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Abstract: Skeletal muscle injuries are frequently occurred in various sports, among which satellite cells play a key 
role in the repair of skeletal muscle injury, and hepatocyte growth factors are the only growth factor that can activate 
satellite cells. This study aimed to investigate the effects of one-time exhaustive exercise on skeletal muscle ultra-
structure, satellite cells and hepatocyte growth factor in rats. Samples were harvested from 24 rats in a quiescent 
state (control group) or at different time points after exhaustive exercise (E0, E24 and E48 groups) for observation 
of skeletal muscle ultrastructure change and determination of hepatocyte growth factor level in skeletal muscle and 
serum. Satellite cells harvested from the vastus lateralis of rats in control group and E0, E24 and E48 groups were 
cultured in vitro. Satellite cells harvested from the vastus lateralis of another six neonatal rats were also cultured in 
vitro. Rat skeletal muscle and serum hepatocyte growth factor levels in the exhaustive exercise (E0, E24 and E48) 
groups were significantly greater than that in the control group (P < 0.01). The number of satellite cells per unit vol-
ume of skeletal muscle in the E0, E24 and E48 groups was greater than that in the control group, but satellite cells 
in the E0, E24 and E48 groups proliferated faster with time going. Compared to adult rats, absolute satellite cell 
number in muscle tissue was less, but the number of satellite cells per unit volume of tissue was greater than that 
in the neonatal rats. Hepatocyte growth factor can activate satellite cells and accelerate repair of soft tissue and 
microvessels. The number of satellite cells per unit volume of skeletal muscle is greater in rats subjected to exhaus-
tive exercise and these cells exhibit stronger proliferative ability than those in the control rats. Therefore, exhaustive 
exercise can activate quiescent satellite cells. The number of satellite cells per unit volume of tissue in neonatal rats 
is greater and their proliferative ability is stronger than that in adult rats. 
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Introduction

Skeletal muscle injuries are extremely com-
mon, accounting for the highest proportion of 
all sport injuries [1, 2]. Long-term muscle injury 
and poor healing quality directly influence the 
normal exercise of professional sport teams 
and even terminate their career. There is evi-
dence [3-5] that intensive exercise can result  
in skeletal muscle ultrastructural damage and 
the method to achieve tissue repair is to pro-
mote the proliferation and differentiation of 
satellite cells.

Satellite cells are a monocyte population locat-
ed between the basal lamina and the plasma-
lemma of a myofibril and they are generally in a 
relatively quiescent state. Satellite cells play a 

key role in the repair of skeletal muscle injury. 
Some growth factors, such as insulin-like grow- 
th factor and epidermal growth factor, do not 
affect quiescent satellite cells, but they can 
strengthen the proliferative ability of activated 
satellite cells. However, hepatocyte growth fac-
tors are the only growth factor that can activ- 
ate quiescent c-Met-expressing satellite cells 
from a G0 phase to enter S phase [6]. 

To better understand the repair process of skel-
etal muscle injury and the underlying mecha-
nism, in this study we established rat models  
of skeletal muscle injury caused by one-time 
exhaustive downhill running. Ultrastructural ch- 
anges in rat rectus femoris muscle at differ- 
ent time points after exhaustive exercise were 
observed and simultaneously rat skeletal mus-
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cle and serum hepatocyte growth factor levels 
were determined. In addition, in vitro culture 
and proliferation of satellite cells at different 
time points after skeletal muscle injury were 
observed. These indices were compared across 
different groups. 

Current related studies are mostly at the theo-
retical level and from the macroscopic pers- 
pective, and few studies have been performed 
from the microscopic biochemical perspective.
The purpose of this study was to investigate  
the effects of one-time exhaustive exercise on 
hepatocyte growth factor level, to explore the 
role of hepatocyte growth factor in the activa-
tion of quiescent satellite cells and the possible 
mechanism underlying repair of skeletal mus-
cle injury at different time points after one-time 
exhaustive exercise. 

Animals and methods 

Grouping

Thirty male Wistar rats of clean grade (24 rats 
aged 6 weeks and weighing 170 ± 11.94 g, 6 
rats aged 3 days), were raised in separate 
cages and allowed free access to food and 
water. 

Twenty-four adult rats were randomly divided 
into one control and three exhaustive exercise 
(E0, E24 and E48) groups, with 6 rats per group. 
Six neonatal rats were used for comparison. All 
included rats were used for cell culture. 

All procedures involving animals in this study 
were approved by the Ethics Committee of 
Yangzhou University.

Modeling 

Rat models of skeletal muscle injury caused  
by one-time exhaustive downhill running were 
established. Two days prior to formal experi-
ments, all rats were subjected to 5-10 minutes 
of adaptive treadmill exercise at 5-10 m/min  
at 0° inclination. According to a previous meth-
od [7], rats were made to perform the exercise 
till exhausted based on the following schedule: 
first-level load: 0°, 8.2 m/min, 15 minutes 
(equivalent to 53% VO2max); second-level load: 
5°, 15 m/min, 15 minutes (equivalent to 64% 
VO2max); third-level load: 10°, 19.3 m/min (eq- 
uivalent to 76% VO2max), until exhausted.

Sample harvesting

Exhaustive exercise groups: Rats in the exhaus-
tive exercise and control groups were anesthe-
tized by intraperitoneal injection of 20% ure-
thane at corresponding time points after ex- 
haustive exercise and in the quiescent state 
respectively. After sacrifice, 5 mL of blood was 
harvested from the abdominal aorta and serum 
level of hepatocyte growth factor was deter-
mined. Rat rectus femoris muscle on one side 
was rapidly fixed in 2.5% glutaral and then elec-
tron microscopic sections were made for obser-
vation of skeletal muscle ultrastructural chang-
es under a transmission electron microscope. 
Rat rectus femoris muscle on the other side 
was preserved in liquid nitrogen for determina-
tion of hepatocyte growth factor level. Vastus 
lateralis muscle was used for cell culture. Im- 
mediately after that, separation, purification 
and culture of satellite cells were performed 
using a 2-step enzymatic digestion. Immediately 
after anesthesia, identical samples from neo-
natal rats were harvested and satellite cells 
were cultured in vitro. 

Separation and culture of rat satellite cells

According to a slight modification of the meth-
ods described by Volonte [8] and Wrobel [9], 
under sterile condition, rat satellite cells were 
separated and cultured. 

Index examination

Enzyme-labeled immunosorbent assay (ELISA): 
In strict accordance with the instruction pro-
vided by ELISA kit (Nanjing Jiancheng, China), 
rat skeletal muscle and serum levels of hepato-
cyte growth factor were determined using ELISA 
method and the absorbance values were read 
on a microplate Elx800 (BIO-TEX Instruments 
Inc., Winooski, VT, USA).

Transmission electron microscopy observation 
of skeletal muscle ultrastructure: Rat rectus 
femoris muscle was fixed in 2.5% glutaral for 
over 2 hours, washed with phosphate buffer, 
fixed with 1% osmic acid for 1 hour, and then 
ultrathin microscope sections were made. Ele- 
ctron microscope specimens of four rats were 
randomly selected from control and exhaustive 
exercise (E0, E24 and E48) groups. Under a 
transmission electron microscope, the mor- 
phological changes of the organelles, such as 
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nucleus and mitochondrion and the degree of 
muscle fiber ultrastructure damage were quali-
tatively determined. 

Statistical analysis

All data are expressed as the mean ± SD and 
were statistically processed using SPSS 17.0 
software. Independent sample t-test was per-
formed. A level of P < 0.05 was considered sig-
nificant and a level of P < 0.01 highly signifi- 
cant. 

Results 

Rat physical signs after exhaustive exercise 
and during the recovery period 

During the experimental period, rats in the con-
trol group had good appetite, lustrous fur, spar-
kling eyes and increase in body weight. How- 
ever, rats in the exhaustive exercise groups 
looked tired and their four limbs were swol- 
len at different degrees. 

tal muscle structure was destroyed, intercellu-
lar substance was obviously swollen, endoplas-
mic reticulum and mitochondria were slightly 
deformed and twisted, myofibrils were sparse, 
thinned and even disappeared, and Z line was 
twisted. E48 group: rat muscle fiber injury was 
further aggravated, inflammatory cells were in- 
filtrated, sarcolemma was unclear, myofibrils 
were arranged disorderedly, A and I bands were 
hardly distinguished. Sarcomere and myofila-
ments were poorly arranged, Z line was twisted 
and even disappeared, mitochondria were dif-
ferently sized, swollen or pyknotic, unevenly dis-
tributed, and unclear. Vacuoles formed in the 
muscle.

Rat skeletal muscle and serum levels of hepa-
tocyte growth factor after exhaustive exercise 
and during the recovery period 

After one-time exhaustive exercise, rat skeletal 
muscle and serum levels of hepatocyte growth 
factor in each exhaustive exercise group were 

Figure 1. Changes in rat skeletal muscle ultrastructure after exhaustive exer-
cise and during the recovery period. A: Control group (×18500). B: Immedi-
ately after exhaustive exercise group (E0 group; ×18500). C: 24 hours after 
exhaustive exercise group (E24 group; ×18500). D: 48 hours after exhaus-
tive exercise group (E24 group; ×18500).

Changes in rat skeletal 
muscle ultrastructure after 
exhaustive exercise and dur-
ing the recovery period 

Electromicrographs of rat rec-
tus femoris muscle in differ-
ent groups (Figure 1) showed 
different changes as follows. 
Control group: rat skeletal 
muscle exhibited normal ul- 
trastructure with clear endo-
plasmic reticulum and mito-
chondria, intact nucleus stru- 
cture, well arranged myofi-
brils, and clear boundaries 
among H band, I band, M line 
and Z line. E0 group: rat skel-
etal muscle structure was 
greatly destroyed, intercellu-
lar substance was swollen, 
spatium intermusculare was 
widened, nucleus and nuclear 
membrane were good, endo-
plasmic reticulum and mito-
chondria were slightly defo- 
rmed, myofibrils were sparse 
and thinned, the boundaries 
of H and I bands were un- 
clear, and M and Z lines were 
unclear. E24 group: rat skele-
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significantly greater than in the control group  
(P < 0.01) (Figures 2 and 3).

Satellite cells cultured in vitro at different time 
points after one-time exhaustive exercise

Primary satellite cells were initially rounded, 
and most of them were suspended in the cul-
ture fluid. One day later, they gradually adhered 
to culture flask, were very small-sized, and were 
evenly distributed. Then they gradually expand-
ed in volume and began to divide. Electron 
microscopy showed that 2 or 3 or more cells 

mber of proliferating cells was observed and 
refraction was reduced. Ninety-six hours later, 
cells proliferated obviously and connected with 
each other. Some cells differentiated and fo- 
rmed myotubes. 

Separation, purification and culture of satellite 
cells were performed according to abovemen-
tioned method. Forty-eight hours later, culture 
fluid was refreshed. In the control group, only a 
few satellite cells were observed (Figure 4A). In 
the E0, E24 and E48 groups (Figure 4B-D), the 
number of satellite cells in the exhaustive exer-

Figure 2. Hepatocyte growth factor level of skeletal muscle in rats after ex-
haustive exercise and during the recovery period. *P < 0.05, **P < 0.01, vs. 
control group.

Figure 3. Rat serum level of hepatocyte growth factor after exhaustive exer-
cise and during the recovery period. ▲P < 0.05, ▲▲P < 0.01, vs. control 
group.

arranged in a row. After 3-4 
days later, cells began to 
enter the logarithmic phase, 
rounded cells accounted for  
a larger proportion, and cells 
formed clusters in various 
regions. 

The satellite cells released by 
2-step enzymatic digestion 
were of high purity. The ex 
vivo cells were scattered on 
the bottom of culture flask 
and they were rounded and 
had strong refraction. Twenty-
four hours after seeding, the 
majority of cells adhered to 
culture flask. With adheren- 
ce time, cells changed from 
rounded to shuttle- or spin-
dle-shaped, and finally mono-
cytes fused with each other  
to form multicore myotubes. 
Twenty-four hours later, the 
majority of cells adhered to 
culture flask, they were rou- 
nded and had strong refrac-
tion, and rare cells exhibited 
small processes. Forty-eight 
hours later, almost all cells 
adhered to cell culture flask.  
A small number of dead cells 
suspended in clusters. Shu- 
ttle-shaped cells increased  
in number and some cells 
began to proliferate. Seventy-
two hours later, cells adhered 
to culture flask completely, 
most of them were spindle-
shaped and connected with 
each other, an increased nu- 
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cise groups was significantly greater than in the 
control group. With time after exhaustive exer-
cise, the number of satellite cells was gradually 
increased. 

Ninety-six hours later, satellite cells in different 
groups proliferated to different degrees (Figure 

tron microscopy findings of injured muscle fiber 
structure can be used as the direct evidence of 
sports-related skeletal muscle injury [10]. 

Microphotographs of rectus femoris muscle of 
rats in different groups showed different chang-
es. Control group: Rat skeletal muscle exhibit-

Figure 4. Satellite cells cultured in vitro at different time points after one-
time exhaustive exercise. A: Control group (48 hours) (40× magnification). 
B: Immediately after exhaustive exercise group (48 hours) (40× magnifica-
tion). C: 24 hours after exhaustive exercise group (48 hours) (40× magni-
fication). D: 48 hours after exhaustive exercise group (48 hours) (40×10 
magnification). E: 96 hours after exhaustive exercise group (96 hours) (40× 
magnification). F: Immediately after exhaustive exercise group (96 hours) 
(40× magnification). G: 24 hours after exhaustive exercise group (96 hours) 
(40× magnification). H: 48 hours after exhaustive exercise group (96 hours) 
(40×10 magnification).

4E-H). Satellite cells in the ex- 
haustive exercise groups pro-
liferated more obviously than 
in the control group. Satellite 
cells in each group began to 
expand and simultaneously 
divide. Two or three or more 
cells arranged in a row. With 
time after exhaustive exer-
cise, the number of satellite 
cells gradually increased. 

Comparison of in vitro cul-
tured satellite cells of adult 
versus neonatal rats after 
exhaustive exercise

Separation, purification and 
culture of satellite cells of ne- 
onatal rats were performed 
according to abovementioned 
method. Forty-eight hours la- 
ter, culture fluid was refresh- 
ed and cells were photogra- 
phed (Figure 5A). Immediately 
after exhaustive exercise, sat-
ellite cells of neonatal rats 
were slightly smaller than th- 
ose of adult rats. The number 
of satellite cells per unit of 
skeletal muscle in neonatal 
rats was greater than that in 
adult rats. Ninety-six hours 
later, satellite cells of neona-
tal rats proliferated rapidly 
and soma expanded gradually 
and began to divide. Two or 
three or more cells arranged 
in a row (Figure 5B).

Discussion

Accumulative evidence exists 
that violent and unaccustom- 
ed load exercise, especially 
eccentric exercise, can cause 
skeletal muscle ultrastructur-
al changes. Optical and elec-
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ed normal ultrastructure with clear endoplas-
mic reticulum and mitochondria, which were 
evenly distributed in the muscle plasma, intact 
nucleus structure, well arranged myofibrils, and 
clear boundaries among H band, I band, M line 
and Z line. 

Exhaustive exercise group: Rat skeletal muscle 
structure was greatly destroyed. Precisely, (1) 
Myofibrils were sparse and thinned, the bound-
aries of H and I bands were unclear, and M and 
Z lines were unclear. Z line was twisted even 
disappeared. (2) Intercellular substance was 
swollen and spatium intermusculare was wid-
ened. (3) Endoplasmic reticulum was clear but 
it was slightly deformed, and nucleus and nu- 
clear membrane were good. (4) Mitochondria 
were obviously deformed and twisted, and even 
swollen and disrupted. With time after exhaus-
tive exercise, damage to myocytes in the ex- 
haustive exercise groups became more and 
more severe. Therefore, rat models established 

in this study meet experimental needs. Our 
electron microscopy results showed that com-
pared with previously established models of 
sports-related skeletal muscle injury, rat mod-
els of skeletal muscle injury caused by one-
time exhaustive exercise were of more sud- 
denness.

Tatsumi et al [11] found that soon after skeletal 
muscle injury, satellite cells were activated and 
hepatocyte growth factor level and c-Met 
expression increased. Miller et al [12] found 
that after skeletal muscle injury, not only satel-
lite cells but also normal skeletal muscle se- 
cretes hepatocyte growth factor. After muscle 
injury, local injection of hepatocyte growth fac-
tor can activate satellite cells, increase the 
number of myoblasts, and promote recovery of 
muscle injury. Exercise can increase the ex- 
pression of hepatocyte growth factor in skele-
tal muscle [13, 14]. 

In the present study, hepatocyte growth factor 
expression was not observed in the control 
group. Hepatocyte growth factor expression in 
rat skeletal muscle in the E0, E24 and E48 
groups was significantly greater than in the con-
trol group (P < 0.01). These results suggest that 
after exhaustive exercise, injured organism 
makes hepatocyte growth factor expression in 
rat skeletal muscle significantly increased th- 
rough autocrine and paracrine. Rat serum level 
of hepatocyte growth factor in the E0, E24 and 
E48 groups was significantly greater than in the 
control group (P < 0.01). These results suggest 
that after exhaustive exercise, some hepato-
cyte growth factors may be involved in the 
repair of tissue injury. Therefore, hepatocyte 
growth factor in the serum can be considered 
one of factors that accelerate tissue and mi- 
crovessel recovery and promote conversion of 
satellite cells from quiescence to activation. 
These findings also confirm that one-time ex- 
haustive exercise can increase serum level of 
hepatocyte growth factor.

We in vitro cultured satellite cells after exhaus-
tive exercise and during the recovery period 
and found that the number of satellite cells per 
unit rat skeletal muscle in the E0, E24 and E48 
groups was significantly greater than in the con-
trol group and with time after exhaustive exer-
cise, the number of satellite cells showed a 
gradually increased tendency. Satellite cells in 
the E0, E24 and E48 groups showed stronger 

Figure 5. Comparison of in vitro cultured satellite 
cells of adult versus neonatal rats after exhaustive 
exercise. A: Neonatal rats (48 hours) (40×10 mag-
nification). B: Neonatal rats (96 hours) (40×10 mag-
nification).
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proliferative ability than in the control group. 
Inflammatory reaction occurred within 24 hours 
after exhaustive exercise and satellite cells 
were activated and proliferated within 48 
hours. These results are highly similar to previ-
ous studies [15, 16]. All these results con- 
firm that exhaustive exercise can activate qui-
escent satellite cells.

Satellite cell content is different under different 
functions, physical activity levels and ages [17, 
18]. The precise mechanism is currently uncer-
tain and needs further investigation. This sug-
gests that the mechanism underlying satellite 
cell expression is complex and is influenced by 
various factors. The time periods, 24 and 48 
hours after inoculation of neonatal rats, are cell 
adaptation periods. The cell growth curves till 
72 and 168 hours are basically linear because 
these two periods are cellular logarithmic phas-
es. Our results showed that in neonatal rats, 
absolute satellite cell number in muscle was 
lower, but the number of satellite cells per unit 
of skeletal muscle was higher, and satellite 
cells had stronger proliferative ability than in 
adult rats.

In conclusion, our results demonstrate that 
high-intensity eccentric exercise can increase 
hepatocyte growth factor expression, thereby 
activating quiescent satellite cells. We hope the 
present innovative and exploratory study will 
provide reference information for future related 
studies.
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