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ABSTRACT

AIM: To study the effects of estrogen on muscle damage and regeneration after acute passive gastrocnemius
muscle strain injury in female Sprague-Dawley rats.  METHODS: Rats were divided into 5 groups: ovariectomized,
strained and treated with low-dosage estradiol (20 µg/d) (Elow), treated with high-dosage estradiol (200 µg/d) (Ehigh),
treated with oil placebo (Oil), strained with no ovariectomy (Strain), and sham operated with no strain and no
ovariectomy (Con).  Muscle damage index [plasma creatine kinase (CK)], antioxidant indexes [glutathione (GSH),
Vitamin E (Vit E), total antioxidant capability (TAC)], and muscle regeneration index (desmin) were investigated at
7 d.  RESULTS: The plasma CK activity increased but GSH, Vit E, and TAC levels decreased after muscle strain
injury (Strain vs Con P<0.05).  Plasma CK activity was the greatest while GSH, Vit E, and TAC were the lowest in
the Oil group among the five groups (P<0.01).  Plasma CK in the Ehigh and Strain groups was lower than that in the
Elow group.  Plasma GSH, Vit E, and TAC were higher in the Ehigh and Strain groups compared with the Elow group
(P <0.05).  The expression of desmin in the Ehigh and Strain groups was higher than that in the Elow group (P<0.01)
while that in the Oil group was the lowest in all the five groups (P<0.01).  CONCLUSION: Endogenous estrogen
in normal female rats or exogenous estrogen in ovariectomized rats could improve antioxidant capability in vivo, so
that reduced muscle damage and accelerated muscle regeneration post gastronemius muscle strain injury.

INTRODUCTION

Muscle strain injury is one of the most frequent
occurrences in sports medicine including professional
and recreational sports injuries and is a challenging prob-
lem in traumatology.  It has been reported that the re-
covery of injured muscle depends on the extent and

scope of injured tissues including muscles, blood vessls,
nerve fibers, the following inflammation, ischemia, oxy-
gen deficiency, peroxidation induced by production of
free radicals[1-5] and other factors such as the age, sex[6],
fatigue condition[7] at that time, etc.  Within all the factors,
the role of sex hormones is increasingly drawing more
attentions.  For instance, there are reports of gender-
based differences in exercise-induced muscle injury in
humans and animal models[8,9].  Plasma CK activity[10,11],
inflammatory response, leukocyte infiltration[12], and
ultrastructural disruptions[9] in female have been reported
lower than those in male animals.  It has also been re-
ported that estrogen complementation could attenuate
neutrophil infiltration and indexes of muscle damage
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(CK, MPO) following ischemia/reperfusion (I/R) in
ovariectomized rats[13] and post-exercise skeletal muscle
in male and ovariectomized female rats[14,15].  All these
have been attributed to the female sex steroid hormone
17β-estradiol, which may act as an antioxidant or mem-
brane stabilizer[16-19].  Furthermore, estrogen could main-
tain Vit E[20, 21] and increase GSH (two important and
powerful antioxidants)[22] levels when they were con-
sumed by the increase of oxygen free radicals in body
post-exercises and I/R muscle damage, which suggested
that estrogen might offer an additional line of defence
against oxygen free radicals and may render skeletal
muscle less susceptible to oxidative damage in muscle
injury induced by exercises[23].  However, the roles that
estrogen plays in muscle damage and regeneration in
acute passive strain injured muscles are still not clear.
In this study we investigated the effects of estrogen on
muscle damage (CK activity) and antioxidant indexes
(Vit E, GSH and TAC) after acute passive muscle strain
injury in female rats with or without ovariectomy.  At
the same time we observed the effect of estrogen on
muscle regeneration by detecting the expression of
desmin (muscle skeleton protein), which has been found
to uniformly express in the regenerating myofibers and
whose expression level was used as an indicator of
muscle regeneration[24,25].

MATERIALS  AND  METHODS

Reagents  Estradiol benzoate sesame oil, creatin
kinase kit, estradiol immunoassay kit, and rabbit anti-
desmin antibody were purchased from Sigma.  Goat
anti-rabbit antibody was obtained from New England
Biolabs.  The other reagents were of analytical purity.

Experimental instruments  Instron Model TM-
M materials testing system (TE-10, Beihang University,
Beijing, China), spectrophotometer (Beckman DU-7400,
Beckman Instruments, Fullerton, CA), HPLC pump
(Waters 510, Milipore, corp), image analysis system
(LEICA Q550CM, LEICA German).

Animals  Forty-eight female Sprague-Dawley rats
(240-260 g) were housed with controlled temperature
21±2 ºC and of 12:12-h light-dark cycle.  All animals
were free to access food and water.  All procedures
regarding the use and handling of animals were reviewed
and approved by Peking University Health Science Center
Animal Care and Use Committee.

Preparation of animal models  Female rats were
anesthetized (Chloral Hydrate, 400 mg/kg, ip) and ova-
riectomized via bilateral dorsal incisions[26].  Fourteen

days after ovariectomy the controlled strain injury of
the gastrocnemius muscle was produced on the right
hindlimb of the experimental rats as described by
Nikolaou PK and Almeskinders LC[4,27].  In brief, the
right hindlimb distal tendon of each gastrocnemius
muscle was exposed and a needle was inserted trans-
versely through the proximal tibia,  and fixed on a ma-
terials testing system.  The distal tendon was connected
to the load cell by the surgical silk and the muscle was
pulled at a velocity of 6 cm/min. Same operation was
performed on the Con group rats without strain.

Controlling of strain injury severity  To simu-
late a clinical setting of acute passive muscle strain
injury, we stopped the stretch as soon as the deforma-
tion curve reached the horizontal plateau, where the
majority of injuries to muscles are partial tears and not
total ruptures.  This controlled stretch could keep
roughly the same injury severity in all the rats as re-
ported by Obremsky et al[28].

Intervention on animal models  Once the rats
were strained, different interventions were performed
onto the rats daily for 6 d: Elow (n=10, 20 µg EB in 100
µL/d, estradiol benzoate sesame oil, sc), Ehigh (n=10,
200 µg BE in 100 µL/d, sc), and Oil (n=10, 100 µL
sesame oil·d-1, sc).  On d 7, all the rats were anesthetized.
Blood from the descending aorta was centrifuged im-
mediately and plasma fraction was frozen at -80 ºC until
analysis for CK, GSH, Vit E, TAC, and estradiol.  The
gastronemius muscles were isolated, soaked in the 4 %
formaldehyde PBS solution (pH=7), paraffin embedded,
and sliced into sections (6 µm).  The expression of
desmin was detected with immunohistochemistry.

Radioimmunoassay for plasma estradiol con-
centration  Plasma estradiol was determined by radio-
immunoassay using a double-antibody estradiol proce-
dure according to the manufacturer’s instructions.

Assay for concentrations of plasma CK
activity, GSH, Vit E, and TAC  Plasma total CK level
was measured spectrophotometrically at 340 nm using
commercially available kits.  Glutathione was determined
using a standard enzymatic recycling procedure as
described by Tietz and modified by Anderson [29,30].  Vit
E was measured with a standard high performance liq-
uid chromatography (HPLC) technique described by Lee
et al[31].  Total antioxidant capacity (TAC) was deter-
mined using reagents, equipment and procedures de-
scribed by Whitehead et al [31].

Detection of desmin by immunohistochemis-
try  Briefly, 6-µm paraffin sections were obtained from
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three random gastrocnemius muscles of each group.
The expression of desmin was monitored by immuno-
histochemistry using rabbit antidesmin antibody (1/100)
and goat antirabbit antibody (1/200)[24,25].  The integra
optical density of desmin positive fields was observed
under microscope and computerized as index of muscle
regeneration. Briefly, 10-2 random fields (similar size
area 331647.57 µm2) were selected for each section,
then the desmin positive area and mean absorbance of
each image field were detected.  Integra absorbance =posi-
tive area×mean absorbance.

Statistical analysis  All data were presented as
mean±SD and processed with the SPSS 11.0 statistical
software package.  All statistical comparisons were made
using one-way ANOVA tables with 5 groups.  The
Dunnett t-test was used for two-sided statistical analysis.
The level of statistical significance was set at P<0.05.

RESULTS

Plasma estradiol concentration  The Strain
group had a similar plasma estradiol concentration com-
pared with the Con group (P=0.39).  Plasma estradiol
contents in the Oil or Elow group was significantly lower
than that in the Con (P<0.01), while the Ehigh group had
a higher estradiol content compared with the Con (P<
0.01).  Plasma estradiol content in the Oil group was
lower than that in the Ehigh or Elow group (P<0.01) and
estradiol in the Ehigh group was higher than that in the
Elow group  (P<0.01) (Tab 1).

Plasma CK activity after muscle strain injury
Plasma CK activity was higher in that in the Strain rats
(179.0±11.7 U/L) than the Con rats (101.8±11.6 U/L)
(P<0.05) on 7 d post injury.  CK activity in the Oil
group was the highest among all the groups, and that
in the Ehigh group was lower compared with the Elow  (P
< 0.05) but similar with the Strain (P>0.05) (Tab 1).

Plasma Vit E, GSH, and TAC levels post muscle
strain injury  Plasma Vit E, GSH, and TAC decreased
after muscle strain injury (P<0.05, vs Con). The Oil
group had the lowest levels of Vit E, GSH, and TAC
among all the groups.  Plasma Vit E, GSH, and TAC in
the Ehigh or Strain group were higher than those in the
Elow group (P<0.05).  Plasma Vit E, GSH, and TAC con-
centrations were similar between the Ehigh group and
the Strain group (P>0.05) (Tab 1).

Expression of desmin post muscle strain in-
jury  Desmin expression was detected with immuno-
histochemistry (Fig 1) and quantified with IOD of
desmin positive area. IOD in the Elow, Ehigh and Strain
group was higher than that in the Oil group, respec-
tively (P<0.01).  The Ehigh or Strain group had higher
IOD compared with the Elow (P<0.05).  There was no
significant difference of IOD between the Ehigh and the
Strain group (P>0.05) (Fig 2).

DISCUSSION

Endogenous and exogenous estradiol administra-
tion in ovariectomized rats could protect the muscle
from the sports-related chronic myofiber injury[9,11].  We
found that estrogen could not only protect the muscle
from acute passive strain injury but also improve re-
generation of strain injured muscles in female rats.  These
effects may be achieved by the membrane stabilizing
and antioxidant functions of estrogen[11].

Estradiol is the most important type of estrogen in
the body. Estradiol benzoate is an ester of estradiol,
which could transform into estradiol when injected sub-
cutaneously in oil solution.  In our study, two weeks
after the ovariectomy, the endogenous estradiol in fe-
male rats were exhausted completely and exogenous
benzoate estradiol administration increased the plasma
estradiol concentration dose-dependently in the ovariec-

Tab 1.  Plasma concentrations of estradiol, CK, Vit E, GSH, and TAC in the 5 groups after 6 d of muscle strain injury.
Means±SD.  bP<0.05, cP < 0.01 vs Con.  eP<0.05, fP<0.01 vs Oil.

                                      Plasma estradiol/ng·L-1   CK/U·L-1              Vit E/mg·L-1               GSH/mmol·L-1     TAC/µmol Trolox Eq·L-1

Con  (n=8) 34.0±2.8 101.8±11.6 26.6±3.9 5.8±0.4 396.2±39.2
Strain (n=10) 29.8±2.3f 179.0±11.7cf 22.5±3.9b 5.3±0.4bf 354.0±29.7bf

Elow (n=10) 22.3±2.8cf 221.9±19.0ce 17.2±3.2ce 4.3±0.3ce 316.3±17.7ce

Ehigh (n=10) 61.9±12.4cf 195.2±19.3cf 20.9±2.9cf 5.1±0.4cf 331.3±23.4cf

Oil (n=10) 14.6±2.3c 257.9±23.8c 12.1±2.4c 3.9±0.2c 282.4±25.5c
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tomized female rats.
We compared the differences of muscle damage

among all the five groups.  CK activity change has been
used as indice of muscle damage in humans[33] and it
was proposed that delayed rise in serum CK may be
manifestation of secondary muscle damage[34].  The
secondary muscle damage was mainly caused by oxy-
gen-derived free radicals and lipid peroxidation followed
by the ischemia and anoxia after the primary mechani-
cal muscle injury[35,36].  In our experiments plasma CK
activity increased after gastronemius strain injury, how-
ever CK activity in rats with intact ovaries or estrogen
administration were apparently lower. These results in-
dicated that estrogen could also act as membrane stabi-
lizer to protect the skeletal muscle following acute strain

Fig 1.  Expression of desmin.  A few desmin posi-
tive fibers were found in the sham strained
muscles (A), and many uniformly distributed
desmin positive myofibers in the injured site were
detected on 7 d postinjury, showing the presence
of many regenerating myofibers. Expression of
desmin in the Strain rats (B), Elow (C) and Ehigh (D)
was higher than that in the Oil (E).  Expression
of desmin in the Ehigh rats (D) was higher than
that in the Elow (C) but similar with the Strain

Fig 2.  Integra absorbance of desmin-positive areas on 7 d of
muscle strain injury in 5 groups. Mean±SD.  cP<0.01 vs
Con.  fP<0.01 vs Oil.  iP<0.01 vs Strain.
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injury.  GSH and Vit E are two important antioxidants
and could greatly reduce the production of peroxide
and lipid peroxidation so that stabilize the membrane
and prevent the loss of enzymes from muscle fibers[37,38].
TAC was a global index of antioxidant protection and
suitable not only as a protection against oxidation but
also reflect consumption during acute oxidative pro-
cesses[39].  In this study plasma Vit E, GSH, and TAC
decreased after muscle strain injury due to their con-
sumption following muscle injury, similar with the re-
port of Bowles et al[19].  The Strain, Elow, or Ehigh group
had higher Vit E, GSH and TAC contents compared
with the Oil rats (P<0.05), which indicated that estro-
gen could decrease the consumption of Vit E and GSH,
and maintain the TAC post muscle strain injury.  From
above, we think that estrogen could protect the muscle
from primary mechanical stretch injury through mem-
brane stabilization and from secondary muscle damage
through anti-oxidation.  The anti-oxidative effect of es-
trogen could be achieved partially by up-regulating the
contents of GSH and Vit E to strengthen the total anti-
oxidant capability in vivo.

Secondly, effects of estrogen on muscle regen-
eration were further observed.  Muscle regeneration is
the key process of muscle healing and here we chose
desmin as the index of regeneration for its uniform ex-
pression in the regenerating myofibers[40,41].  As described
by Stauber[42], we also observed low expression of
desmin in the resting satellite cells of non-injured muscles
and greatly increased expression post muscle injury,
mainly locating in near area of Z disc during the muscle
regenerating stage.  It seems that rats with high plasma
estrogen had high expression of the desmin and thus
had accordingly high antioxidant ability and low CK
activity.  We supposed that estrogen could help facili-
tating muscle regeneration through its effects of pro-
tecting muscles from primary and secondary injury and
maintaining the maximum muscle regeneration abilities.
In addition, estrogen might activate skeletal muscle
myoblast growth in vitro[43], so there may exist a possi-
bility that estrogen could directly accelerate muscle
regeneration, which needs further investigation.

Interestingly, we found that all the indexes were
similar between the Ehigh and Strain group although
plasma estradiol content of the Ehigh group was two-
fold greater than that of the Strain.  Normal level of
endogenous estrogen (physiological content) seemed to
be enough to protect muscles from injury and improve
regeneration.  This may be ascribed to the limitation of

amount of functional estrogen receptors in vivo.
In conclusion, both endogenous and exogenous

estrogen could increase membrane stability, reduce the
consumption of GSH and Vit E, and maintain total anti-
oxidant capability in vivo, and consequently,  decreased
muscle injury and facilitated muscle regeneration post
acute strain injury in the female rats.
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