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Hammers DW, Merritt EK, Matheny W, Adamo ML, Walters
TJ, Estep JS, Farrar RP. Functional deficits and insulin-like growth
factor-1 gene expression following tourniquet-induced injury of skeletal
muscle in young and old rats. J Appl Physiol 105: 1274-1281, 2008. First
published July 31, 2008; doi:10.1152/japplphysiol.90418.2008.—This
study investigated the effect of age on recovery of skeletal muscle
from an ischemia-reperfusion (I/R)-induced injury. Young (6 mo old)
and old (24-27 mo old) Sprague-Dawley rats underwent a 2-h bout of
hindlimb ischemia induced by a pneumatic tourniquet (TK). The TK
was released to allow reperfusion of the affected limb, and animals
were divided into 7- and 14-day recovery groups. Maximum plantar
flexor force production was assessed in both 7- and 14-day recovery
groups of both ages, followed by histological evaluation. Subsequent
analysis of IGF-I gene expression and intracellular signaling in 7-day
recovery muscles was performed by RT-PCR and Western blotting,
respectively. Old rats had significantly greater deficits in force pro-
duction and exhibited more evidence of histological pathology than
young at both 7 and 14 days postinjury. In addition, old rats demon-
strated an attenuated upregulation of IGF-I mRNA and induction of
proanabolic signaling compared with young in response to injury. We
conclude that aged skeletal muscle exhibits more damage and/or
defective regeneration following I/R and identify an age-associated
decrease in local IGF-I responsiveness as a potential mechanism for
this phenomenon.

aging; insulin-like growth factor-I; ischemia-reperfusion; muscle re-
generation; sarcopenia

ovER 20,000 operating room tourniquet (TK) applications are
performed per day worldwide as a standard, necessary practice to
create a bloodless surgery field and prevent excessive blood loss
from patients (50). However, this practice itself is potentially
damaging to skeletal muscle due to the prolonged ischemia and
subsequent reperfusion injury that accompany TK use. During
ischemia, tissue is faced with a cascade of ATP depletion, acido-
sis, and ion imbalance. The reentry of blood flow to the affected
area, reperfusion, is much more damaging, as it causes production
of reactive oxygen species (ROS) and rapid calcium influx into
the cell; both are causes of mitochondrial dysfunction that lead to
cellular apoptosis and/or necrosis (32). Since the severity of this
ischemia-reperfusion (I/R) injury increases with the length of the
ischemic period (57), it is clinically recommended that TK appli-
cation not exceed 2 h (8).

Skeletal muscle in aged individuals is characterized by a de-
cline in mass and loss of functional capacity in both rodents and
humans (see Ref. 1 for review). In addition, aged skeletal muscle

demonstrates more susceptibility to eccentric damage, the damage
caused by eccentric contraction of the muscle (14, 72), as well as
attenuated regenerative capacity compared with adult animals
following various modes of injury, including eccentric damage
(13), bupivicaine injection (62), and cardiotoxin injection (52).
The greater susceptibility to eccentric damage and the impaired
rate of functional recovery has been successfully reduced by
superoxide dismutase injection (72) and overexpression of heat
shock protein 70 (49), suggesting enhanced vulnerability of aged
skeletal muscle to oxidative stress.

Carlson and Faulkner demonstrated in a heterochronic mus-
cle transplant model that damaged muscles from an old donor
regenerate more efficiently when transplanted into a young
host than do young muscles transplanted into an old host (17);
thus regeneration depends on the age of the host and not the
age of the transplanted tissue. The hypothesis that the age of
the systemic environment affects regeneration was further
supported by the work of Conboy et al. (20), which achieved a
similar result using the parabiosis model of young and old mice
sharing a common circulatory system. This evidence suggests
the regenerative capacity of muscle is greatly affected by
blood-borne factors in the host organism and is not solely
intrinsic to the muscle cells.

Evidence of diffusible factors being responsible for the
slowed regeneration of aged skeletal muscle suggests a poten-
tial role of the circulating endocrine growth factor insulin-like
growth factor I (IGF-I). IGF-I is also released in autocrine/
paracrine fashion from skeletal muscle in response to injury
and mechanical stimuli and is crucial to muscle regeneration
and hypertrophy because it stimulates both proliferation and
differentiation in satellite cells (see Refs. 1, 2, 26 for review).
Binding of the IGF-I peptide to its tyrosine kinase receptor
promotes positive net anabolic activity by both promoting
protein synthesis through activation of a protein kinase B
(Akt)/mammalian target of rapamycin (mTOR)-dependent
pathway (10, 59) and inhibiting protein degradation via Akt-
dependent inactivation of forkhead transcription factor (FoxO)
proteins (42, 64). The local upregulation of IGF-I has been
induced in skeletal muscle by a variety of injury models,
including myotoxin injection (30, 31, 36), eccentric damage
(30, 31, 38, 51), and I/R (25, 37). Although it is not well
documented whether muscle-localized expression of IGF-I in
response to traumatic injury declines with age, IGF-I overex-
pression and supplementation models have reversed the age-
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REDUCED POST-I/R FUNCTION IN OLD MUSCLE

related loss of muscle mass (7, 18) and promoted normal
regeneration of aged muscle (52), suggesting an inverse rela-
tionship between age and IGF-I response to injury.

With a disproportionate number of orthopedic surgeries
occurring in elderly patients, the postsurgical I/R injury ensu-
ing TK application is a notable concern to the elderly popula-
tion. With this demographic in mind, the present investigation
was conducted to determine the age-related differences in
recovery of muscle function from 2-h TK-induced I/R injury in
rats. It was found that at both 7 and 14 days of recovery, aged
rats demonstrated greater functional deficits than their young
counterparts. In an effort to provide a potential mechanism for
this finding, we subsequently examined IGF-I gene expression
and the abundance of key phosphoproteins in the IGF-I sig-
naling cascade. Our results indicate that an age-related reduc-
tion in IGF-I gene expression and proanabolic signaling is a
possible explanation for the impaired recovery of muscle
function in aged rats following I/R injury.

METHODS AND MATERIALS

Animals. Male Sprague-Dawley rats from colonies maintained by
the University of Texas at Austin Animal Resource Center were used
in this study. The rats were 6 mo (young) and 24-27 mo (old) of age
and weighed approximately 425 and 500 g, respectively. Rats were
housed two per cage, maintained on a 12:12-h light-dark cycle, and
allowed ad libitum access to food and water. Rats were assigned to
one of four TK recovery groups: young 7-day recovery (n = 4), young
14-day recovery (n = 4), old 7-day recovery (n = 5), and old 14-day
recovery (n = 4). All experimental procedures were approved and
conducted in accordance with guidelines set by the University of
Texas at Austin Institutional Animal Care and Use Committee.

TK application. Rats were anesthetized with 2% isoflurane gas
before and for the duration of TK application. A single, randomly
selected hindlimb was elevated, and a pneumatic TK (Hokanson) was
wrapped snuggly against the proximal portion of the limb and inflated
to 250 mmHg by the Portable Tourniquet System (Delfi Medical
Innovations) to ensure complete occlusion of blood flow to the limb
for a duration of 2 h (68). Body temperature was maintained with the
use of a heat lamp during this procedure. After 2 h, the pneumatic TK
was removed, and the rat was returned to its cage for recovery.

In vivo force measurement. Contractile properties were assessed at
either 7 or 14 days following I/R injury. Rats were anesthetized with
an intraperitoneal injection of pentobarbital sodium (80 mg/kg) before
any surgical procedures. A nerve cuff constructed of Coonar wire,
Silastic tubing, and Silastic cement was placed around the tibial nerve
using a method described by Walters et al. (69). An in vivo model
similar to that designed by Ashton-Miller et al. (6) was used to
measure the force generated by the triceps surae muscle group
(gastrocnemius, soleus, and plantaris). The knee of the anesthetized
rat was secured at the tibial condyles by a modified clamp apparatus,
while the foot was strapped to a foot pedal connected to a servomotor
(Aurora model 310) to allow measurement of the force produced by
plantar flexion. The triceps surae group was activated through the
nerve cuff implanted about the tibial nerve with a stimulus of ~20 V
at a frequency of 150 Hz from a Grass transducer (S88). The stimulus
was enough to invoke a maximal tetanic contraction of the triceps
surae group. Force produced was recorded with a computer (Dell
8250), interfaced with a data-acquisition board (National Instru-
ments). The data were stored and analyzed using LabView software
programs (National Instruments). Both the TK and contralateral con-
trol legs were tested. Measurements were taken in triplicate, one leg
at a time, with at least 1 min of rest between each measurement.

Tissue harvesting. Immediately following completion of the force
measurements, the gastrocnemius, plantaris, and soleus muscles were
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quickly harvested from both the TK and control legs, and muscle wet
weights were recorded. Muscle samples were then frozen in liquid
nitrogen-cooled isopentane and stored at —80°C until later analysis.
Rats were euthanized with an overdose of pentobarbital sodium.

Histology. Plantaris muscles from control and TK legs of all
animals used for this study were fixed in 10% formalin and embedded
in paraffin wax. Muscle cross sections were cut 5 wm thick and
stained with hematoxylin and eosin (H and E). All slides were
evaluated both subjectively and quantitatively by a board-certified
veterinary pathologist using an Olympus BX41 microscope at 4, 10,
and 40X magnification. Images (see Fig. 2) were captured at 40X
magnification using an Olympus BX41 microscope and an Olympus
DP71 digital camera.

RNA isolation and cDNA synthesis. RNA was extracted from por-
tions of gastrocnemius muscles using RNA-STAT (Tel-Test, Friends-
wood, TX). Samples underwent chloroform extraction and centrifuga-
tion, followed by precipitation in isopropanol at —20°C. Precipitated
RNA was centrifuged, the supernatant was removed, and the pellet was
dissolved in nuclease-free water. RNA was quantified on a spectropho-
tometer at a wavelength of 260 nm. Conversion of total RNA to
single-strand cDNA was accomplished using the High-Capacity cDNA
Archive Kit (P/N 4322171; Applied Biosystems, Foster City, CA).
Briefly, 5-10 pg total RNA were reverse transcribed using random
primers for the following incubation times: 25°C for 10 min, then 37°C
for 2 h. cDNA samples were stored at —80°C until use.

RT-PCR. TagMan-MGB IGF-I and eukaryotic 18S probe and
primers were purchased from Applied Biosystems. IGF-I and 18S
probes were purchased as “Gene Expression Assays” (ID numbers
Mm00439561_m1 and Hs99999901_s1, respectively). The real-time
PCR reaction was performed within an ABI 7500 thermal cycler. The
fluorescence of 3-15 cycles was set up as background. Data were
collected at the annealing step of each cycle, and the threshold cycle (Ct)
for each sample calculated by determining the point at which the fluo-
rescence exceeded the threshold limit. The standard curve was calcu-
lated automatically via software by plotting the Ct values against each
standard of known concentration and calculation of the linear regres-
sion line of this curve. Serially diluted amounts of RNA were used to
establish standard curves for IGF-I mRNA and 18S rRNA. All
samples and standards were run in triplicate or quadruplicate.

Western blotting. Approximately 500 mg of muscle tissue was
removed from frozen gastrocnemius muscles of both control and TK
limbs, trimmed of all visible connective tissue, and homogenized in a
buffer containing 50 mM HEPES (pH 7.6), 150 mM NaCl, 1% Triton
X-100, 20 mM B-glycerol phosphate, 10 mM NaF, 1 mM NazVOu, 10
ng/ml each of leupeptin and aprotinin, 1 mM PMSF, and 1:100
dilutions of phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich).
The resulting homogenate was centrifuged at 12,000 g for 30 min, and
the supernatant was kept for analysis. Protein concentrations of all
samples were determined as described by Bradford (11).

Samples were boiled in 4X Laemmli’s sample buffer at a ratio of
3:1, and equal amounts of total protein were loaded into each well of
a 5% stacking-15% separating polyacrylamide gel. Following SDS-
PAGE, proteins were transferred to a PVDF membrane (Millipore)
and blocked with 5% milk in 0.1% Tween-20 in TBS (TBST) for 1 h.
Membranes were incubated in 1:1,000 dilutions of either anti-phos-
pho-FoxO3a (Ser 253; Cell Signaling Technology), anti-phospho-
mTOR (Ser 2448; Cell Signaling Technology), or anti-phospho-p70
S6 kinase (Thr 389; Santa Cruz) primary antibodies in 5% BSA-TBST
overnight at 4°C, then in 1:1,000 dilutions of goat anti-rabbit horse-
radish peroxidase-conjugated secondary antibody (Pierce) in 5%
milk-TBST for 2 h. Membranes were then stripped and reprobed with
anti-FoxO3a, anti-mTOR, or anti-p70 S6 kinase (Cell Signaling Tech-
nology), and then again with anti-GAPDH (Santa Cruz) for a loading
control. Blots were imaged with the Chemidoc XRS system (Bio-
Rad). Band volumetric analysis was performed using Quantity One
software and is expressed as arbitrary units of volume [intensity
(INT) X mm?]. Phosphorylation status of each protein species was
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calculated by dividing the abundance of the phosphorylated form by
the total protein abundance. All experiments were repeated in tripli-
cate to verify results.

Statistical analysis. All values are expressed as means * SE. Mass,
force, mRNA, and protein abundance data were analyzed using two-way
ANOVA. Significant differences between means were determined using
Student’s #-tests. Data analysis was performed using SPSS 16.0 statistical
software. Statistical significance was set at P = 0.05.

RESULTS

Recovery of muscle function. To determine the consequences
of the I/R perturbation on muscle contractility, in vivo plantar
flexor force measurements were performed on both control and
TK legs for 7- and 14-day recovery groups. The results of these
experiments are summarized in Fig. 1. There were reductions
of 78 and 21% in force production and combined mass of the
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Fig. 1. Combined mass of the triceps surea group (gastrocnemius, plantaris,
and soleus muscles) (A), maximum plantar flexor force production (B), and
force production deficit (C) of young and old Sprague-Dawley rats following
7 and 14 days recovery from 2-h tourniquet (TK)-induced ischemia-reperfu-
sion (I/R). Values are expressed as means = SE. *P = (0.05 vs. young control;
TP = 0.05 vs. old control; P = 0.05 vs. day-matched young.
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triceps surae group compared with contralateral control values
(P = 0.01 for both measures), respectively, in young rats
following 7 days of recovery from the TK-induced injury.
After 14 days of recovery, the young rats regained ~50% of
the force deficit seen at day 7 (Fig. 1C), but mean values were
still significantly below control values in terms of force (43%;
P = 0.001) and muscle mass (17%; P = 0.001). Old rats also
demonstrated significant 85% and 13% decreases in force (P =
0.001) and mass (P = 0.05), respectively, from control values
following 7 days of recovery from TK-induced I/R. By day 14,
old rats showed substantial recovery of force production over
7-day recovery values; however, there were still significant
reductions in force (50%; P = 0.001) and muscle mass (15%;
P = 0.01) compared with control values. Muscle masses of old
control and 14-day recovery rats were significantly lower than
those of young rats (P = 0.01 and P = 0.05, respectively), as
were the force production values for control, 7-day recovery,
and 14-day recovery animals (P = 0.01, P = 0.05, and P =
0.001, respectively). Additionally, old rats demonstrated sig-
nificantly higher functional deficits at both 7- and 14-day
recovery time points (P = 0.05 for both groups) than young.

Histology. H and E-stained cross sections of plantaris mus-
cles were subjectively and qualitatively evaluated to identify
morphological differences between young and old skeletal
muscle during recovery from I/R. Representative slides from
each group are found in Fig. 2, and mean pathologist ratings
are found in Table 1. At 7 days following TK application, there
is extensive evidence of tissue injury in both young and old
rats. Among the old animals there is moderate to severe
degeneration and necrosis of the muscle fibers, mild to severe
inflammatory infiltrates, mild to moderate edema, and mild
early fibrosis, whereas the young animals have only minimal
degeneration of the muscle fibers, minimal inflammatory infil-
trates, mild edema, and no fibrosis. At 14 days following TK
application, the recovery in the old animals was poor compared
with the young, showing moderate degeneration of muscle
fibers, mild to moderate inflammatory infiltrates, and mild to
moderate fibrosis, whereas young animals have only mild
degeneration of the muscle fibers, minimal inflammatory infil-
trates, no edema, and no fibrosis.

IGF-I gene expression. The upregulation of IGF-I in regen-
erating skeletal muscle is well documented (25, 30, 31, 36, 37).
To determine whether the decline in the functional and mor-
phological qualities of the old TK tissue correlated with re-
duced IGF-I expression, RT-PCR analysis was performed on
portions of gastrocnemius muscles from both age groups fol-
lowing 7 days of recovery from I/R injury (Fig. 3). In this
experiment, young TK muscles demonstrated a robust 40-fold
increase in IGF-I gene expression compared with young con-
trol muscle (P = 0.0001). There was also a significant, fivefold
elevation in IGF-I gene expression in old TK muscles com-
pared with old control muscle (P = 0.0001), which was
significantly less than that of young TK muscle (P = 0.0001).
The expression of 18S rRNA was unchanged in all instances.

Akt-dependent signaling. To determine if the difference in
IGF-I gene expression relates to functional differences in
cellular processes, particularly with regard to the mechanisms
of translational control and net protein synthesis, select phos-
phoproteins in the IGF-I/phosphatidylinositol 3-kinase (PI3K)/
Akt signaling cascade were evaluated in 7-day recovery ani-
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Old

Control

Fig. 2. Hematoxylin and eosin (H and E)-stained slides of representative
control, 7-day, and 14-day recovery plantaris muscles from young and old rats
following I/R-induced damage. Photographs are taken at a magnification of
X40. The inset bar represents 100 pm.

mals of both age groups by Western blotting. A summary of
the results is found in Fig. 4.

Phosphorylation of mTOR by Akt stimulates protein synthesis
by promoting inhibition of eukaryotic initiation factor 4E binding

Table 1. Pathological evaluation of hematoxylin and
eosin-stained plantaris following recovery from I/R

Control 7 Day 14 Day
Young Old  Young Old Young Old
Muscle pathology
Degeneration
Area of slide 0.0 0.0 4.0*+0.0 4.0*+0.0 3.3%0.3 3.3*0.3
Severity Min  Mod-Sev  Mld Mod
Necrosis 0.0 0.0 05*04 3.0*0.6 0.0 0.0
Edema 00 00 2.0%0.0 23*03 0.0 0.0
Hemorrhage 00 00 00 1.7£0.7 0.0 0.0
Fibrosis 00 00 0.0 1.7+0.3 00 27*03
Inflammation
Neutrophils 00 00 05*04 2.7x0.7 0.0 0.0
Macrophages 0.0 0.0 0.0 2.7+0.7 0.0 2.3*+0.3
Lymphocytes/plasma
cells 00 00 00 2.7£0.7 1.3%£03 2.3*03

Values are means = SE. For measures of degeneration and necrosis: 0 =
normal muscle, 1 = 0-5%, 2 = 5-20%, 3 = 20-40%, 4 = >40% of slide
area; severity of degeneration is denoted as Min (minimal), Mld (mild), Mod
(moderate), or Sev (severe). For edema, hemorrhage, fibrosis, neutrophils,
macrophages, and lymphocytes/plasma cells: 0 = normal, 1= minimal, 2 =
mild, 3 = moderate, and 4 = severe. I/R, ischemia-reperfusion.

1277

s 60

x

O 50 * H Control
g [

< 401 OTK
Z-

€ 2 30

T

& 2

o ] *

é 10 ,1.

3 o0 : ——
x Young old

Fig. 3. IGF-I mRNA expression relative to 18S rRNA content in 6-mo-old
(Young) and 24-mo-old (Old) Sprague-Dawley rats following 7 days recovery
from 2-h TK-induced I/R. *P = 0.0001 vs. age-matched control; P = 0.0001
vs. young TK.

protein (4E-BP) and activation of p70 S6 kinase (p705°%; 9, 10,
15, 35, 58, 59); therefore increased quantities of phosphorylated
mTOR (p-mTOR) can indicate anabolic activity. In the regener-
ating muscle from young rats, there were significant 280 and 93%
elevations in p-mTOR (P = 0.01) and total mTOR abundance
(P = 0.05), respectively, compared with control muscles. TK
muscles from old rats demonstrated no significant change in
p-mTOR or total mTOR content compared with contralateral
control muscles. Interestingly, control muscles from aged rats
showed significantly higher abundances of both p-mTOR (280%;
P = 0.01) and total mTOR (101%; P = 0.05) than young control
tissues; these values were roughly equivalent in abundance to the
young TK group. A comparison of p-mTOR in young and old TK
muscles was less surprising, as old had a significant 33% decrease
in abundance compared with young (P = 0.05). Both age and TK
treatments had no significant effect on mTOR phosphorylation
status.

One downstream target of mTOR analyzed in this study is
p705°%, When induced into an active state, p705°¥ activates
ribosomal protein S6, allowing translation initiation to occur
(35). Phosphorylation of p705°¥ (p-p705¢K) in the young rats
increased significantly in abundance by 102% (P = 0.01) in
response to TK, total p705°¥ did not change, and p705°K
phosphorylation status increased a significant 95% (P = 0.01).
The values for p-p705¢K, total p705°%, and phosphorylation
status did not change in old TK tissue compared with contralat-
eral controls. There were no differences with age in control or
TK muscles in measures of p-p705%, total p705°X, or phos-
phorylation status.

Phosphorylation of FoxO3, a member of the forkhead tran-
scription factor family of proteins, was also investigated. When
active, FoxO proteins are localized in the nucleus and promote
the transcription of atrophy-inducing genes, such as the ubig-
uitin ligase atrogin-1 (63), as well as prosurvival genes, such as
the antioxidant enzymes superoxide dismutase and catalase
(40, 48). The actions of FoxOs are negatively regulated by Akt
(55, 63, 64), by which they are phosphorylated, excluded from
the nucleus, ubiquitinated, and degraded by the proteasome
(34, 55). TK-induced I/R had no significant effect on abun-
dance of p-FoxO3 or total FoxO3 in either age group. How-
ever, the FoxO3 phosphorylation status, which is inversely
indicative of active FoxO3, decreased 93% as a result of the
perturbation in the young (P = 0.01). Control muscles from old
rats showed no difference in p-FoxO3 abundance, a significant
368% increase in total FoxO3 (P = 0.05), and a significant
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Fig. 4. Western blots and corresponding volumetric analyses of phosphorylated (p) protein abundance, total protein abundance, and phosphorylation status of
mammalian target of rapamycin (mTOR), p70 S6 kinase (p70 S6K), and forkhead transcription factor (FoxO)-3 in 6-mo-old (Young) and 24-mo-old (Old)
Sprague-Dawley rats following 7 days recovery from 2-h TK-induced I/R. Values are expressed as means = SE. *P = 0.05 vs. Young control (Con); £P = 0.05

vs. Young TK.

76% reduction in phosphorylation status (P = 0.05) compared
with young control values. Muscles from the old TK group
revealed an 86% increase in FoxO3 phosphorylations status
(P = 0.05) compared with young TK muscles.

DISCUSSION

The age-related decline of muscular strength in the elderly
population can lead to loss of independence, as the individual
loses the ability to perform necessary daily routines. This

affliction is a major concern among elderly postoperative
individuals, since subsequent TK-induced I/R may exacerbate
the loss of skeletal muscle mass and function (21). The results
from this study indicate that aged skeletal muscle displays less
morphological recovery and larger functional deficits than
young at 7 and 14 days of recovery from 2-h TK-induced I/R
injury. This suggests that aged muscle exhibits more initial
damage and/or a slowed rate of recovery following the induc-
tion of injury. In addition, we provide evidence that this
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phenomenon may be caused by an attenuation of local IGF-I
gene expression and its downstream anabolic signaling in
regenerating muscle of the aged animals.

The pathology of reperfusion injury involves extensive ROS
damage and ensuing inflammatory response of the affected
skeletal muscle and supporting microvasculature. This leads to
a vicious cycle of cellular malfunctions that ultimately causes
apoptosis and/or necrosis of the resident cells (8, 29, 32). The
key finding of the present study is that old rats have greater
deficits in force production than young rats following I/R
injury. This observation may be explained by /) an age-related
deficiency in the regenerative mechanisms of skeletal muscle
following I/R injury, and/or 2) greater susceptibility of aged
skeletal muscle to I/R injury (i.e. greater initial damage). The
work of Brooks and Faulkner (13, 14) using the eccentric
damage injury model supports a combination of these two
hypotheses. They demonstrate that aged animals require longer
regeneration periods following an equal amount of damage
(13), as well as exhibit greater damage for a given injury
stimulus (14). However, whether this holds true for the I/R
injury model warrants further investigation.

Uninjured limbs of old rats from the present study demon-
strated 19% less mass and 35% less force production than their
young counterparts. This agrees with the established paradigm
that aging is characterized by a decline of both skeletal muscle
mass and force production (1, 12, 16, 28, 45, 46, 67). However,
the extent that the loss of force exceeds loss of mass is
surprising and may indicate a decline in specific force with age,
a phenomenon reported in the literature (12, 28), but this
cannot be verified by the methods used in this study.

IGF-1 is a unique growth factor in that its actions on skeletal
muscle are mitogenic (5, 22), myogenic (4, 19, 22), hypertro-
phic (3, 19, 42, 44, 59), and antiapoptotic/prosurvival (39, 56).
This makes it a prime molecule of interest with regard to the
decline of skeletal muscle with age. Muscle-specific IGF-I
overexpression reverses the loss of mass and force (7), as well
as the decline in regenerative capacity with age (52). To our
knowledge, however, this study is the first to demonstrate that
the capability for locally induced IGF-I gene expression de-
clines with age in regenerating skeletal muscle. Previously, an
age-related reduction in the mRNA of a single mechanically
sensitive splice variant of IGF-I, mechanogrowth factor, was
reported following 5 days of compensatory overload in rats
(53); however, the authors reported no difference in the pre-
dominantly expressed IGF-I Ea splice variant. Conversely, our
results are limited by the fact that only a single time point was
measured during the recovery process. To confirm that this
age-related reduction in IGF-I expression is indeed quantitative
and not temporal, it is important that future studies investigate
the time course of its expression. Additionally, information
pertaining to the gene expression of the individual IGF-1 Ea
and Eb splice variants could provide potential mechanistic
detail to this phenomenon, as evidence suggests that these
individual splice variants have differential roles in muscle
regeneration (30, 31, 71).

Systemic IGF-I is modulated by growth hormone (GH) (26),
and circulating levels of GH and IGF-I decrease with age in
humans (41, 60). Therefore, a reduction in the GH/IGF-I axis is
one possible explanation for the age-dependent decrease in IGF-1
gene expression in regenerating skeletal muscle. However, the
skeletal muscle of hypophysectomized animals demonstrates no
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difference in the induction of IGF-I mRNA compared with con-
trol animals in response to I/R injury (25) and compensatory
overload (70). This evidence suggests the injury-induced, local
upregulation of IGF-I mRNA in skeletal muscle is GH indepen-
dent, weakening the hypothesis that decreased GH production
with age is responsible for our findings.

A large portion of IGF-I activity in skeletal muscle is
mediated through the PI3K/Akt signaling pathway by promot-
ing hypertrophy via activation of mTOR and deactivation of
FoxOs (10, 42, 59, 61, 64). Thus activity of Akt-dependent
signaling (Fig. 5) can indicate if the blunted IGF-I mRNA
response in regenerating aged muscle correlates to the func-
tional level. In this study, regenerating tissue of old rats failed
to show the significant increases in phosphorylation of mTOR
or p705°K that were seen in young. This indicates deficits in
proanabolic signaling in regenerating aged muscle, a possible
consequence of less local expression of IGF-I and/or other
important growth factors. Another possible explanation for
these findings are age-related defects in the signaling mecha-
nisms per se. Similar age-related declines in the responsiveness
of the Akt/mTOR/p705°K pathway in compensatory overload
(65), high-frequency electrical stimulation (27), and amino
acid supplementation (23) models support the notion of sig-
naling defects with age. Additionally, Li et al. (47) demon-
strated intraperitoneally injected des IGF-I phosphorylates
Akt-1 equally in nonspecified muscles of young and old mice,
while p-p705°% (Thr421/Ser424) abundance increases signifi-
cantly in young but not in old. This suggests age-related
alterations in signaling may exist downstream of Akt.

An unexpected finding was the 2.8-fold higher basal activity
of mTOR in the control muscles of aged rats. This agrees with
a similar finding of the tibialis anterior muscle from 30-mo-old
rats by Parkington et al. (54). Interestingly, constitutively
elevated mTOR activation has been shown to sensitize cells to
stress-induced apoptosis through a p53-mediated mechanism

/N
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Protein Synthesis

Atrophy

Fig. 5. Schematic depicting the model of Akt-dependent initiation of net
protein synthesis. This model is the rationale for the choice of phosphoproteins
investigated in this study. 4E-BP, eukaryotic initiation factor 4E binding
protein.
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in vitro (43). This phenomenon may be linked to reports of
increased rates of apoptosis in aged skeletal muscle (24),
making it an interesting, although speculative, topic for future
investigation.

Due to the role of FoxOs in the process of atrophy (61, 63,
64), we hypothesized old skeletal muscle to have a decreased
FoxO3 phosphorylation status, as a result of higher abundance
of active FoxO3 transcription factor and a lower abundance of
the inactive p-FoxO3 (Ser253) in both control and TK muscles.
This was the case in control muscles, where aging resulted in
significantly less p-FoxO3 relative to total FoxO3 abundance.
In TK muscles, however, the significant decrease in FoxO3
phosphorylation status in young, but not old, suggests higher
levels of FoxO3 transcription-promoting activity in young
regenerating muscles. Recent evidence shows that FoxOs are
critical to the oxidative stress response in hematopoietic (66)
and erythroid (48) cells, presumably by regulating expression
of key antioxidant enzymes (40). If FoxOs play such a role in
skeletal muscle, then a differential FoxO3 response in aged
skeletal muscle may indicate an alteration in the capacity to
respond to the oxidative stress caused by I/R injury.

In the present study, aged rats demonstrated larger deficits in
muscle function than young rats following 7 and 14 days of
recovery from 2-h TK-induced I/R injury. We provide evi-
dence that this may be due to age-associated decreases in the
induction of IGF-I mRNA and subsequent anabolic signaling
in response to I/R perturbation. These results indicate that
IGF-I supplementation following TK use is a potential inter-
vention against the exacerbated loss of mass and function seen
in the old animals. A clinically attractive method of achieving
this is via a post-TK intramuscular injection of a biodegradable
polymer capable of releasing IGF-I in a time-controlled man-
ner. However, before such an intervention can be tested, it is
important to first characterize the time course of IGF-I expres-
sion and evaluate the contribution of other important growth
factors, such as hepatocyte growth factor and vascular endo-
thelial growth factor, in the regeneration of young and old
animals. Alternatively, a regimen of passive stretching of
I/R-injured muscles is a possible nonpharmacological interven-
tion to promote protein synthesis, as stretch alone can stimulate
protein synthesis by activating mTOR and its downstream
targets in skeletal muscle through a phosphatidic acid-depen-
dent mechanism (33). Our present results also do not clarify the
role of circulating factors vs. local factors in the decline of
recovery from injury that occurs with age. For example, we do
not yet know the source of the upregulated IGF-I. If it is
derived mainly from circulating monocytes/macrophages, then
it is possible that these cells are the circulating factor found in
the circulatory system of young animals that promotes recov-
ery of damaged muscle. Future studies remain to be done that
focus on determining the source of the IGF-I and that clarify
whether the deficits in IGF-I signaling result from decreased
ligation of the IGF-I receptor secondary to reduced IGF-I
bioavailability or whether there are age-related defects intrinsic
to the signaling enzymes themselves.
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