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The basement membrane (BM)-related factors, including collagen |V, are important for the
maintenance and recovery of skeletal muscles. Aging impairs the expression of BM-related
factors during recovery after disuse atrophy. Muscle activity facilitates collagen synthesis
that constitutes the BM. However, the effect of endurance exercise on the BM of aged
muscles is unclear. Thus, to understand the effect of endurance exercise on the BM of the
skeletal muscle in aged rats, we prescribed treadmill running in aged rats and compared the
differences in the expression of BM-related factors between the aged rats with and without
exercise habits. Aged rats were subjected to endurance exercise via treadmill running.
Exercise increased the mRNA expression levels of the BM-related factors, the area and
intensity of collagen IV-immunoreactivity and the width of lamina densa in the soleus muscle
of aged rats. These finding suggests that endurance exercise promotes BM construction in

aged rats.
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I. Introduction

Skeletal muscle fibers are coated by a layer of extra-
cellular matrix (ECM) material called the basement mem-
brane (BM). The BM is composed of a felt-like basal
lamina directly linked to the plasma membrane and fibrillar
reticular lamina and plays a role in protecting muscle fibers
[3, 38, 46]. Collagen IV is one of the principal ingredients
of BM and is encoded by Col4al and Col4a2. Collagen IV
comprises 400 nm-long helical trimeric polypeptides regu-
lated by HSP47, a collagen-specific molecular chaperone
[4, 24, 36, 42, 43]. In contrast, MMP14 is a degradative
factor of collagen IV [40]. The BM is maintained by a
balance between the synthesis and degradation of collagen
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IV. During the recovery process following disuse atrophy
or muscle injury, the gene expression of collagen IV and
other BM-related factors promotes muscle recovery [17,
18]. Skeletal muscles in collagen IV knockout mice are
fragile [13, 20, 25, 26]. Furthermore, in aged rats, colla-
gen IV gene expression is reduced during delayed muscle
recovery [17]. Thus, from the above studies, it is probable
that the expression of BM-related factors is important for
the maintenance and recovery of skeletal muscles.

Our previous studies suggested that the BM construc-
tion capacity declines with age. Aged rats exhibited a
decrease in the levels of BM-related factors in the steady
state [19]. In addition, the expression of BM-related factors
in the process of muscle recovery after disuse atrophy was
suppressed in aged rats in comparison with young rats [17].
In the previous study, we found that two weeks of hindlimb
unloading resulted in disuse atrophy in the aged and young
rats’ soleus muscle and reloading promoted the recovery of
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the atrophied muscle in the young rats [17]. On the other
hand, during the recovery period, BM-related factors were
poorly induced in the aged rats’ soleus muscle and the
number of necrotic fibers increased. The BM structure of
the necrotic fibers was disrupted at a high rate, resulting
in delayed muscle recovery. Based on these findings, we
hypothesized that interventions that elicit increased expres-
sion of BM-related factors may promote the recovery of
disuse atrophy and damaged aged muscles.

Exercise may affect the structure of the BM. Eccentric
contraction and treadmill running reportedly induce BM-
related factors in young rats [22, 23]. On the contrary, the
expression of BM-related factors is poor in aged muscle
[19], suggesting that aged animals hardly show the induc-
tion of BM-related factors in response to exercise [17].
Nevertheless, the effects of exercise on the BM of aged ani-
mals remain to be elucidated. To clarify this, we performed
endurance exercise experiments on a treadmill and exam-
ined the levels of BM-related factors and morphological
alterations in BM in the muscles of aged rats.

II. Materials and Methods

Animals

Nine 18-month-old male Wistar rats were used in this
study (Japan SLC, Shizuoka, Japan). All animals housed
in standard clear plastic cages were always allowed free
range intake of both food and water. The room temperature
was kept at 22°C £ 2°C with a 12-hour:12-hour light: dark
cycle. This research was conducted with the approval of
the Animal Care and Use Committee of Osaka University
of Human Sciences (#2), and all experimental procedures
were performed in accordance with the Guide for the Care
and Use of Laboratory Animals.

Grouping and exercise protocol

The present study was designed to examine the effec-
tiveness of endurance exercise on BM-related factors in
aged rats, following a previous study [16]. Nine 18-month-
old male Wistar rats were divided into sedentary aged rats
(Aged Ex (—); n = 5) and those that underwent exercise
program for 10 weeks (Aged Ex (+); n = 4). Treadmill
running was used as an endurance exercise according to
previous studies [16, 32]. Rats in the Aged Ex (+) were
familiarized with walking on a motor-driven treadmill
exercise three times a week at a slope of 0° at a speed of
10 m/min, and a running time of 10 min. In the first week
of the exercise program, exercise with a treadmill grade
of 8.5°, speed of 12 m/min, and running time of 15 min
was performed three times a week. The treadmill grade and
exercise frequency were not changed, and the speed and
running time gradually increased weekly (Table 1). From
the 7th to the 10th week of the exercise program, exercises
with a treadmill grade of 8.5°, speed of 16 m/min, and
running time of 45 min were performed three times a week.

Table 1. Protocol for exercise

Exercise week

1 2 3 4 5 6 7 8 9 10

Duration time [min/day] 15 30 45 45 45 45 45 45 45 45
Treadmill grade [ °] 85 85 85 85 85 85 85 85 85 85
Treadmill speed [m/min] 12 12 12 14 14 15 16 16 16 16

Rats in Aged Ex (+) were exercised 3 days per week.

Sampling

The soleus muscle is a slow muscle with high aerobic
metabolic activity and is advantageous for sustained muscle
activity. The effect of endurance exercise tends to occur
in slow muscles [12]. Therefore, in this study, we targeted
this muscle. Six days after the last exercise, sodium pen-
tobarbital was injected intraperitoneally into rats, and the
soleus muscle was harvested as a sample. The central por-
tion of the harvested soleus muscle was partially collected
and stored in RNAlater (Thermo Fisher Scientific, Hanover
Park, IL), and other portions of the soleus muscle were
rapidly frozen with dry ice cooled isopentane to create
frozen samples. Samples were stored in a freezer at —80°C
until analysis.

Histochemical analysis

Transverse sections were prepared using a cryostat
(CM1950; Leica, Wetzlar, Germany). The sections (10 um
thick) were made from the central portion of the soleus
muscle at —25°C. Succinate dehydrogenase (SDH) staining
and myofibrillar adenosine triphosphate (ATPase) staining
were performed to confirm the effect of endurance exercise
on aerobic metabolic activity in each muscle fiber type.
SDH staining, an indicator of aerobic metabolic activity,
was performed according to the procedure reported in pre-
vious studies [29, 31]. The reagent used for incubation
was 0.2 M phosphate buffer (pH 7.6) containing 0.2 M
sodium succinate and 0.05% nitroblue tetrazolium. Sections
were incubated with the reagents for 60 min at 37°C. To
distinguish between type I fibers and type II fibers, ATPase
staining was performed using the calcium method [1]. First,
serial sections of the sections used for SDH staining were
subjected to ATPase staining following preincubation in
alkaline (pH 10.7). Next, the sections were washed with 1%
CaCl,, allowed to react with 2% CoCl,. Finally, the sections
washed with 0.005 M sodium barbital and distilled water,
and were subsequently stained by 2% ammonium sulfide.
In addition, other sections were stained with hematoxylin
and eosin (HE) to count the number of necrotic fibers, an
indicator of muscle damage. After treating them with these
histochemical stains, the sections were dehydrated and
cleared by ethanol and xylene, and embedded in Permount
(Thermo Fisher Scientific, Hanover Park, IL).

Immunohistochemical analysis
Transverse sections (10 um thick) were fixed using
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4% paraformaldehyde. After washing with phosphate-
buffered saline (PBS) (pH 7.4), the sections treated with
3% hydrogen peroxide solution. Following washing with
PBS, the samples were incubated with PBS containing 1%
normal goat serum and 0.3% Triton X-100 at 4°C for 60
min. Samples were then incubated at 4°C for 24 hr in
PBS containing 0.3% Triton X-100 supplemented with rab-
bit polyclonal anti-collagen IV antibody (ab6586; Abcam,
Cambridge, MA) at a ratio of 1:500. The sections were
incubated with PBS containing biotin-labeled anti-rabbit
IgG (Vectastain ABC kit; Vector Laboratories, Burlingame,
CA) at a ratio of 1:1000 for 60 min at 25°C. Then,
the sections were incubated in the avidin-biotin complex
(Vectastain ABC kit) for 60 min at 4°C. Sections were
washed with PBS and then with Tris-HCI buffer (pH 7.4),
then at 25°C with Tris-HCI buffer (pH 7.4) containing
0.035% DAB and 0.003% hydrogen peroxide solution. The
cells were then incubated for 15 min. Finally, the sections
were counterstained using hematoxylin, and dehydrated
and cleared by ethanol and xylene, and embedded in
Permount (Thermo Fisher Scientific, Hanover Park, IL).
As a negative control for immunohistochemistry, tissue sec-
tions were also incubated with PBS instead of the primary
antibody, and the results showed no staining. Furthermore,
previous studies have reported that the primary antibody
specifically localizes to the BM [17, 18].

Morphological analysis

SDH activity and fiber cross-sectional area (FCSA) of
type I and type II fibers were measured using SDH staining
images and ATPase staining images. First, based on the
ATPase staining images, each myofiber was classified as
type I or type II. Darkly stained myofibers were classified
as type II myofibers, and lightly stained myofibers were
classified as type I myofibers. The optical density of SDH
staining and FCSA for each myofiber type were measured
using Image J Fiji [39]. More than 200 myofibers were
randomly selected from each section. The SDH activity of
Aged Ex (+) was determined as changes relative to that of
Aged Ex (-).

The number of necrotic fibers was counted as a
marker of muscle damage. According to previous studies,
necrotic myofibers is characteristic of the presence of pal-
lor or hypercontraction, and changing the shape of the
fibers, and phagocytosis in HE-stained tissues [10, 41].
Three images were randomly photographed, and more than
200 muscle fibers were analyzed per sample using the BZ-
Analysis application (BZ-X700; Keyence, Osaka, Japan).

The area and intensity of collagen IV immunoreactiv-
ity (IR) was measured to evaluate the effect of endurance
exercise on the BM. Three images were randomly pho-
tographed, and the area subjected to analysis was 1,181,640
pum? per sample. More than 200 muscle fibers were ana-
lyzed per sample using the BZ-Analysis application and
Image J Fiji [5, 39]. The area of collagen IV-IR was calcu-
lated as a percentage of the analysis area per sample, and

the intensity of collagen IV-IR was determined as changes
relative to the intensity of Aged Ex (—).

Quantitative polymerase chain reaction (PCR)

Total soleus RNA was extracted using TRIzol
(Invitrogen, Carlsbad, CA, USA). After confirming the
quality, the total RNA amount was unified to 1 ug between
the samples and reverse transcribed using a random primer
and ReverTra Ace (Toyobo, Osaka, Japan). TB Green
Premix Ex Taq II (Takara Bio, Shiga, Japan) was used as
the reagent, and Step One Plus Real-Time PCR System
(Applied Biosystems, Carlsbad, CA) was used for quanti-
tative PCR. A calibration curve was created using the tem-
plate, and the amount of each target gene was measured.
It was confirmed that the expression of Gapdh used as
the housekeeping gene did not change significantly with
exercise. The expression level of the target gene was nor-
malized to the expression level of Gapdh. Upregulation or
downregulation of the target gene was calculated as the rate
of change compared to the values in the Aged Ex (—). The
primer sets were as follows.

Col4al, 5'-ATGCCAGGAAGAGCAGGAAC-3'
(Forward) and 5'-CGACTACCAGGAAAGCCAACTC-3'
(Reverse);

Hsp47,5'-CGCAGCAGTAAGCAACACTACA-3'
(Forward) and 5'-TCCACATCCTTGGTGACCTCT-3'
(Reverse);

Mmpli4, 5'-GGATACCCACTTTGATTCTGCTG-3'
(Forward) and 5'-GGAGGGGTCGTTGGAATGT-3'
(Reverse);

Colbal, 5'-GACACTCAGCGGGACACTACAC-3’
(Forward) and 5'-GCGACAAAGCCAAACACATC-3'
(Reverse);

Gapdh, 5'-TGCACCACCAACTGCTTA-3' (Forward)
and 5'-GGATGCAGGGATGATGTTC-3' (Reverse).

Electron microscopy analysis

Tissue sections (1 mm thick) were cut from the central
portion of soleus muscle at —25°C. The sections were fixed
in 4% paraformaldehyde/2% glutaraldehyde. Then, the sec-
tions were treated with osmium tetroxide and dehydrated
with ethanol, and embedded in Epon. Longitudinal ultrathin
sections (90 nm thick) were stained with 4% uranyl acetate
and 1% lead citrate and were observed using transmis-
sion electron microscopy (TEM) (HT7700; Hitachi, Tokyo,
Japan). We measured the width of lamina densa, myofiber
and sarcomere using Image J Fiji [39]. Twenty images were
randomly photographed per sample, and the area subjected
to analysis was 84.5 pum? for lamina densa, 211,832 pum?
for muscle fiber and 4,762 um? for sarcomere. The width
of each measurement site was measured randomly at three
points per image.

Statistical analysis
Data are presented as the mean + standard error of
the mean. A t-test was executed on the difference between



170 Kanazawa et al.

Aged Ex (-)

Aged Ex (+)

Fig. 1.

ATPase

150 6000 n.s.
E " G e
L—
— o
E] o S
©, 100 T 4000
2 =
= <
© (%]
© O
T 50 L 2000
o
7]
0 0

Aged Aged Aged Aged

Ex(-) Ex(+) Ex(-) Ex (+)
F 1501 H 6000

n.s. n.s.
| — | S |

5 o 8
s, 100 4 @ T 4000 .
2 =
2 <
o 9]
® 8]
I 501 L 2000 1
o
7]

Aged " Aged 0% Aged " Aged

Ex () Ex (+) Ex(5) Ex(+)

Succinate dehydrogenase (SDH) activity and fiber cross-sectional area (FCSA). Serial cross sections of the soleus muscles of Aged Ex (—) (A

and C) and Aged Ex (+) (B and D) rats were stained with SDH (A and B) and myofibrillar adenosine triphosphate (ATPase) (C and D) stains (x20).
Bar =25 pm. SDH activity of type I fiber (E), type II fiber (F), and FCSA of type I (G) and type II fiber (H) were measured in Aged Ex (—) (n = 5) and
Aged Ex (+) (n = 4) rats using the stained images. Upregulation or downregulation of the SDH activity of type I and type II fiber was calculated as the
rate of change compared to the values in Aged Ex (). **p < 0.01 vs. Aged Ex (—); n.s.: not significant. Data are shown as mean + standard error of the

mean (SEM).

the mean values for the Aged Ex (—) and Aged Ex (+).
(KaleidaGraph statistical analysis software version 4.5.1;
Synergy Software, Reading, PA). Significance level was set
at 0.05.

III. Results

SDH activity and FCSA

SDH activity and FCSA were measured to confirm
whether the exercise prescribed in this study acted on
the muscle fibers as an endurance exercise. Resistance
exercise generally manifests muscle hypertrophy [7, 45],
but endurance exercise does not result in muscle hyper-
trophy [16]. Moreover, endurance exercise improves aero-
bic metabolic activity [34]. SDH is one of enzymes in
the tricarboxylic acid cycle which occurs in the mitochon-
drial matrix and contribute to synthesis of ATP [33, 37].
SDH activity was measured as an indicator of aerobic
metabolism in myofibers. The activity of type I fibers of
Aged Ex (+) was higher than that of Aged Ex (—) (Fig.
1). In addition, there were no significant differences in
the FCSA of both type I and type II fibers between Aged
Ex (-) and Aged Ex (+). These results confirmed that the
exercise load used in this study had an endurance exercise
effect on muscle fibers.

Necrotic fiber

Collagen production has been identified as a repair
response after muscle injury and as a response after exer-
cise without muscle damage [40]. The purpose of this study
was to examine the effect of endurance exercise without
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Fig. 2. Necrotic fibers. Cross sections of the soleus muscles of the Aged
Ex (-) (A) and Aged Ex (+) (B) rats were stained with HE (x20).
Bar = 25 pm. The number of necrotic fibers (C) was analyzed in Aged
Ex () (n = 5) and Aged Ex (+) (n = 4) rats using the stained images.
n.s.: not significant. Data are shown as mean + standard error of the
mean (SEM).

muscle damage, on BM-related factors and collagen IV in
aged rats. To exclude the possibility that the exercise we
utilized produced damage, the number of necrotic fibers
was counted as a marker of muscle damage. Necrotic fibers
were rarely observed in Aged Ex (—) and Aged Ex (+) (Fig.
2). This result suggests that exercise did not cause muscle
damage under the study conditions.

BM related factors
Collagen IV, the main component of the BM, is



Exercise Causes BM Construction in Aged Rats

) Col4atl/Gapdh Hsp47/Gapdh
*%* *%*
—_—
z °
3 8 B
5 = T £ &
o o I
o o
3 8 & o
g 3 ¢ g
5 1 5 15
[0} [0}
4 X
04 T 1 0 T 1
Aged Ex (-) Aged Ex (+) Aged Ex (-) Aged Ex (+)

171

C D

3- Mmp14/Gapdh Col6a1/Gapdh

* *%*

o) =
g °
5§ 7] 8 5 2 I
2 Io ®
o ° ° °
=3 o
X g o o
[0} o )
o
2 1 9
& 7 5 1
° ©
@ @

0 1 E 1

Aged Ex (-) Aged Ex (+) Aged Ex (-) Aged Ex (+)

Fig. 3. Basement membrane (BM)-related factors. Comparison of the relative expression levels of Col4al (A), Hsp47 (B), Mmp14 (C), and Col6al (D)
between the Aged Ex (—) (n =5) and Aged Ex (+) (n = 4) using quantitative polymerase chain reaction (PCR). **p < 0.01 vs. Aged Ex (-); *p < 0.05 vs.
Aged Ex (—). Data are shown as the mean + standard error of the mean (SEM).
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Fig. 4. Basement membrane (BM) structure. The BM structures of the soleus muscle were observed in the Aged Ex (—) (A and B) and the Aged Ex
(+) (C and D) using immunohistochemistry with collagen IV (x20). Bar = 25 um. B and D are extended images of black rectangles in A and C.
Enlargement of the area of collagen IV-IR is observed in Aged Ex (+) rats (D) compared to Aged Ex (—) (B). The area (E) and intensity (F) of collagen
IV-IR was measured in the Aged Ex (—) (n = 5) and the Aged Ex (+) (n = 4) using the stained images. *p < 0.05 vs. Aged Ex (-). Data are shown as the

mean =+ standard error of the mean (SEM).

formed by the trimers of Col4al and Col4a2 and is reg-
ulated by HSP47, which is a folding factor [4, 24, 36,
42, 43]. In contrast, MMP14 is an enzyme that degrades
collagen IV [40]. Furthermore, Col6al is a collagen VI
gene that is localized in the BM, endomysium, perimysium,
and epimysium. BM construction is regulated by collagen
IV synthesis and degradation, and other constituents such
as collagen VI [6]. To confirm the effect of exercise on
the BM-related factors in aged rats, the expression levels
of Col4al, Hsp47, Mmpl4, and Col6al were measured
using quantitative PCR (Fig. 3). The expression levels of
Col4al, Hsp47, Mmpl14, and Col6al in Aged Ex (+) were

significantly higher than those in Aged Ex (—) (Fig. 3). This
result suggests that the BM construction reaction occurred
at the gene expression level.

BM structure

To investigate the effect of exercise on the BM struc-
ture in aged rats, we measured the area and intensity of
collagen IV-IR. The area and intensity of the collagen
IV-IR region of Aged Ex (+) was significantly increased
compared with that of Aged Ex (—) (Fig. 4). These results
suggest that exercise increased the area and intensity of the
collagen I'V-IR and change the structure of BM.
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Fig. 5. Electron microscopy analysis. Longitudinal ultrathin sections of the soleus muscles were examined using transmission electron microscopy
(TEM) in Aged Ex (-) (n = 5) and Aged Ex (+) (n = 4) rats. Muscle fiber (MS) and extracellular matrix (ECM) images of Aged Ex (—) (A and B) and
Aged Ex (+) (C and D) rats are presented. B and D are extended images of the black rectangles in A and C (x7000). Bar = 200 nm (A-D). An increase
in the width of the lamina densa was observed in Aged Ex (+) rats (D) compared to that in Aged Ex (—) (B). The width of the lamina densa (E) was
measured in the Aged Ex (—) (n = 5) and the Aged Ex (+) (n = 4) rats. MS images of Aged Ex (—) (F) and Aged Ex (+) (G) rats are presented (x300).
The width of the MS (H) was measured in the Aged Ex (—) (n = 5) and the Aged Ex (+) (n = 4) rats. Sarcomere images of Aged Ex (—) (I) and Aged
Ex (+) (J) rats are presented (x2000). The width of the sarcomere (K) was measured in the Aged Ex (-) (n = 5) and the Aged Ex (+) (n = 4) rats.
Bar=5 um (F, G, I and J). **p <0.01 vs. Aged Ex (—). Data are shown as mean + standard error of the mean (SEM).

Electron microscopic analysis

To further observe the BM structures in detail, elec-
tron microscopy was performed. The BM consists of lam-
ina fibroreticularis, lamina densa, and lamina lucida as seen
by electron microscopy [28], and we measured the width of

lamina densa, which is always stably observed and has high
electron density. The lamina densa region of the BM was
thickened in response to exercise (Fig. 5). The width of the
lamina densa in Aged Ex (+) was significantly increased
in comparison to that in Aged Ex (—) (Fig. 5). On the
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other hand, the width of muscle fibers and sarcomeres was
not significantly changed by exercise. These results sug-
gest that the BM-specific structural changes were caused
by exercise.

IV. Discussion

Our previous study revealed that BM-related factors
are not induced in aged muscles and recovery is delayed
even during the muscle recovery period when BM damage
occurs and repair is required [17]. This finding motivated
us to search for interventions that induce BM-related fac-
tors in aged muscles. Therefore, in this study, we examined
the effect of endurance exercise on BM in the skeletal
muscles of aged rats. The results showed that exercise
increased the expression levels of Col4al, Hsp47, Mmp14,
and Col6al, the area and intensity of collagen IV-IR, and
the width of the lamina densa in the soleus muscles of
aged rats. These findings suggest that endurance exercise
induces a BM-construction response in aged muscles. Fur-
thermore, there were no noticeable changes in the number
of necrotic muscle fibers after endurance exercise, suggest-
ing that an appropriate exercise load can lead to the induc-
tion of BM-related factors in aged muscles without causing
muscle damage. These results prove that the proposed
intervention induces BM-related factors in aged muscles,
which is the major goal of this study.

Our results suggest that muscular activity through
endurance exercise may promote the production of collagen
IV in aged muscles. In contrast, in our previous study, col-
lagen IV was not induced during the recovery period after
disuse muscle atrophy in aged rats, even though myofibers
and BM structures were disrupted and collagen IV was
required for their repair [17]. This difference suggests that
an endurance exercise regimen, not muscle damage, is suit-
able for the induction of collagen IV in aged muscles.
In previous studies, it has been reported that collagen IV
production is stimulated during the recovery period of dis-
use muscle atrophy and muscle injury in young rats [17].
Other previous studies using young rats have reported that
high-intensity exercise and eccentric contractions induce
collagen IV [22, 23]. Therefore, it is likely that collagen
IV is induced either by muscle damage or exercise load in
young rats, but is induced in aged rats only by an appropri-
ate exercise load. This hypothesis should be investigated in
future studies.

In this study, collagen IV-IR area and intensity in
the soleus muscle of aged rats was increased with exer-
cise compared with those without exercise. As collagen
IV is mainly expressed in the BM, this finding suggests
BM construction in the soleus muscle of aged rats by
exercise. A previous study supports the hypothesis that
certain exercises increase the collagen IV-IR [30]. Collagen
IV-IR was increased in the vastus lateralis muscles of aged
patients with knee osteoarthritis and an exercise regime
for 12 weeks [30]. Exercise promotes BM remodeling to

strengthen the ECM surrounding individual muscle fibers
[30]. As the BM protects muscle fibers from mechanical
stress, such as contraction and elongation [3, 38, 46], a pos-
itive collagen IV turnover in this study may have occurred
to adapt to the mechanical stress by treadmill running in
aged rats.

In this study, we found that exercise affected the BM
microstructure in aged rats. Using TEM, we observed that
the lamina densa region of Aged Ex (+) was significantly
increased compared to that of Aged Ex (—). The BM is a
multifunctional membrane that regulates epithelial growth
and differentiation during embryogenesis and organogene-
sis [11, 27] and as well as cell migration during tissue
regeneration [38, 44], and essentially protects cells by pro-
viding mechanical support [38]. Collagen IV is one of the
primary elements of the lamina densa; it is a non-fibrillar
collagen that can envelop muscle fibers in a sheet-like
structure and has a protective effect on muscle fibers [8, 9,
28, 38]. In the present study, the soleus muscles of aged rats
may have adapted to the continuous mechanical stresses of
muscle contraction and elongation during endurance exer-
cise. This indicates that an increase in the width of the lam-
ina densa in muscle fibers might strengthen the protective
function of the BM in aged rats.

The present study has some limitations. First, the
effect of exercise on muscle function, such as muscle
tension, in aged rats has not been confirmed. Second,
the effects of exercise on young and adult rats have not
been compared. Further verification is needed to determine
whether the findings of our study are age-specific. Third,
treadmill running is known to cause various stresses such
as heat stress [32] and release of hormones, cytokines, and
myokines [2, 35] as well as mechanical stress [14, 15,
21]. Therefore, stresses other than mechanical stress may
trigger the expression of BM-related factors associated with
treadmill running. In this study, the details of the triggers
that induce the expression of BM-related factors have not
been clarified.

In summary, treadmill running activates the expression
of BM-related factors and changes BM structure in the
soleus muscle of aged rats. Our findings suggest that this
exercise may result in BM construction within the soleus
muscles of aged rats.
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