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Abstract We investigated the change in myokine expres-
sion related to hypertrophy (IL-4, IL-6, IL-10) and atrophy
(TNF-o, NFkB, IL-1B) in middle-aged rats after resistance
exercise with ladder climbing. 50- and 10-week-old male
Wistar rats were randomly assigned to two groups: the
sedentary and exercise groups. The exercise groups under-
went a ladder-climbing exercise for 8 weeks. While the tib-
ialis anterior muscle mass in the young group significantly
increased after the ladder-climbing exercise, the middle-aged
group did not show any changes after undergoing the same
exercise. To understand the molecular mechanism causing
this difference, we analyzed the change in hypertrophy- and
atrophy-related myokine levels from the tibialis anterior
muscle. After 8 weeks of ladder-climbing exercise, the IL-4
and IL-10 protein levels did not change. However, the IL-6
level significantly increased after exercise training, but the
amount of increase in the young training group was higher
than in the middle-aged training group. IL-1p and TNF-o as
well as NFxB protein levels were significantly higher in the
middle-aged group than in the young group. Except for TNF-
o, exercise training did not affect IL-1B and NF«B protein
levels. The TNF-a level significantly decreased in the middle-
aged exercise training group. AMPK and PGC-1a levels also
significantly increased after exercise training, but there was no
difference between age-related groups. Therefore, 8-week
high-intensity exercise training using ladder climbing

< Kijin Kim
kjk744@kmu.ac.kr

Department of Physical Education, College of Physical
Education, Keimyung University, 1095 Dalgubeuldaero,
Dalseo-gu, Daegu 704-701, Korea

Department of Pathology, College of Medicine, Keimyung
University, 1095 Dalgubeuldaero, Dalseo-gu,
Daegu 704-701, Korea

downregulates the skeletal muscle production of myokine
involved in atrophy and upregulates hypertrophic myokine.
However, the extent of these responses was lower in the
middle-aged than young group.
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Introduction

Human muscle mass decreases by 0.5 to 1 % per year after
30 years of age, and this reduction significantly increases
after 65 years of age, which eventually can cause sarcopenia
[28]. Itis important to prevent the development of sarcopenia
in the elderly because it can limit physical activity and be a
direct cause of chronic diseases as well [16, 33]. Although it
has not been clearly shown how aging causes the loss of
muscle mass, recent studies have shown that there might be a
link between decreased functionality of the immune system
and loss of muscle mass in the elderly. It is well known that
the high level of inflammatory cytokines such as TNF-o and
IL-6 appearing in middle-aged people is highly relevant to
the muscle mass loss and decreased muscle strength [30, 35].
It has been reported that proinflammatory cytokines can
increase protein degradation in skeletal muscle in both
in vitro and rodent models [9, 12].

The antiinflammatory effects of exercise training have
recently attracted attention, and recent studies have shown
that exercise training has a decreasing effect on intraab-
dominal fat mass and Toll-like receptor (TLR) expression
of monocytes and macrophages related to antiinflammatory
effects; it also increases the production and secretion of
antiinflammatory cytokine from muscle contractions during
movement [8]. It is reported that myostatin, which is the
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myokine secreted by contracting muscle, such as LIF, IL-4,
IL-6, IL-7, IL-15 and so on, is involved in the control of the
hypertrophy and myogenesis of muscle, and BDNF and IL-
6 facilitate fat oxidation by AMPK; IL-8 affects angio-
genesis by exercise training [2, 14, 29, 36]. Also, IL-4 and
IL-10, which are known to have antiinflammatory effects,
are reported to increase myogenesis [6, 15]. As a result, the
fact that muscles produce and release myokines provides a
molecular basis for understanding how physical activity
could protect and improves the human body against pre-
mature mortality. The finding that exercise has multiple
beneficial effects, which may be mediated by myokines,
suggests that the improvement of muscle mass through
exercise training is due to the interaction of various
myokines.

Most recent studies have investigated the effects of
extreme or short-term exercise training on secretion patterns
of cytokines; the most common exercise type was endurance
exercise [10, 11, 20, 26]. To increase the secretion of
cytokines, such as IL-6, long-term or high-intensity exercise
is required [7]. It is necessary to find an effective exercise
training method that can help maintain or improve the
skeletal muscle function of middle-aged people for whom it
is impossible to exercise for long times because of their busy
lives. We still do not have much information about the effect
of exercise training on muscle atrophy/hypertrophy with
increasing age. Therefore, the purpose of this study was to
investigate the effect of ladder-climbing exercises on young
versus middle-aged rats considering inflammatory cytokine
expression related to atrophy/hypertrophy.

Methods
Experimental animals

50- and 10-week-old male Wistar rats were purchased and
randomly divided into the sedentary group and exercise
group after a 1-week adaptation period. The diet included
carbohydrates (64.5 %), fat (11.8 %) and protein (23.5 %),
vitamins (22 g/kg Teklad vitamin mix no. 40,077), min-
erals (51 g/kg Teklad mineral mix no. 170,915), methion-
ine (5 g/kg, Teklad Premier no. 10,850) and choline
chloride (1.3 g/kg) [13]. All of the animals had free access
to water and food. During the test period, body weight and
food consumption were measured every other day using an
electronic balance (Mettler PJ6, Germany). All animals
were maintained at temperatures ranging from 20 to 25 °C,
with a 12-h light/dark cycle, and the humidity was main-
tained at approximately 60 %. We obtained the approval of
the Animal Experiment Ethics Committee of Keimyung
University School of Medicine (KM-2012-30R). The
number of rats in each group was as follows:
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e Young sedentary group (YS, 10 weeks old, n = 10)

e Young exercise group (YE, n = 10)

e Middle-aged sedentary group (MS, 50 weeks old,
n=10)

e Middle-aged exercise group (ME, n = 10)

Ladder-climbing exercise

We modified the ladder-climbing exercise training program
presented by Kreamer et al. [19]. The rats in the YE and
ME groups were subjected to one training period per day
every third day for 8 weeks. Training was accomplished
utilizing a 1-m ladder with 2-cm grid steps and inclined at
75°. Initially, rats were familiarized with the ladder by
practicing climbing it from the bottom to top for 3 days. A
cylinder containing weights was attached to the base of the
tail with foam tape (3 M Conan) and a Velcro strap. The
initial weight attached to each animal was 30-50 % of its
body weight. Rats were positioned at the bottom of the
climbing apparatus and motivated to climb the ladder by
touching the tail. When the rats reached the top of the
ladder, they were allowed to rest in a simulated home cage
for 2 min. After the rest period, additional weights were
placed in the cylinder, and the rats were returned to the
bottom of the ladder for subsequent climbs. Rats climbed
the ladder with 50, 75, 90 and 100 % maximal load from
the previous exercise session. This procedure was repeated
until eight climbs were achieved or until the rat failed to
climb the entire length of the ladder. The training session
was stopped when the rat refused to climb up the ladder
after three successive shocks to the tail (Fig. 1).

Sample collection

In order to remove the last-bout exercise effect, rats took a
rest for 48 h after 8 weeks of exercise and were fasted for

Fig. 1 Ladder-climbing exercise
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12 h before they were anesthetized using ketamine (80 mg/
kg of body mass) and xylazine (12 mg/kg of body mass).
The tibialis anterior muscles were dissected rapidly and
free of fat and connective tissue. Muscle tissues were
weighed and clamp frozen, then stored at —80 °C until
analysis. The quadriceps muscle, on the other hand, was
kept in a 10 % formalin solution at fixed room temperature
for 2 days for histological analysis before being analyzed
according to the protocol.

Sample preparation

Tibialis anterior muscle was homogenized with an ice-cold
buffer [w/250 mM sucrose, 10 mM HEPES/1 mM EDTA
(pH 7.4), 1 mM Pefabloc (Roche), 1 mM EDTA, 1 mM
NaF, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin,
0.1 mM bpV (phen), 2 mg/ml glycerophosphate]. The
homogenized samples underwent a repeated freeze/thaw
process three times, and the supernatant was separated by
centrifuge (700xg, 10 min). Samples were stored at
—80 °C until analysis.

H&E staining and measuring

The quadriceps muscle that was fixed in 10 % formalin
solution for 2 days was cut in cross section for observation,
and the vertical section embedding was conducted with
paraffin to produce paraffin blocks. This block was cut at
4 pum thickness and attached on a slide glass. Samples were
observed with hematoxylin and eosin (H&E) staining,
which was used with a deparaffinization and hydration
process using xylene and alcohol. A virtual file was pro-
duced from these slides using Scanscope XT (Aperio,
CA92081) from Aperio Technologies, while the average
value of the cross-sectional area of the muscle fiber was
analyzed using the Imagescope program (Aperio Tech-
nologies, version 10.2.2.2319).

Western blotting

The method of Lowry et al. [23] was used for protein
assay. The samples were dissolved in Laemmli buffer,
and electrophoresis was performed in SDS-polyacry-
lamide gel. In the immunoblotting using an antibody, we
measured IL-6 (Santa Cruz Bio, sc-1265), IL-4 (Santa
Cruz Bio, sc-53084), IL-1B (Santa Cruz Bio, sc-365858),
TNF-a (Santa Cruz Bio, sc-1350), NFxB (Santa Cruz
Bio, sc-109), PGC-la (abcam, abl106814), phospho-
AMPKal1/2 (Santa Cruz Bio, sc-33524), AMPKal/2
(Santa Cruz Bio, sc-25792) and p-actin (Santa Cruz, sc-
47778), which were visualized using ECL after an anti-
body treatment and quantified by densitometry (Sig-
maPlot 8.0 system).

Statistical analysis

SPSS 10.0 was used to calculate means and standard errors
(mean £ SE) and for all of the analysis. Two-way
ANOVA was employed to test the difference between
treatments by age. Post-hoc analyses were done using the
Tukey method. Statistical significance was set at & = 0.05.

Results
Body weight and food consumption changes

While the weight of the young group was gradually
increased from 177.7 & 4.4 to 461.2 £ 12.5 g, the middle-
aged group showed a minimal increase in body weight
from 619.9 £ 21.4 to 681.4 + 26.1 g during the 8-week
experimental period. However, there was no statistical
difference between the exercise and sedentary group in
either the young or middle-aged group (Fig. 2). This means
that the resistance training for 8 weeks using ladder
climbing did not significantly affect changes in body
weight. Daily food consumption was not different between
the exercise and sedentary group in either the young or
middle-aged group (Fig. 3).

Tibialis anterior muscle mass changes compared
to body weight

To analyze the effect of the ladder-climbing exercise, we
quantified the change in tibialis anterior muscle mass. The
YE group showed statistically increased muscle mass
compared to the YS group (P < 0.05), while there was no
statistical difference in muscle mass between the middle-
aged groups (Fig. 4). Therefore, this result suggests that
8 weeks of ladder climbing exercise only helped the young
group to gain muscle mass but not the middle-aged group.
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Fig. 2 Body weight changes throughout the training period between
groups (mean + SE)
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Fig. 3 Food consumption changes throughout the training period
between groups (mean £ SE)
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Fig. 4 Changes in the tibialis anterior muscle mass to body weight
ratio after 8 weeks of ladder-climbing exercise (mean £ SE).
*Significantly different from the YS, MS and ME group (P < 0.05)

Diameter changes in quadriceps muscle fibers

We analyzed the change in muscle fibers by H&E staining.
The fiber diameter of quadriceps muscle showed an
approximately 20 % increase in the YE group compared to
the YS group (P < 0.05). As expected, there was no sta-
tistically significant change between the middle-aged
groups (Figs. 5, 6). Therefore, the ladder-climbing exercise
did not help the middle-aged group to gain muscle mass
along with increasing fiber diameter.

Expression of myokine related to muscle atrophy

To determine the molecular mechanism behind our obser-
vation, we analyzed the molecular level of myokine related
to the atrophy effect in tibialis anterior muscle. On the
basal level, atrophic myokines such as TNF-a, IL-13 and
NFxB protein were expressed two to threefold more in the
middle-aged group than in the young group. After 8 weeks
of training, there was no change in the level of NFkB and
IL-1B in either the middle-aged or young group. Interest-
ingly, the level of TNF-o was greatly decreased in the ME
group, but this decreased level was still higher than in any
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Fig. 5 Quadriceps muscle fiber diameter changes after ladder-
climbing exercise training for 8 weeks (mean + SE). *Significantly
different from the YS, MS and ME group (P < 0.05)

Fig. 6 Hematoxylin and eosin-stained slides of representative YS,
YE, MS and ME quadriceps muscles. Photographs were taken at
%200 magnification

of the young groups (Fig. 7). These results suggest that the
basal level of atrophy-related myokine gradually increased
throughout aging, and the 8-week exercise training in the
middle-aged group did not affect NFxB and IL-1B
expression levels except TNF-a, which showed a signifi-
cant decrease but still a higher level than in the young

group.

Expression of myokine related to muscle
hypertrophy

We investigated the change in myokine (IL-4, IL-6, IL-10)
related to hypertrophy effects. Eight weeks of ladder-
climbing exercise significantly increased IL-6 protein
levels in the muscles of both the young and middle-aged
groups. The IL-6 protein level was increased by almost two
times after exercise training in the young group, but in the
middle-aged group, the IL-6 level was increased approxi-
mately 1.5 times. Eight weeks of training did not affect the
level of IL-4 or IL-10 in any of the groups. Of note, the
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Fig. 7 The IL-1B, TNFa and NFxB protein level changes in tibialis
anterior muscle after ladder-climbing exercise for 8 weeks
(mean + SE). *Significantly different from YS and YE (P < 0.05).
*Significantly different from YS, YE and ME (P < 0.05)

— —
— R — -1L-4
—— NS v S— -6
4 — ————— ——p— — L-10
,02 e—— o o e Practin
c
D
B
5 0YS mYE OMS mME
2 +
<,
rika
[
o
<
o

IL4 IL-6 IL-10

Fig. 8 IL-4, IL-6 and IL-10 protein level changes in the tibialis
anterior muscle after 8 weeks of ladder-climbing exercise
(mean *+ SE). *Significantly different from YS and YE (P < 0.05).
*Significantly different from YS, MS and ME (P < 0.05).
#Signiﬁcantly different from YS and MS (P < 0.05)

basal level of IL-4 was clearly significantly lower in the
middle-aged groups (Fig. 8). Thus, these data show the
muscle hypertrophy-related myokine response to exercise
training was reduced with aging.

PAMPK/AMPK ratio and PGC-1a expression

When we analyzed the activity by calculating the phospho-
AMPK protein ratio to the total AMPK, both exercising
groups showed a significant increase compared to the
sedentary group. However, the AMPK activity increased
by about 100 % in the younger group and only 60 % in the
middle-aged group. This showed that AMPK activity
gradually decreased with aging (Fig. 9). The protein
expression of PGC-la was significantly increased after
8 weeks of ladder-climbing exercise, but there was no
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Fig. 9 p-AMPK/AMPK protein ratio changes in tibialis anterior
muscle after 8 weeks of treatment (mean + SE). *Significantly
different from YS and MS (P < 0.05)
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Fig. 10 PGC-1a protein level changes in tibialis anterior muscle
after 8-week treatment (mean & SE). *Significantly different from YS
and MS (P < 0.05)

difference between the young and middle-aged groups
(Fig. 10).

Discussion

IL-6 has been considered a proinflammatory cytokine,
present in the blood and muscle, secreted in high levels
from the immune cells. However, it was recently discov-
ered that both muscle contraction and IL-6 in muscle cells
produced by exercise stimulation have an antiinflammatory
effect similar to growth factors. The exercise-induced IL-6
in skeletal muscle stimulates the production of IL-1
receptor antagonist (IL-1ra) and IL-10 [31], while also
reducing TNF-a synthesis [34]. TNF-o has been reported to
promote loss of muscle protein by activation of the
oxidative stress signaling pathway via NFxB activation,
which is a redox-sensitive transcription factor. It also
reduces muscle function without muscle mass change [22].
Comparable to a previous study, 8 weeks of high-intensity
interval exercise training significantly increased the IL-6
level in muscle, while the TNF-a level was significantly
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decreased in the middle-aged group. However, in this
study, muscle hypertrophy after 8-week exercise training
was only observed in young rats.

Although the mechanism that can explain muscle
hypertrophy or atrophy according to aging has not been
confirmed yet [3], Della Gatta et al. [5] investigated the
effect of exercise training on skeletal muscle cytokine
expression in the elderly. After 12 weeks of exercise
training, the expression of MCP-1, IL-8 and IL-6 increased
significantly, but the expression of IL-4, IL-10 and IL-13
increased only slightly. These responses were not signifi-
cantly different between young and elderly males. How-
ever, in the present investigation, the middle-aged rats did
not show a similar hypertrophy pattern as the young rats
even though IL-6 in skeletal muscle increased after
8 weeks of ladder-climbing exercise training. It can be
supposed that the differences were due to various factors
such as the limitation of the 8-week study period, exercise
method and type, and so on. However, interestingly, the
skeletal muscle of middle-aged rats showed high levels of
IL-1B, TNF-o and NFkB before exercise compared to the
young rats. Furthermore, the high-intensity interval train-
ing using 8 weeks of ladder climbing did not affect the
levels of IL-1p and NFkB but of TNF-a. Previous studies
reported that the muscle cells of elderly people appear to
have more significant protein degradation than those of
young people with TNF-o and NFkB treatment [21, 25].
Thus, high levels of TNF-a and NFxB inhibited muscle
hypertrophy, even though IL-6 levels were significantly
increased. Ludwig et al. [24] found that IL-6 increased
through exercise could inhibit NFkB expression by acti-
vating HSP70, which can prevent muscle mass loss with
aging. In trained young rats, IL-6 increased in response to a
bout of downhill running, while TNF-o. was unchanged in
both sedentary and trained rats. It is possible that IL-6 may
downregulate TNF-a secretion. However, the reduction of
TNF-o in this study only occurred in the middle-aged
group. This may be because the basal level of TNF-a in the
young group was significantly lower than in the middle-
aged group. Since it is difficult to detect the NFkB level in
relation to exercise training in skeletal muscle, the inter-
action among these factors could not be clearly identified.
Further studies should investigate the interaction among
TNF-a, NFxB and IL-6.

According to a recent study, IL-6 and AMP-activated
protein kinase (AMPK) are closely related, and AMPK,
activated by exercise, plays an important role in energy
metabolism, which increases both the glucose uptake in
skeletal muscle and fat oxidation through increased glu-
cose transporter 4 (GLUT4) translocation [4, 18]. IL-6 has
been reported to further enhance AMPK activation in this
case [17]. AMPK is the PGC-la activation signaling
factor, so the activated PGC-la plays a role in the
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increase of mitochondrial biogenesis and angiogenesis,
fiber type switching, fat oxidation in skeletal muscle and
activation of muscle in atrophy prevention [1, 27, 32].
However, in this study, AMPK activity and PGC-la
protein expression significantly increased in both young
rats and middle-aged rats after 8 weeks of ladder-climbing
exercise, but there was no difference in age. In this
respect, the difference in the results of this study com-
pared to previous studies may be due to differences in the
subjects’ ages and exercise training type. The middle-aged
rats we used did not exhibit muscle atrophy in morphol-
ogy compared to old rats, which may mean the metabolic
response to exercise training may be different. Also, we
used high-intensity interval training with a ladder, but
most previous studies used endurance exercise. This dif-
ference may have affected the results. For clarification, an
additional study is warranted.

In conclusion, 8-week high-intensity exercise training
using ladder climbing downregulates the skeletal muscle
production of myokine involved in atrophy and upregulates
hypertrophic myokine. However, the extent of these
responses was lower in the middle-aged than in the young
group. These findings may be partly explained by the
specific contribution of total lean body mass or muscle
mass to healthy aging.
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