Sigma-Aldrich (St.
Louis, MO). Pierce Tissue Protein Extraction Reagent (T-
PER), Pierce 660nm protein assay reagent (#22660), GE
Healthcare Amersham ECL� Western Blotting Detection
Reagents (RPN 2106), and Advance Western Blotting De-
tection Kit (RPN2135) were from Thermo Fisher Scientific
Inc. (Rockford, IL). The PAGEr Gold Precast gels (10%) were
from purchased from Lonza (Rockland, ME).

Animals

Animal care and procedures were conducted in accor-
dance with the Animal Use Review Board of Marshall Uni-
versity using the criteria outlined by the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC) as proclaimed in the Animal Welfare Act (PL89-
544, PL91-979, and PL94-279). The animals and tissues used
in this study have been previously examined.10 Six- and 27-
month-old male Fischer 344/NNiaHSD X Brown Norway/

BiNia F1 (F344BN) rats were procured from the National
Institute on Aging (Bethesda, MD) and housed in an
AAALAC approved vivarium with a 12:12 h light/dark cycle
and at the temperature of 22� 28C. Two animals were
kept in each cage with ad libitum access to water and
food (LabDiet 5001, PMI Nutrition International, LLC,
Brentwood, MO).

Acetaminophen treatment and tissue collection

The 27-month-old F344BN rats were daily given acet-
aminophen (30 mg/kg body weight per day) continuously for
6 months in their drinking water (denoted as 33T). Age-
matched rats were maintained as controls (33C). Soleus
muscles were removed from anesthetized animals under an-
esthesia using a ketamine–xylazine (4:1) cocktail (50 mg/kg,
intraperitoneally), frozen in liquid nitrogen, and stored at
�808C.

Ex vivo muscle incubation

Two strips of muscle were isolated from each soleus
muscle from 6-month-old rats and mounted to plastic plates
to keep them at their in situ resting length. The ex vivo muscle
incubation were performed at 258C in Krebs Henseleit buffer
(KHB, pH 7.4), that had been equilibrated with 95% O2 and
5% CO2 as described previously.10 After preincubation in
KHB for 15 min, muscles were incubated in KHB for another
40 min (control), or in KHB containing hydrogen peroxide
(H2O2) (200mM) and/or acetaminophen (1.65 mM) for 20 min
each. The acetaminophen concentration (1.65 mM) was
equivalent to that in drinking water provided for rats.
Muscle samples were then washed with KHB, immediately
frozen in liquid nitrogen, and stored at �808C.

Tissue protein extraction

Soleus muscles were homogenized in a Pierce Tissue
Protein Extraction Reagent (T-PER) (10 mL/g tissue) con-
tained protease inhibitors (P8340; 1:100) and phosphatase
inhibitors (P5726; 1:100), and then sonicated for 0.5 min three
times at 48C. The homogenate was collected by centrifuging
at 12,000� g for 5 min at 48C. Protein concentration of ho-
mogenates was determined using a Pierce 660nm protein
assay reagent (#22660). The homogenate were boiled in
Laemmli 4� sample buffer for 5 min for further immuno-
blotting analysis.

Determination of eIF4E/4EBP1 association

The binding of 4EBP1 to eIF4E were determined by co-
immunoprecipitation. Briefly, 200 mg of homogenate (180mL)
was incubated with anti-eIF4E antibody (1:50 dilution) and
20 mL of protein A/G PLUS Agarose (sc-2003) overnight
at 48C. Agarose beads were collected by centrifuging at
8,000�g for 30 sec at 48C, and washed with 500 mL of T-PER
buffer containing protease (P8340; 1:100) and phosphatase
inhibitors (P5726; 1:100) three times. Forty microliters of
Laemmli 2� sample buffer was added to the pellet, and the
samples were boiled for 5 min. Twenty microliters of each
supernatant was used for immunoblotting analysis to detect
the abundance of 4EBP1.
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Immunoblotting analysis

Immunoblotting analysis were performed to detect target
proteins as described previously.7,10 Briefly, protein samples
was separated on a 10% PAGEr Gold Precast gel and then
transferred to nitrocellulose membranes. After incubation with
primary antibody overnight at 48C and secondary antibody for
1 h at room temperature, target proteins were visualized fol-
lowing reaction with GE Healthcare Amersham ECL� Wes-
tern Blotting Detection Reagents (RPN 2106) or Advance
Western Blotting Detection Kit (RPN2135). Target protein
levels were quantified using AlphaEaseFC image analysis
software (Alpha Innotech, San Leandro, CA) and normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Data analysis

Results are presented as mean� standard error (SE). The
effects of age and acetaminophen treatment were analyzed
using the general linear model (GLM) procedure (SAS 9.1 for
Windows, SAS Institute Inc., Cary, NC). Means were calcu-
lated by the least-squares means (LSMEANS) procedure,
and multiple comparisons were performed using the Tukey–
Kramer test to determine differences between groups. Values
of p< 0.05 were considered to be statistically significant.

Results

Acetaminophen restores tuberin/TSC2
phosphorylation in aged skeletal muscle

The phosphorylation of the mTOR negative regulator tu-
berin/TSC2 at Thr1462 was decreased in the soleus of 33-
month-old aged control rats (�55.7% and �68.4% when
compared to that in 6- and 27-month-old rats; p< 0.05;

Fig. 1). Chronic acetaminophen treatment restored the
tuberin/TSC2 phosphorylation level to that observed in the
adult (6-month) rat ( p> 0.05; Fig. 1).

Acetaminophen attenuates aging-associated
reductions in mTOR-complex regulators

Compared to that found in 27-month-old animals, the
expression of the mTOR-complex proteins raptor and GbL
were decreased in 33-month aged control rats (�26.8%
and �15.0%, respectively; p< 0.05; Fig. 2A,B). Chronic
acetaminophen treatment increased both raptor and GbL
expression compared to that in 33-month control rats (13.9%
and 11.4%, respectively; p< 0.05; Fig. 2A,B).

FIG. 1. Acetaminophen restores tuberin/TSC2 phosphor-
ylation in aged skeletal muscle. Tuberin/TSC2 total protein
and the phosphorylation of tuberin/TSC2 at Thr1462 in so-
leus muscle from 6-, 27-, 33-month-old control (33C) and
acetaminophen-treated (33T) F344BN rats were determined
by immunoblotting. Data are mean� standard error. (abc)
Groups without the same letter are significantly different
( p< 0.05).

FIG. 2. Acetaminophen attenuates aging-associated reduc-
tions in the amount of raptor and GbL. Raptor (A) and GbL
(B) protein levels in 6-, 27-, 33-month-old controls (33C) and
acetaminophen-treated (33T) rats as determined by immu-
noblotting. Data are mean� standard error. (abc) Groups
without the same letter are significantly different ( p< 0.05).
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Age-associated reductions in the phosphorylation
of S6 kinase and S6 ribosomal protein in muscle
are attenuated by acetaminophen

The abundance of phosphorylated S6 kinase p85S6K
(Thr412) in the aged soleus was lower than that in the 6- and
27-month animals (�39.6% and �46.8%, respectively;
p< 0.05; Fig. 3A), while chronic acetaminophen treatment
restored the amount of phosphorylated p85S6K to a level

equivalent to that seen in 6- and 27-month old animals
( p> 0.05; Fig. 3A). Phosphorylation of S6 kinase p70S6K
(Thr389) was increased with aging ( p< 0.05; Fig. 3A), and
chronic acetaminophen treatment increased p70S6K phos-
phorylation compared to that in 33-month control rats
(22.2%; p< 0.05; Fig. 3A). Compared to that observed in 27-
month animals, the phosphorylation of S6 ribosomal protein
at Ser235/236 was decreased in the soleus of 33-month aged
control rats (�23.3%; p< 0.05; Fig. 3B), whereas chronic
acetaminophen treatment restored the phosphorylated level
of S6 ribosomal protein to that seen in 27-month rats
(P> 0.05; Fig. 3B).

Acetaminophen intervention reduces the inhibitory
effect of 4EBP1 on eIF4E in aged muscle

Compared to that seen in the 6- and 27-month-old rats, the
phosphorylation of translational initiation factor eIF4E at
Ser209 was decreased in the soleus of 33-month aged control
rats (�51.7% and �39.3%, respectively; p< 0.05; Fig. 4A).
Chronic acetaminophen treatment restored eIF4E phos-
phorylation to levels observed in 6- and 27-month-old rats
( p> 0.05; Fig. 4A). The abundance of phosphorylated 4EBP1
(Thr37/46) in the aged soleus was lower than that found in
the 6- and 27-month-old animals (�17.2% and �12.3%, re-
spectively; p< 0.05; Fig. 4B), while it was increased after 6
months of chronic acetaminophen treatment (þ36.4%,
p< 0.05; Fig. 4B). Co-immunoprecipitation experiments
demonstrated that the abundance of 4EBP1 bound to eIF4E
was increased in the soleus of 33-month-old aged control rats
when compared to that in 27-month-old rats (þ32.9%,
p< 0.05; Fig. 4C) and that chronic acetaminophen treatment
decreased this binding by 21.7% ( p< 0.05; Fig. 4C).

To investigate whether oxidative stress affects the activa-
tion of eIF4E, muscle strips from control adult animals were
incubated with H2O2 and/or acetaminophen for 20 min. The
inclusion of H2O2 to the muscle bath decreased phosphory-
lation of eIF4E and 4EBP1 whereas this effect was reversed
by the addition of acetaminophen to the muscle bath
(Fig. 4D). Incubation with acetaminophen alone had no effect.

Acetaminophen reduces phosphorylation
of eIF2a in aged skeletal muscle

Compared to 6-month-old animals, the phosphorylation
of eIF2a at Ser51 was increased in the soleus of 33-month-old
aged control rats (þ19.5%; p< 0.05; Fig. 6). Chronic acet-
aminophen treatment restored the eIF2a phosphorylation to
a level similar to that observed in the 6- and 27-month-old
rats.

Discussion

Age-related decreases in muscle protein synthesis are
thought to play a significant role in the loss of muscle mass
that occurs during aging.4,5 The main finding of this study is
that aging in the F344BN rat model is characterized by al-
terations in the phosphorylation status of ribosomal protein
S6, eIF2a, eIF4E, and 4EBP1. This latter modification is ac-
companied by increased binding of 4EBP1 to eIF4E, which
would be predicted to impair the initiation step of protein
synthesis. In addition, it appears that the inhibition of eIF4E
by 4EBP1 may be mediated, at least partially, by increased

FIG. 3. Reductions in the amount of phosphorylation of S6
kinase and S6 ribosomal protein with aging are attenuated
by chronic acetaminophen ingestion. (A) S6 kinase p85S6K
(Thr412) and p70S6K (Thr389) protein levels in 6-, 27-, 33-
month-old control (33C) and acetaminophen-treated (33T)
rats. (B) The phosphorylation (Ser235/236) and total protein
of S6 ribosomal protein as determined by immunoblotting.
Data are mean� standard error. ( abcd) Groups without the
same letter are significantly different ( p< 0.05).
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oxidative stress, as ex vivo muscle incubation with H2O2

acutely reduced eIF4E and 4EBP1 phosphorylation. Im-
portantly, these age-associated alterations were attenuated
by chronic acetaminophen intervention using a dosage
(30 mg/ kg body weight per day) that has previously been
found to be safe and well tolerated.7

mTOR plays an important role in the stimulation of
myocyte growth and prevention of muscle atrophy.6,11,12 It
is thought that the mTOR activity is stimulated by phos-
phorylation of Ser2448 by Akt13,14 and by the binding
of mTOR to raptor and GbL.15–17 Conversely, mTOR activ-
ity has been shown to be inhibited following binding with
Tuberin/TSC2 in a process that is negatively regulated
through the phosphorylation of Tuberin/TSC at Thr1462 by
Akt/PKB.13,14

Previous data from our laboratory have demonstrated that
age-associated impairments in Akt/mTOR signaling are
characterized by a mismatch between the degree of Akt
phosphorylation and the activation of its downstream sub-

strates mTOR and GSK-3b.10 Similar instances of Akt ‘‘un-
coupling’’ have been reported in human studies following
the infusion of amino acids and insulin, and with exer-
cise.27,28 Further studies have indicated that although higher
Akt phosphorylation (Ser473 and Thr308) is observed, Akt
kinase enzymatic activity is impaired in aged atrophic skel-
etal muscle and that this impairment contributes to the re-
duced phosphorylation of mTOR because reversal of Akt
dysfunction by acetaminophen is associated with increased
mTOR phosphorylation.10 Supporting our previous find-
ings of reduced Akt activity,10 we observed a reduction of
tuberin/TSC2 (Thr1462) phosphorylation with aging (Fig. 1).
This effect was reversed by chronic acetaminophen ingestion,
a finding that is consistent with the notion that alterations in
tuberin/TSC2 phosphorylation may be involved in reducing
mTOR activation in aged skeletal muscle.

To further investigate how mTOR function may be altered
in aged skeletal muscle, we next determined the expression
of the mTOR-binding proteins, raptor and GbL, and the

FIG. 4. Acetaminophen reduces the inhibitory effect of eukaryotic initiation factor 4E binding protein (4EBP1) on eukaryotic
initiation factor 4E (eIF4E) in aged muscle. eIF4E total protein and phosphorylation of eIF4E at Ser209 in 6-, 27-, 33-month-old
controls (33C) and acetaminophen-treated (33T) rats (A). Phosphorylation (Thr37/46) and total protein of eIF4E binding
protein-1 (4EBP1 or PHAS-1) (B). Binding of 4EBP1 to eIF4E as determined by co-immunoprecipitation and immunoblotting
(C). Soleus muscle strips from 6-month control animals were ex vivo incubated with hydrogen peroxide (H2O2) and/or
acetaminophen as described in Materials and Methods. Phosphorylation of eIF4E and 4EBP1 after ex vivo incubation were
detected by immunoblotting (D). Muscle incubated with Krebs Henseleit buffer (�) was used as control of H2O2 and
acetaminophen response. Data are mean� standard error. (abc) Groups without the same letter are significantly different
( p< 0.05). H2O2, hydrogen peroxide; APAP, Acetaminophen.
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phosphorylation of two critical mTOR-substrates, S6 kinase
and 4EBP1. It has been postulated that the interaction of
raptor with mTOR is required for the phosphorylation of S6
kinase and 4EBP1 by mTOR15,16 and that this event is reliant
on GbL, which has been shown to stabilize the raptor–mTOR
interaction.17 In agreement with our findings of decreased
mTOR expression in aged skeletal muscle,10 here we dem-
onstrate that the expression of both raptor and GbL is di-
minished with aging (Fig. 2A,B). This finding could be
predicted to diminish mTOR function, a notion that is sup-
ported by our observation that aging is associated with
diminished phosphorylation of the two critical mTOR-
substrates, S6 kinase and 4EBP1 (Figs. 3A and 4B). Similar to
our findings with tuberin/TSC2, these age-related changes
in S6 kinase and 4EBP1 phosphorylation were reversed with
chronic acetaminophen ingestion (Figs. 3A and 4B). Taken
together, these data suggest that mTOR function is impaired
in aged skeletal muscle and that chronic acetaminophen in-
gestion may be useful for the prevention of age-associated
mTOR dysfunction in skeletal muscle.

The phosphorylation of the S6 ribosomal protein by
S6 kinase is critical for the translation of ribosomal proteins
and the elongation factors required to increase the syn-
thetic potential of the cell.18,19 In the present study, we
found that the phosphorylation of S6 ribosomal protein at
Ser235/236 was lower in very aged muscle (33-month)
compared to that observed in the muscles obtained from
27-month-old rats, and that this decrease was associated
with reduced phosphorylation of S6 kinase, p85S6K
(Fig. 3A,B). Consistent with the data for S6 kinase and
4EBP1, we also demonstrate that the phosphorylation of
p85S6K and S6 ribosomal protein can be preserved with
chronic acetaminophen ingestion, suggesting once again

that acetaminophen may be helpful for the treatment of
age-associated muscle atrophy.

The eukaryotic translation initiation factor eIF4E is
thought to bind with the mRNA 50-cap structure and medi-
ate the initiation of translation, a rate-limiting step for mRNA
translation.23,24 The binding of eIF4E to the mRNA 50-cap
structure is inhibited if eIF4E is sequestered by 4EBP1. This
process is regulated by phosphorylation state of 4EBP1, be-
cause the phosphorylation of 4EBP1 by mTOR prevents its
binding to eIF4E.20–22 In agreement with our previous find-
ing of the ability of mTOR to phosphorylate S6 kinase, we
found that the phosphorylation of 4EBP1 is reduced in aged
skeletal muscle (Fig. 4B). To further examine the potential
functional ramifications of these data we next performed co-
immunoprecipitation experiments, using an antibody to pull
down eIF4E and then probing the immunocomplex for the
presence of 4EBP1. As expected from our 4EBP1 phosphor-
ylation data, we found that the binding of 4EBP1 to eIF4E is
increased in aged skeletal muscle (Fig. 4C). These results,
along with our finding of a decreased phosphorylation of
eIF4E with aging, may suggest that aging in the skeletal
muscles of the F344BN rat may be associated with an im-
pairment of the processes regulating the initiation of trans-
lation and that alterations in Akt/mTOR signaling may
contribute to this condition. Interestingly, we also observed
that this age-associated increase in 4EBP1 and eIF4E inter-
action was diminished following chronic acetaminophen
ingestion, a finding that is supportive of the possibility that
acetaminophen ingestion may also increase mTOR activity
(Fig. 5).

To better understand if changes in oxidative stress may
participate in regulating the association between eIF4E and
4EBP1, we performed a series of ex vivo incubation experi-
ments where we added H2O2 to the muscle bath. We found
that the inclusion of H2O2 to the bath decreased the phos-
phorylation of eIF4E and 4EBP1 and that these decreases in
phosphorylation could be attenuated by the presence of
acetaminophen (Fig. 4D). These data are in agreement with
the possibility that age-associated increase in oxidative stress
could play a role in affecting the ability of the aged muscle to
initiate protein synthesis by its ability to increase the phos-
phorylation of eIF4E and 4EBP1. This postulate is consistent
with previous data from our laboratory that have demon-
strated that chronic acetaminophen ingestion in the aged rat
is associated with diminished age-related increases in muscle
ROS, oxidatively modified proteins, and decreased hyper-
activation of stress-responsive kinase p38–mitogen-activated
protein kinase (MAPK).7

In an effort to further examine the potential adverse effects
of oxidative stress on processes associated with the initiation
step of protein synthesis, we measured the phosphorylation
of eukaryotic initiation factor eIF2a. eIF2 mediates the
binding of initiator methionyl-tRNA and GTP to the ribo-
some 40S subunit and participates in forming the 43S pre-
initiation complex.26 It is thought that this process is
inhibited by eIF2a phosphorylation,25,26 with the latter also
occurring under conditions of increased oxidative stress.29,30

Here we observed that phosphorylation of eIF2a at Ser51
is increased with aging and that chronic acetaminophen
treatment was associated with a return of phosphorylated
eIF2a to a level observed in the 6- and 27-month-old ani-
mals (Fig. 5). These findings are consistent with recent data

FIG. 5. Acetaminophen reduces the phosphorylation of
eukaryotic initiation factor 2a-subunit (eIF2a) in aged skele-
tal muscle. eIF2a total protein and phosphorylation of
eIF2a at Ser51 in 6-, 27-, 33-month-old control (33C) and
acetaminophen-treated (33T) rats. Data are mean� standard
error. (ab) Groups without the same letter are significantly
different ( p< 0.05).
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demonstrating that high glucose (hyperglycemia) increases
the phosphorylation of eIF2a.31 In addition, this finding is in
agreement with previous work from our laboratory showing
that aging is associated with increased blood glucose and that
chronic acetaminophen ingestion can be used to reverse age-
related hyperglycemia.7 Taken together, these data support
the possibility that age-associated hyperglycemia and/or in-
creases in oxidative stress may decrease translational initia-
tion by altering the phosphorylation status of eIF2a.

Although the effects of aging on tissue ROS levels have
been investigated extensively, much less is known about
how aging may affect the expression of molecules thought to
be important in counteracting ROS. It is thought that the
amount and activity of antioxidant enzymes are increased
during the initial phases of aging before undergoing a
gradual, but steady decline as the aging process pro-
gresses.32,33 Recent work using Cu2þ/Zn2þ superoxide dis-
mutase (SOD) (SOD1) transgenic mice have suggested a link
between the expression of SOD1 and eIF2a phosphoryla-
tion.34 Previous studies have demonstrated that acetamino-
phen exhibits potent antioxidant activity,35–39 and that
acetaminophen can decrease age-associated increases in
muscle ROS and iron-induced cardiac damage.7,40 Although
not investigated here, given these data, it is possible that
acetaminophen could have functioned to improve transla-

tional signaling via either its antioxidant activity or perhaps
by altering the expression of molecules involved in scav-
enging cellular ROS. Future experiments designed to directly
test this possibility will no doubt be useful in furthering our
understanding of how oxidative stress may be associated
with changes in protein synthesis and the regulation of
muscle mass during aging.

In summary, we found that aging in the F344BN rat
skeletal muscle is associated with alterations in the amount
or phosphorylation of tuberin/TSC2, raptor, GbL, p85S6K,
S6 ribosomal protein, eIF4E, 4EBP1, and eIF2a. In addition,
we also noted evidence of increased interaction between
eIF4E and 4EBP1. These changes, considered together, would
be predicted to decrease the ability of the aged muscle to
initiate and undergo protein synthesis. This finding is sup-
portive of previous work demonstrating that age-associated
increases in Akt S-nitrosylation lead to impaired Akt func-
tion and mTOR activation in the muscles of the aged
F344BN.10 In this aforementioned study, we found that
chronic acetaminophen treatment was associated with a re-
versal of Akt function and mTOR phosphorylation.10 We
find a similar effect here given that acetaminophen ingestion
was associated with a reversal in either the expression or
phosphorylation of tuberin/TSC2, raptor, GbL, p85S6K, S6
ribosomal protein, eIF4E, 4EBP1, and eIF2a to levels similar
to that found in their younger counterparts. In addition, we
also observed that acetaminophen treatment diminished the
possible inhibitory effects of tuberin/TSC2 and 4EBP1 on
protein synthesis by increasing phosphorylation of these
molecules. These improvements are in agreement with our
previous findings that chronic acetaminophen ingestion is
capable of attenuating age-associated changes in muscle
cross-sectional area and the incidence of myocyte apopto-
sis.10 The data of the present study, considered together with
our previous work demonstrating that acetaminophen di-
minishes muscle ROS levels and improves Akt function, lead
to further credence of the possibility that chronic acetamin-
ophen ingestion may be useful for the treatment of age-
related muscle atrophy (Fig. 6).

Acknowledgments

This work was supported by grants provided by McNeil
Consumer Healthcare to E.R.B. We thank Mr. Madhukar
Kolli, Siva Nalabotu, and Brent Kidd for their technical
assistance.

References

1. Brooks SV, Faulkner JA. Skeletal muscle weakness in old
age: Underlying mechanisms. Med Sci Sports Exerc
1994;26:432–439.

2. Castillo EM, Goodman-Gruen D, Kritz-Silverstein D, Morton
DJ, Wingard DL, Barrett-Connor E. Sarcopenia in elderly
men and women: The Rancho Bernardo study. Am J Prev
Med 2003;25:226–231.

3. Wu M, Fannin J, Rice KM, Wang B, Blough ER. Effect of
aging on cellular mechanotransduction. Ageing Res Rev
2009; doi:10.1016/j.arr.2009.11.002.

4. Nair KS. Muscle protein turnover: methodological issues
and the effect of aging. J Gerontol A Biol Sci Med Sci
1995;50(Spec No):107–112.

FIG. 6. Proposed mechanism(s) of how acetaminophen
may function to improve protein translational signaling in
aged skeletal muscle. Age-associated increases in oxidative
stress impair the regulation of protein translational regula-
tors thought to reside downstream of Akt/mTOR and the
regulation of stress-mediated translation initiation in aged
atrophic skeletal muscle (see the Discussion for details).
Chronic acetaminophen intervention is thought to reduce
reactive oxygen species (ROS) and oxidative stress, thereby
improving translational signaling and the prevention of
muscle mass loss in aged muscle. 4EBP1, Initiation factor 4E
binding protein; eIF4E, eukaryotic initiation factor 4E;
mTOR, mammalian target of rapamycin.

ACETAMINOPHEN IMPROVES AGED SKELETAL MUSCLE 7



5. Proctor DN, Balagopal P, Nair KS. Age-related sarcopenia in
humans is associated with reduced synthetic rates of specific
muscle proteins. J Nutr 1998;128(2 Suppl):351S–355S.

6. Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T,
Atherton P, Wackerhage H, Taylor PM, Rennie MJ. Anabolic
signaling deficits underlie amino acid resistance of wasting,
aging muscle. FASEB J 2005;19:422–424.

7. Wu M, Desai DH, Kakarla SK, Katta A, Paturi S, Gutta AK,
Rice KM, Walker EM Jr, Blough ER. Acetaminophen pre-
vents aging-associated hyperglycemia in aged rats: Effect of
aging-associated hyperactivation of p38-MAPK and ERK1/
2. Diabetes Metab Res Rev 28 2009;25:279–286.

8. Fukagawa NK, Li M, Liang P, Russell JC, Sobel BE, Absher
PM. Aging and high concentrations of glucose potentiate
injury to mitochondrial DNA. Free Radic Biol Med
1999;27:1437–1443.

9. Gianni P, Jan KJ, Douglas MJ, Stuart PM, Tarnopolsky MA.
Oxidative stress and the mitochondrial theory of aging in
human skeletal muscle. Exp Gerontol 2004;39:1391–1400.

10. Wu M, Katta A, Gadde MK, Liu H, Kakarla SK, Fannin J,
Paturi S, Arvapalli RK, Rice KM, Wang Y, Blough ER.
Aging-associated dysfunction of akt/protein kinase B:
S-nitrosylation and acetaminophen intervention. PLoS One
2009;4:e6430.

11. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL,
Bauerlein R, Zlotchenko E, Scrimgeour A, Lawrence JC,
Glass DJ, Yancopoulos GD. Akt/mTOR pathway is a crucial
regulator of skeletal muscle hypertrophy and can prevent
muscle atrophy in vivo. Nat Cell Biol 2001;3:1014–1019.

12. Gingras AC, Raught B, Sonenberg N. Regulation of trans-
lation initiation by FRAP/mTOR. Genes Dev 2001;15:807–
826.

13. Manning BD, Tee AR, Logsdon MN, Blenis J, Cantley LC.
Identification of the tuberous sclerosis complex-2 tumor
suppressor gene product tuberin as a target of the phos-
phoinositide 3-kinase/akt pathway. Mol Cell 2002;10:151–
162.

14. Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is phosphory-
lated and inhibited by Akt and suppresses mTOR signalling.
Nat Cell Biol 2002;4:648–657.

15. Beugnet A, Wang X, Proud CG. Target of rapamycin (TOR)-
signaling and RAIP motifs play distinct roles in the mam-
malian TOR-dependent phosphorylation of initiation factor
4E-binding protein 1. J Biol Chem 2003;278:40717–40722.

16. Nojima H, Tokunaga C, Eguchi S, Oshiro N, Hidayat S,
Yoshino K, Hara K, Tanaka N, Avruch J, Yonezawa K. The
mammalian target of rapamycin (mTOR) partner, raptor,
binds the mTOR substrates p70 S6 kinase and 4E-BP1
through their TOR signaling (TOS) motif. J Biol Chem
2003;278:15461–15464.

17. Kim DH, Sarbassov DD, Ali SM, Latek RR, Guntur KV,
Erdjument-Bromage H, Tempst P, Sabatini DM. GbetaL, a
positive regulator of the rapamycin-sensitive pathway re-
quired for the nutrient-sensitive interaction between raptor
and mTOR. Mol Cell 2003;11:895–904.

18. Jefferies HB, Reinhard C, Kozma SC, Thomas G. Rapamycin
selectively represses translation of the "polypyrimidine tract"
mRNA family. Proc Natl Acad Sci USA 1994;91:4441–4445.

19. Ferrari S, Thomas G. S6 phosphorylation and the p70s6k/
p85s6k. Crit Rev Biochem Mol Biol 1994;29:385–413.

20. Gingras AC, Gygi SP, Raught B, Polakiewicz RD, Abraham
RT, Hoekstra MF, Aebersold R, Sonenberg N. Regulation of
4E-BP1 phosphorylation: A novel two-step mechanism.
Genes Dev 1999;13:1422–1437.

21. Brunn GJ, Hudson CC, Sekulic A, Williams JM, Hosoi H,
Houghton PJ, Lawrence JC Jr, Abraham RT. Phosphoryla-
tion of the translational repressor PHAS-I by the mammalian
target of rapamycin. Science 1997;277:99–101.

22. Gingras AC, Kennedy SG, O’Leary MA, Sonenberg N, Hay
N. 4E-BP1, a repressor of mRNA translation, is phosphory-
lated and inactivated by the Akt(PKB) signaling pathway.
Genes Dev 1998;12:502–513.

23. Sonenberg N, Morgan MA, Merrick WC, Shatkin AJ. A
polypeptide in eukaryotic initiation factors that crosslinks
specifically to the 50-terminal cap in mRNA. Proc Natl Acad
Sci USA 1978;75:4843–4847.

24. Gingras AC, Raught B, Sonenberg N. eIF4 initiation factors:
Effectors of mRNA recruitment to ribosomes and regulators
of translation. Annu Rev Biochem 1999;68:913–963.

25. de Haro C, Mendez R, Santoyo J. The eIF-2alpha kinases and
the control of protein synthesis. FASEB J 1996;10:1378–1387.

26. Kimball SR. Eukaryotic initiation factor eIF2. Int J Biochem
Cell Biol 1999;31:25–29.

27. Greenhaff PL, Karagounis LG, Peirce N, Simpson EJ, Hazell
M, Layfield R, Wackerhage H, Smith K, Atherton P, Selby A,
Rennie MJ. Disassociation between the effects of amino acids
and insulin on signaling, ubiquitin ligases, and protein
turnover in human muscle. Am J Physiol Endocrinol Metab
2008;295:E595–E604.

28. Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski
KE, Tarnopolsky MA, Rennie MJ. Differential effects of re-
sistance and endurance exercise in the fed state on signalling
molecule phosphorylation and protein synthesis in human
muscle. J Physiol. 2008;586(Pt 15):3701–3717.

29. Adachi M, Liu Y, Fujii K, Calderwood SK, Nakai A, Imai K,
Shinomura Y. Oxidative stress impairs the heat stress re-
sponse and delays unfolded protein recovery. PLoS One
2009;4:e7719.

30. Back SH, Scheuner D, Han J, Song B, Ribick M, Wang J,
Gildersleeve RD, Pennathur S, Kaufman RJ. Translation at-
tenuation through eIF2alpha phosphorylation prevents oxi-
dative stress and maintains the differentiated state in beta
cells. Cell Metab 2009;10:13–26.

31. Russell ST, Rajani S, Dhadda RS, Tisdale MJ. Mechanism of
induction of muscle protein loss by hyperglycaemia. Exp
Cell Res 2009;315:16–25.

32. Ji LL. Antioxidant signaling in skeletal muscle: A brief re-
view. Exp Gerontol 2007;42:582–593.

33. Meng Q, Velalar CN, Ruan R. Regulating the age-related
oxidative damage, mitochondrial integrity, and anti-
oxidative enzyme activity in Fischer 344 rats by supple-
mentation of the antioxidant epigallocatechin-3-gallate.
Rejuvenation Res 2008;11:649–660.

34. Paschen W, Hayashi T, Saito A, Chan PH. GADD34 protein
levels increase after transient ischemia in the cortex but not
in the CA1 subfield: Implications for post-ischemic recovery
of protein synthesis in ischemia-resistant cells. J Neurochem
2004;90:694–701.

35. Garrido A, Arancibia C, Campos R, Valenzuela A. Acet-
aminophen does not induce oxidative stress in isolated rat
hepatocytes: Its probable antioxidant effect is potentiated by
the flavonoid silybin. Pharmacol Toxicol 1991;69:9–12.

36. Merrill GF, Goldberg E. Antioxidant properties of acet-
aminophen and cardioprotection. Basic Res Cardiol
2001;96:423–430.

37. Tripathy D, Grammas P. Acetaminophen protects brain en-
dothelial cells against oxidative stress. Microvasc Res
2009;77:289–296.

8 WU ET AL.



38. Jaques-Robinson KM, Golfetti R, Baliga SS, Hadzimichalis
NM, Merrill GF. Acetaminophen is cardioprotective against
H2O2-induced injury in vivo. Exp Biol Med (Maywood)
2008;233:1315–1322.

39. Maharaj H, Maharaj DS, Daya S. Acetylsalicylic acid and
acetaminophen protect against oxidative neurotoxicity. Me-
tab Brain Dis 2006;21:189–199.

40. Walker EM, Jr., Morrison RG, Dornon L, Laurino JP,
Walker SM, Studeny M, Wehner PS, Rice KM, Wu M,
Blough ER. Acetaminophen combinations protect against
iron-induced cardiac damage in gerbils. Ann Clin Lab Sci
2009;39:378–385.

Address correspondence to:
Eric R. Bloug

Laboratory of Molecular Physiology
Byrd Biotechnology Building

Marshall University
1 John Marshall Drive

Huntington, WV 25755-1090

E-mail: blough@marshall.edu

Received: December 28, 2009
Accepted: April 16, 2010

ACETAMINOPHEN IMPROVES AGED SKELETAL MUSCLE 9




	Marshall University
	Marshall Digital Scholar
	10-1-2010

	Acetaminophen Improves Protein Translational Signaling in Aged Skeletal Muscle
	Miaozong Wu
	Hua Liu
	Jacqueline Fannin
	Anjaiah Katta
	Yeling Wang
	See next page for additional authors
	Recommended Citation
	Authors



