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ABSTRACT. The purpose of this study was to elucidate the functions of estrogen and two
estrogen receptors (ERs; ERa and ER) in the myoregeneration process and morphogenesis.
Cardiotoxin (CTX) was injected into the tibialis anterior (TA) muscles of ovariectomized (OVX)
mice to induce muscle injury, and subsequent myoregeneration was morphologically assessed.
The diameter of regenerated myotubes in OVX mice was significantly smaller than that in intact
mice at all time points of measurement. OVX mice also showed lower muscle recovery rates and
slower speeds than did intact mice. ER protein levels showed a predominance of ERB over ERa in
J. Vet. Med. Sci. both intact and OVX states. The ERB level was increased significantly at 7 days after CTX injection
83(12): 1812-1819, 2021 in OVX mice and remained at a high level until 14 days. In addition, continuous administration of
) ! E2 to OVX mice in which muscle injury was induced resulted in a significantly larger diameter of
doi: 10.1292/jvms.21-0495 regenerated myotubes than that in mice that did not receive estrogen. The results indicate that
estrogen is an essential factor in the myoregeneration process since estrogen depletion delayed
myoregeneration in injured muscles and administration of estrogen under the condition of a low
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Estrogen, which is mainly secreted by the ovaries, has been shown to play an important role in the maintenance of locomotive
function [2, 6, 18, 23] as well as the regulation of reproductive organ function [36]. It has long been thought that estrogen is deeply
involved in the regulation of locomotive organs (such as bones and skeletal muscles) [15, 30, 32]. It is well known that estrogen
suppresses osteoblast-mediated osteoclast activation and functions as a factor in the maintenance of bone mass [22]. As well as
bone loss, estrogen deficiency also induces qualitative and quantitative loss of muscle mass, a condition known as sarcopenia or
frailty.

Estrogen function is exerted through two receptors, estrogen receptor (ER) a and ERB [1, 8, 9, 13, 19], and it has been shown
that both types of ER are distributed in mouse skeletal muscle [33, 34]. In a previous study, we found that hypoplasia of myofibers
was induced in hypoestrogenic ER KO mice. Furthermore, injury to the muscle tissue of ER KO mice significantly delayed the
regeneration of myotubes in ERf3 KO mice compared to that in ERa KO, suggesting functional differences in ERa and ER
[4]. A deficiency of estrogen has been suggested to interfere with the maintenance of satellite cells (skeletal muscle stem cells)
and delay skeletal muscle repair after skeletal muscle injury [7]. Additionally, muscle injury-induced activation of satellite cells
is less effective at a low level of estrogen [10]. It has been proposed that estrogen administration is important for maintaining
musculoskeletal function in menopause women [12, 37, 43]. Thus, estrogen administration is expected to improve muscle function
and its activity [14, 24]. The distribution of ERs in muscle tissue is thought to indicate that estrogen exerts some function in the
tissue but the function of estrogen in each process of proliferation, differentiation, and regeneration of skeletal muscle cells remains
unclear.
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The purpose of this study was to clarify the roles of estrogen and ERs in the process of myoregeneration. For that purpose, we
morphologically examined the process of myoregeneration in low estrogen status (ovariectomized: OVX) mice and investigated
changes in ER protein levels after OVX and muscle injury induced by injection of cardiotoxin (CTX). Incidentally, CTX, an
amphiphilic peptide derived from cobra venom, specifically inhibits protein kinase C and induces an increase in intracellular
calcium ion concentration. Excessive influx of calcium ions into myofibers induces mitochondrial and cytoskeletal degeneration
and production of reactive oxygen species, leading to myofiber degeneration and necrosis. [27, 38, 41, 46]. Furthermore, by
regularly administering estrogen to OVX mice injected with CTX, we morphologically analyzed the improvement and promotion
levels of muscle repair and attempted to evaluate the function of estrogen in the myoegeneration process.

MATERIALS AND METHODS

Animals

The animal care and experimental design were approved by the Animal Research Committee, Tottori University, Japan (approval
number 18-T-37). Female C57BL/6JJcl mice were obtained from CLEA Japan (Tokyo, Japan) at 8 weeks of age for experimental
myoregeneration in a low estrogen status. Additionally, female mice (C57BL/6) for experimental myoregeneration after estrogen
administration were obtained by self-mating. All of the mice were maintained under a temperature-controlled (23 + 1.0°C) room
condition with a 12-hr light/12-hr dark cycle. The mice were freely fed food (CLEA Rodent Diet CE-2, CLEA Japan) and water.

Creation of low estrogen status mice and confirmation of low estrogen level

Low estrogen status mice were created by OVX. Medetomidine (Kyoritsu Seiyaku, Tokyo, Japan), midazolam (Maruishi,
Osaka, Japan) and butorphanol (Meiji Seika, Tokyo, Japan) [20] were intraperitoneally administered to female mice (8 weeks old).
To confirm the low estrogen level of OVX mice, intact female mice (controls, 8 weeks old) and the mice at 4 weeks after OVX
treatment (12 weeks old) were anesthetized and blood was collected by tail laceration. The blood was immediately centrifuged for
10 min and serum was collected. The collected serum was frozen and stored at —30°C until use. Serum estradiol (E2) levels were
measured by an enzyme-linked immunosorbent assay (Cayman Chemical, Ann Arbor, MI, USA). The experiment was conducted
after confirming that serum E2 concentration in OVX mice was significantly lower than that in intact mice.

Experimental myoregeneration in low estrogen status

Four weeks after OVX treatment, 50 pl of 10 uM CTX (Latoxan, Portes 1és Valence, France) was injected into the right tibialis
anterior (TA) muscles of mice (C57BL/6JJcl) using a syringe with an injection needle (29G 1/2 insulin syringe, Nippon Becton
Dickinson, Fukushima, Japan) (OVX/CTX group). We also set up an Intact/CTX group in which mice were not treated with OVX
and were injected with CTX. In each group, TA muscles were sampled on 3, 7, 10 and 14 days after CTX injection (D3, D7,
D10 and D14) (n=4 at each time point). The left TA muscle on D3 was analyzed as a non-injured (control) group. All mice were
sacrificed by cervical dislocation under anesthesia with isoflurane (MSD Animal Health, Osaka, Japan). The collected TA muscles
were divided into two parts: 1) the proximal part was used for ER protein analysis (Western blotting) and was kept at —80°C until
use and 2) the distal part was fixed with 10% neutral buffer formalin (NBF; Wako, Osaka, Japan) and used for histological analysis.

Experimental myoregeneration after estrogen administration

Four weeks after OVX (12 weeks of age), mice (C57BL/6) were injected CTX into right TA muscle and randomly divided into
two groups. One group of mice received regular E2 (Wako) dissolved in dimethyl sulfoxide (DMSO; Wako) as a vehicle and the
other group of mice received only DMSO. In the former group, E2 was continuously administered intraperitoneally every 4 days
until the 28th day (D28) after CTX injection. The concentration of E2 per administration was 0.8 pg/body weight of 100 g, and it
was dissolved in 50 ul DMSO [35]. In the latter group, only the same amount of DMSO was administered each time. TA muscles
on both legs (left and right) were collected at D28. The right TA muscles injected with CTX were designated as OVX/CTX/E2
and OVX/CTX based on the respective treatments. The left TA muscles that were not injected with CTX were similarly designated
as OVX/E2 and OVX. These four types of TA muscles with different treatments were fixed with 10% NBF and then analyzed
histologically.

Evaluation of myoregeneration

The 10% NBF-fixed TA muscles were embedded in paraffin. Sections were then stained with hematoxylin and eosin (HE) for
histological analysis. For evaluation of myoregeneration, the minor axis diameters (smallest diameters) of myotubes were measured
using image analysis software (Imagel; v1.46r, National Institutes of Health, Bethesda, MD, USA). The diameter of the minor axis
of myotubes per animal was measured at a magnification of 200 times [26].

Evaluation of muscle recovery

Evaluation of the recovery ratio (%) of muscle injury was based on the method of Chaiyasing et al. [4]. That is, the average
diameter of newly formed myotubes with a central nucleus in both the Intact/CTX and OVX/CTX groups was divided by the
average diameter of myofibers in the non-injured group (control). The recovery ratio (%) of OVX mice for comparison with intact
mice was calculated by the average diameter of myofibers or newly formed myotubes with a central nucleus divided by the average
diameter in intact mice at each time point. The repair speeds (um/day) in the first period (D7 to D10), second period (D10 to D14)
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and total period (D7 to D14) of CTX-injected mice were determined by the method described previously [4].

Western blotting

After TA muscle protein extraction by using a protein extraction kit (Cosmobio, Tokyo, Japan), protein concentration was
determined by the bicinchoninic acid method (Thermo Fisher Scientific, Rockford, IL, USA). Proteins were electrophoresed on
polyacrylamide gels (Life Technologies, Carlsbad, CA, USA) and transferred to a nitrocellulose membrane (Life Technologies).
After blocking in 5% w/v non-fat dry milk for 1 hr, the membrane was incubated for 1 hr at room temperature (RT) with rabbit
monoclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:2,000; Cell Signaling Technology, Danvers, MA, USA),
rabbit polyclonal anti-ERa antibody (1:1,000, Sigma, St. Louis, MO, USA), and mouse monoclonal anti-ERf antibody (1:400,
Novus Biological, Centennial, CO, USA) as the primary antibody. The membrane was washed in Tris-buffered saline with 0.1%
Tween 20 (TBS-T) and incubated for 1 hr at RT with goat anti-rabbit IgG-peroxidase (1:20,000 for GAPDH, 1:5,000 for ERa,
Sera Care Life Sciences, Milford, MA, USA) or goat anti-mouse IgG-peroxidase (1:1,000 for ERf, R&D Systems, Minneapolis,
MN, USA) as the secondary antibody. After washing five times in TBS-T and incubation in immunodetection reagent (Bio-Rad,
Hercules, CA, USA), protein levels were visualized using a Western blotting image membrane scanner (LI-COR Biosciences,
Lincoln, NE, USA) and densitometric values were determined with Image Studio software (ver 4.0; LI-COR Biosciences). Protein
levels of ERs were calculated on the basis of GAPDH.

Statistical analysis

The E2 concentration in serum was analyzed by an unpaired Student’s #-test. Histometric and ER protein intensity data were
analyzed by one-way ANOVA with Bonferroni’s post-hoc test. All data are expressed as average + standard deviation. Analyses
were performed with Excel Statistics 2016 for Windows (ver. 3.21; SSRI, Tokyo, Japan). Statistical significance was defined as P
<0.05.

RESULTS

Serum estrogen level in OVX mice
Serum E2 level at 4 weeks after OVX treatment was significantly lower than that in the intact group, confirming that the OVX
mice used in the myoregeneration experiment were in a low estrogen status (Fig. 1).

Myoregeneration in a low estrogen status

On D3 after CTX injection, a large amount of cell infiltration into the muscle tissue was observed. Muscle degeneration was
more severe in the OVX/CTX group than in the Intact/CTX group. On D7, new eosin-stained myofibers with a central nucleus
appeared in both groups. In addition, cells with less cytoplasm, which are clearly different from myotubes, were distributed in the
inter-myotube space. These newly formed myotubes had a nearly circular cross section in mice in the Intact/CTX group, but many
myotubes in mice in the OVX/CTX group showed a distorted shape rather than a circular shape. On D10, myotubes of various
sizes with central nuclei were observed in both the Intact/CTX and OVX/CTX groups. On D14, the myotubes had begun to form
a polygonal structure with multiple nuclei distributed around the myotubes, resembling non-injured muscles, but they still had a
central nucleus. On D10 and D14, myotubes with large diameters were observed more frequently in the Intact/CTX group than in
the OVX/CTX group (Fig. 2A).

A comparison of the diameters of myofibers in intact and OVX mice
in non-injured controls showed that the average value in OVX mice
was slightly lower than that in intact mice, but there was no significant
difference between the two groups. On D3, the diameter of myofibers
could not be measured due to collapse of the myofibers. The OVX/CTX
group had smaller myotube diameters than those in the Intact/CTX group
at all time points, D7, D10 and D14. Throughout the 14-day experimental
period after CTX injection, the diameter of regenerated myotubes
increased in both groups. However, the diameter in the OVX/CTX
group was always significantly smaller than that in the Intact/CTX group
throughout the experimental period. The myotube diameters at D14 were
49.1 £ 2.72 pm in the Intact/CTX group and 38.1 £ 0.39 pum in the OVX/
CTX group (Fig. 2B).

These diameters at D14 were 91.4 = 5.06% and 72.7 £+ 0.74%,
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two group, P<0.01, unpaired Student’s ¢-test.
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Fig. 2.  (A) Morphological changes of tibialis anterior (TA) muscles in the Intact/Cardiotoxin (CTX) group compared with those in the ovariecto-
mized (OVX)/CTX group at days 3,7, 10 and 14 (D3, D7, D10 and D14) after CTX injection. Arrows indicate cell infiltration. Asterisks indicate
myofiber degeneration. Arrowheads indicate newly formed myotubes, scale bar: 50 um. (B) Comparison of the diameters of regenerated myo-
tubes at different time points after CTX injection between the Intact/CTX group and OVX/CTX group. The boxes represent the distribution of
diameters between first quartile (Q1) and third quartile (Q3). The horizontal line between Q1 and Q3 represents the median (Q2) of regenerated
myotubes in each group. Outliers are not shown in the graph. xindicates average diameter of regenerated myotubes in each group, ** indicates
significant difference between groups, # indicates significant difference from intact groups (non-injured), 1 indicates significant difference from
OVX groups (non-injured), P<0.01. ND, not detected.
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Table 1. Ratio (%) of the average diameter of myotubes to
non-injured controls

Time post injury

Treatment

D7 D10 D14
Intact/CTX 56.3 +2.98 67.0+3.01 91.4 +5.06
OVX/CTX 51.2+2.56* 61.6+391* 72.7 +£0.74%*

Data are shown as average ratio + standard deviation. * and **
indicate significant difference from Intact/CTX mice, P<0.05
and P<0.01, respectively. D, day; CTX, cardiotoxin; OVX,
ovariectomized.

Table 2. Ratio (%) of the average diameter of myofibers and
myotubes in ovariectomized mice to those in intact mice

OVX OVX/CTX
(non-injured) D7 D10 D14
97.6+2.59 88.8+444%F 897+560% 77.6+0.79% Nt

Data are shown as average ratio + standard deviation. * and **
indicate significant difference from non-injured, P<0.05 and
P<0.01, respectively. 1 indicates significant difference from D7,
P<0.01. } indicates significant difference from D10, P<0.01. OVX,
ovariectomized; CTX, cardiotoxin; D, day.

Table 3. Repair speed (um/day) of regenerated myotubes at
several duration periods of days after cardiotoxin injury

Duration period

Treatment

D7to D10 D10to D14 D7to D14
Intact/CTX 1.91 £0.54 3.28 +£0.68 2.69+0.39
OVX/CTX 1.83 £ 0.68 1.45+0.10%* 1.61 £0.06%*

Data are shown as repair speed + standard deviation. ** indicates
significant difference from Intact/CTX mice, P<0.01. D, day; CTX,
cardiotoxin; OVX, ovariectomized.

those in non-injured mice at all time points. In addition, the ratios
on D14 in OVX/CTX mice were significantly lower than the ratios
on D7 and D10. Table 3 shows the repair speed of regenerated
myotubes during a period of 7 days (first half period: D7 to D10,
second half period: D10 to D14) after CTX injection. In the first
half period, there was no significant difference between the two
groups, but the OVX/CTX group showed a significantly lower speed
than that in the Intact/CTX group in the second half period and
throughout the whole period (D7 to D14). In the second half period,
the Intact/CTX group had the highest repair speed, while the OVX/
CTX group had the lowest, which was about 2.26-times lower than
that in the Intact/CTX group.

Evaluation of ER proteins in a low estrogen status

Changes in ER (ERa and ER) proteins after injection of CTX
into OVX mice (OVX/CTX) were evaluated by Western blotting.
The protein levels (band intensity ratios) of the two ERs that are
reportedly distributed in skeletal muscle showed a predominance
of ERp over ERa in all samples. However, when the amounts of
each receptor protein were compared in intact and OVX mice, there
was no significant difference between the two groups. On D7, the
samples of OVX/CTX mice showed a sharp increase in values in
both ERs compared to those in intact and OVX mice. After that,
the values of both ERs decreased over time, but the values of ERP
remained significantly higher at D14 than those in intact and OVX
mice (Fig. 3). The intensity of the GAPDH band at D7 in OVX/CTX
mice was lower than that of the other samples. In this experiment,
the proteins extracted from each sample were adjusted to the same
concentration (15 pg/15 pl/lane) and electrophoresis was repeated,
and the same results were obtained in each case.

Myoregeneration after estrogen administration

Myofibers in the OVX and OVX/E2 groups, unaffected by CTX-
induced muscle injury, maintained a polygonal cross-section with
peripheral nuclei. On the other hand, in the OVX/CTX and OVX/
CTX/E2 groups, myotubes with a central nucleus were still observed
at D28 after CTX injection. In addition, most of the myotubes in the

OVX/CTX group had a clearly smaller diameter than those in the other three groups (Fig. 4A). The average diameters of myofibers
in the OVX and OVX/E2 groups were 56.8 £+ 2.13 um and 59.3 £+ 1.09 pm, respectively, and there was no significant difference
between the two groups. On the other hand, the OVX/CTX group, which had muscle injury under the condition of a low estrogen
status, had a significantly low value of 48.1 = 1.40 pum, but the diameter of myotubes in the OVX/CTX/E2 group, which was
continuously administered E2, was 55.7 £ 0.85 pm. This value was not significantly different from OVX/E2 group (Fig. 4B).

DISCUSSION

The diameters of regenerated myotubes in OVX mice after CTX injection (OVX/CTX) were significantly smaller than those in
intact mice after CTX injection (Intact/CTX) at all time points (D7, D10, and D14). McHale et al. [31] also reported that cross-
sectional area (CSA) of regenerated myotubes in OVX mice at 14 days after CTX injection was smaller than that in intact mice.
Most of the satellite cells, which play an important role in the myoregeneration process, remain in a quiescent status in healthy or
uninjured muscle tissue. However, the muscle injury caused by mechanical loading or chemical injection activates satellite cells
from a quiescent state to a state of proliferation, leading to the myoregeneration process [5, 28, 39, 42, 45]. In this study, the ratio
and speed of muscle repair after CTX injection differed depending on the estrogen concentration. The myoregeneration ratio was
generally low in OVX mice compared to that in intact mice (Table 1). In addition, the ratio of myotube diameter in OVX/CTX
mice to that in Intact/CTX mice was lowest at D14 (Table 2). The repair speed of regenerated myotubes in OVX/CTX mice was
significantly slower than that in Intact/CTX mice throughout the period of D7-D14, and the decrease in speed was remarkable
in the second half period (D10 to D14). Several studies have shown that estrogen is deeply involved in apoptosis avoidance and
cell proliferation via ERs [11, 17, 21, 40, 44]. Therefore, estrogen deficiency is directly linked to the loss of satellite cells [7].
The significant difference in the second half period may be due to an insufficient number of satellite cells required to maintain a
smooth myoregeneration process. The results strongly suggest that muscle injury in a low estrogen status induces satellite cell loss,
followed by delayed differentiation into myoblasts, resulting in delayed myoregeneration.
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Fig. 3. (A) Western blot analysis of estrogen receptor (ER) o and ERP in the tibialis anterior (TA) muscles of intact mice, ovariectomized (OVX)
mice and OVX mice at 7, 10 and 14 days (D7, D10 and D14) after cardiotoxin (CTX) injection (OVX/CTX). (B) Bar graph shows the band
intensity ratios in ERa and ER. Data are expressed as average + standard deviation, n=3/group, ** indicates significant differences from intact
mice, T indicates significant differences from OVX mice, | indicates significant differences from D7, P<0.01, § indicates significant differences
from D10, P<0.05.
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Fig. 4. (A) Morphological changes of tibialis anterior (TA) muscles in the ovariectomized (OVX), OVX/estradiol (E2), OVX/cardiotoxin (CTX)
and OVX/CTX/E2 groups at day 28 (D28) after CTX injection, scale bars: 50 pm. (B) Comparison of the diameters of myofibers and regener-
ated myotubes in the OVX, OVX/E2, OVX/CTX and OVX/CTX/E2 groups. Data are expressed as average + standard deviation, ** indicates
significant difference between groups, P<0.01. NS, not significant.
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Protein levels of the two ERs (ERa and ER) in TA muscles of mice showed a predominance of ERP over ERa in both intact
and OVX mouse samples. The expression of both ERa and ERf has been reported in skeletal muscle in many animal species [19,
33, 34], but ERP is thought to be the major isoform in mice [34]. In this experiment, injection of CTX into OVX mice (OVX/
CTX) significantly increased ER production at D7, followed by a gradual decrease while maintaining high levels compared to
those in OVX mice. Serum E2 levels increase in the early stages of trauma in adult human patients. This phenomenon suggests that
estrogen may play an important role in the protection of traumatic organs [3, 16]. Continuous measurement of serum E2 levels after
CTX injection into TA muscles of healthy (non-OVX-injection) mice showed a significant increase in E2 levels 1-10 days (peaking
on the 7th day) after CTX injection and a sharp decline after the 15th day [25]. Unfortunately, serum E2 levels in OVX mice after
CTX injection were not measured in our experiments. However, it is reasonable to assume that mice lacking ovaries, the main
source of E2 in the body, have low E2 levels. We thought that the reason for the increase in ERp level in OVX/CTX mice at D7 to
D14 may be the cellular response to low E2 levels in the body. It is considered that the expression of ERf in injured muscle tissue
was upregulated to maintain the signal input from E2, which has a strong impact on myoregeneration. However, when considering
this result, attention should also be paid to the OVX/CTX band intensity at D7 of the Western blot shown in Fig. 3. In the OVX/
CTX tissue image of D7 in Fig. 2A, newly generated myotubes are scattered and necrotic cell/tissue fragments remain in the space
between the myotubes. Also, some infiltrating cells are observed. Therefore, abundant cell/tissue fragments within regenerated
muscle tissue, secreted proteins from infiltrating cells, and the extracellular matrix may have affected the intensity of the GAPDH
band. It will be necessary to consider the effects of these proteins on the ER band. Further experimentation is needed to clarify the
details of these remaining questions.

In this study, we investigated the effect of a low E2 status on muscle recovery. In a previous study in which E2 was administered
to OVX rats with hindlimb suspension-induced disuse atrophy of skeletal muscle, the soleus muscle CSA recovered as in intact rats
[29]. This suggests that estrogen is an essential factor for rescue of muscle recovery in a low E2 status. Being consistent with the
results of that study, we found that the diameter of regenerated myotubes in CTX-injured mice continuously treated with estrogen
(OVX/CTX/E2 in Fig. 4) was significantly larger than that in OVX/CTX mice. We also showed that the diameter of myofibers in
OVX/E2 mice was not affected by estrogen administration. It can be said that estrogen is a factor that acts when satellite cells are
in a proliferated or differentiated state after muscle damage.

In conclusion, our study provided evidence that estrogen is an essential factor for the maintenance of satellite cell proliferation
and differentiation in the smooth progression of myoregeneration. Further elucidation of the mechanism of the myoregeneration
process will enable the establishment of new strategies for maintaining female muscle function by targeting the estrogen-ERf3
pathway.
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