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ABSTRACT. This study aimed to investigate the function of estrogen receptors (ERs) in 
myoregeneration and intermuscular adipogenesis. Ovariectomized (OVX) ERα knockout (KO) mice 
and ERβ KO mice were used to assess the effect of estrogen on the myoregenerative process. 
Tibialis anterior muscle was collected on days 7, 10, and 14 after cardiotoxin injection to assess 
myotube morphology and adipogenesis area. Regenerated myotubes from OVX-ERβ KO mice were 
consistently smaller in diameter than those from OVX-ERα KO and OVX-wild-type mice, whereas 
the adipogenesis area of OVX-ERβ KO mice was consistently greater than that of the other types. 
Therefore, ERβ may be an influential factor in promoting myoregeneration and adipogenesis 
inhibition compared to ERα.
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Estrogen deficiency in women after menopause or ovariectomy affects not only reproductive dysfunction but also non-
reproductive functions such as sarcopenia, obesity and predisposition to develop frailty [17, 25, 28, 31, 33]. So far, there have 
been several reports that low estrogen status inhibits regeneration of damaged muscle tissue [5, 22, 29]. Skeletal muscles express 
estrogen receptor α (ERα) and ERβ; however, the functional difference between the two types of ERs remains unclear, especially 
in the morphology of muscle regeneration. Collins et al. [5] reported that estrogen and muscle satellite cell expression of ERα 
is necessary to prevent apoptosis of satellite cells. On the other hand, Seko et al. [36] insisted that ERβ knockout (KO) mice 
exhibited impaired muscle regeneration following acute muscle injury, probably due to reduced proliferation and increased 
apoptosis of satellite cells. Thus, there are several reports on the involvement of both ERs in muscle tissue regeneration, but it 
was not concluded which ER action has a strong effect on myoregeneration [2, 9]. Moreover, estrogen has been reported to affect 
the regulation of adipocyte accumulation in regenerating muscle [6, 12, 29, 32]. When the estrogen concentration decreased, 
adipogenesis was accelerated in skeletal muscle tissue [3, 15, 18, 21]. However, the effect of ERs in the process of adipogenesis is 
poorly understood.

In this study, we chemically induced muscle damage in ER KO mice with low estrogen status and morphologically evaluated the 
effect of estrogen and ERs on myoregeneration and adipose tissue formation.

MATERIALS AND METHODS

Animals
Two subtypes of ERs KO (ERα KO and ERβ KO) and wild-type (WT; C57BL/6) mice were used in this study. ERα KO mice 

were obtained by mating mice of a mixed C57BL/6 background that were heterozygous for ERα gene disruption, as described 
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previously [10]. Ers2tm1Unc/J, ERβ gene disruption mice were purchased from The Jackson Laboratory (Bar Harbor, MA, USA), 
and ERβ KO was obtained by mating mice of a mixed C57BL/6 background that were heterozygous [7, 23]. After 28 days of 
age, genotypes of both subtypes of ERs KO mice were determined by multiplex PCR. Female WT, ERα KO, and ERβ KO mice 
were fed a commercial diet (CLEA Rodent Diet CE-2; CLEA, Tokyo, Japan) and tap water ad libitum. Animals were kept in an 
environment of a temperature of 23 ± 1.0°C under 12 hr light/12 hr dark by artificial illumination (lights on from 7 am to 7 pm). 
The animal experiments were approved by the Animal Research Committee of Tottori University, Japan (approval number:  
18-T-37, 32-040).

Animal operation and muscle injury procedure
All mice (aged 8 weeks old) underwent ovariectomy (OVX) under anesthesia by intraperitoneal administration of medetomidine 

(Kyoritsu Seiyaku, Tokyo, Japan), midazolam (Maruishi, Osaka, Japan), and butorphanol (Meiji Seika, Tokyo, Japan) [20]. OVX 
mice were divided into 3 groups (n=3): OVX-WT (control), OVX-ERα KO, and OVX-ERβ KO group. Four weeks after OVX 
(aged 12 weeks), 50 µl of 10 µM cardiotoxin (CTX) (Latoxan, Portes lès Valence, France) was injected into the right tibialis 
anterior (TA) muscles [13, 14, 27]. The contralateral left TA muscle was left intact and served as the non-injured control. The 
injured TA muscles were collected on after euthanasia on days 7, 10, and 14 (D7, D10, and D14, respectively) after CTX injection. 
In addition, the non-injured control (left) TA muscles were also collected at D7. All mice were sacrificed by inhalation of an 
overdose of isoflurane (MSD Animal Health, Osaka, Japan).

Measurement of estrogen level in serum
To measure the estradiol (E2) concentration in serum, blood was collected from the tail immediately before OVX (8 weeks 

old) and 4 weeks after OVX treatment (12 weeks old). Separated serum from the blood was stored at −30°C until use. The E2 
concentration was measured with ELISA (Estradiol ELISA Kit; Cayman Chemical, Ann Arbor, MI, USA) and we confirmed the 
mice used in the experiment were in a low estrogen state.

Histological analysis
The collected muscle tissue was immediately immersed in 10% neutral buffered formalin and fixed at room temperature for 16 

hr. Then, a series of procedures were performed to embed the tissue in paraffin. Hematoxylin and eosin (HE)-stained and Masson’s 
trichrome-stained paraffin sections (6 µm thickness) were examined using an inverted light microscope (IX71, Olympus, Tokyo, 
Japan). Digital images were obtained and used to evaluate morphological changes in muscle fibers, regenerated myotube diameter, 
adipocyte accumulation and connective tissue deposition.

To evaluate myogenesis, the regenerated muscle region was defined as follows: a region of newly formed myotubes with a 
central nucleus, residual region of necrotic muscle fibers, and a region of regenerated myotubes of various sizes with a central 
nucleus. In the myoregenerated region, we randomly selected approximately 150 myotubes (including the center region of the 
section) per specimen (at 200× magnification), and the minimum diameter of muscle fiber was measured as the axis diameter 
of the fibers [27, 29]. Adipogenesis area (%) was defined as the area of adipocytes distributed between and among individual 
regenerated myotubes with central nuclei at all time points post injection or non-injured muscle fibers. For the adipogenesis area 
(%) calculation, 4 images of non-overlapping areas at 200× magnification were chosen after manual outlining of the intermuscular 
adipocyte area and dividing by the total area of the image using the image analysis software (ImageJ; v1.46r, National Institutes of 
Health, Bethesda, MD, USA) [29, 34].

Muscle sections were stained with Masson’s trichrome stain to detect changes in tissue composition after CTX injury and 
quantify the areas of muscle (red), adipocytes (transparent) and connective tissue (blue). The stained sections were observed at 
a magnification of 200× with a light microscopy, 4 images of each section, 3 mice at each time point were randomly selected 
and analyzed with Image J software (National Institutes of Health). After adjusting the threshold, each area was displayed as a 
percentage of the total area [27].

Assessment of skeletal muscle recovery
The recovery ratio (%) of OVX mice to that of non-injured control was calculated by the average diameter of newly formed 

myotubes with a central nucleus of OVX mice in each group and divided by the average diameter of muscle fibers of non-injured 
control at each time point. Recovery ratio (%) of OVX-ER KO mice to compare with OVX-WT mice was calculated by the 
average diameter of muscle fibers or newly formed myotubes with a central nucleus in each group was divided by the average 
diameter of OVX-WT mice at each time point. The myoregeneration rate (µm/day) of OVX mice was calculated by the inclination 
is changed in average diameter of regenerated muscle fibers in each group was divided by the duration period of day after injury.

Statistical analysis
Data were expressed as average ± standard deviation (SD). Obtained data were analyzed with StatView software, version 5.0 

(SAS Institute, Cary, NC, USA) using Student’s t-test, two-tailed to compare the E2 concentration in serum. One-way ANOVA 
followed by Bonferroni’s post-hoc test was used to compare the histometrical data. Significance level was set as P<0.05.
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RESULTS

Before OVX treatment of the ERα KO group, E2 concentration in serum was particularly higher than that in the other groups. The 
E2 concentration in the serum of all groups (three types of OVX mice) 4 weeks after OVX treatment was significantly lower than 
that before treatment. For this reason, the mice used in the muscle regeneration experiment are in a “low estrogen state” (Fig. 1).

On D7 after CTX treatment, the muscle fibers with a central nucleus appeared, and the start of muscle regeneration was 
confirmed. Moreover, adipocytes appeared between the regenerated muscle fibers in all mice. That is, muscle regeneration and 
adipocyte differentiation were observed on the same specimen on D7 (Supplementary Fig. 1). Cell infiltration in connective tissue 
and regenerated muscle fibers appeared by D7 in all OVX treated mice. However, OVX-ERβ KO mice showed residual necrotic 
muscle fibers on D7. At D10, OVX-ERβ KO mice showed cell infiltration between the regenerated muscle fibers. Moreover, 
muscle fibers of all three types of OVX mice on D14 appeared to be well regenerated when compared with non-injured muscle 
fibers (Fig. 2A).

When comparing the diameters of muscle fibers of the non-injured control, there was a significant difference between each 
group, and the diameters of non-injured control of OVX-ERα KO mice and -ERβ KO mice were significantly smaller than those of 
non-injured control of OVX-WT. Moreover, when comparing the ER KO mice, OVX-ERβ KO mice showed a significantly lower 
value than that of OVX-ERα KO mice (Fig. 2B). Throughout the 14 days of the experimental period after CTX treatment, the 
diameter of newly formed myotubes increased over time in all groups. The average diameter of the myotube at D14 was OVX-WT 
mice: 40.2 ± 2.83 µm, OVX-ERα KO mice: 35.4 ± 2.69 µm and OVX-ERβ KO mice: 30.2 ± 2.81 µm, with a recovery ratio from 
65.4 ± 0.37% to 71.5 ± 0.92% of the average diameter of non-injured control in each group.

The ratio of the average diameter of muscle fibers in each group to non-injured control at each time point is shown in Table 1. 
The value of OVX-ERβ KO group was significantly lower than those of OVX-WT and OVX-ERα KO group, respectively, but all 
values tended to increase. On the other hand, Table 2 shows the ratio (%) of the average diameter of muscle fibers in each group to 
the average diameter of OVX-WT mice at each time point. From D7 to D14, the value of OVX-ERα KO mice changed from 83.5 
± 1.39% to 88.0 ± 0.50%, and the value of OVX-ERβ KO mice changed from 63.6 ± 1.47% to 75.2 ± 0.42%. In both groups, their 
values increased with the passage of days. However, the value of OVX-ERβ KO mice group was significantly lower than OVX-
ERα KO mice. Table 3 shows the rate of increase in muscle fiber diameter during the 7 days (first half period: D7 to D10, second 
half period: D10 to D14) after injury, that is, repair speed of regenerated muscle fibers. At the same duration period, there was no 
significant difference between groups, but OVX-ERβ KO mice was higher than the other groups on first half period and OVX-
ERα KO mice was higher than the other groups on second half period. Of the three groups, the OVX-ERβ KO mice indicated the 
highest value through the period (D7 to D14).

Intermuscular adipocytes appeared among the regenerated myotubes in OVX mice at D7. Adipocyte differentiation was observed 
within the regenerated muscle in OVX mice at D14 (Fig. 3A). The adipogenesis area (%) in OVX-ERβ KO mice was the largest 
compared to other types at all time points. At D14, the adipogenesis area in OVX-ERβ KO mice was about 1.49 and 1.95 times 
higher than that in OVX-ERα KO and OVX-WT mice, respectively (Fig. 3B).

Masson’s trichrome staining revealed the ratio of muscle, fat and connective tissue. Connective tissue was originally present 
between muscle fibers, but in D7, the ratio (%) of connective tissue in all three types of OVX mice increased sharply compared to 
non-injured control. As the days went by, the ratio of connective tissue decreased with D10 and D14, and on the contrary, the ratio 
of fat increased. Interestingly, the ratio of muscle in each group remained almost constant regardless of the time after injury (Fig. 4).

Fig. 1. The estradiol (E2) concentration in serum before and after ovariectomy (OVX) treatment of all three types of mice. E2 
concentration in wild-type (WT), estrogen receptor α knockout (ERα KO) and ERβ KO mice (A, B, C). Data were shown as average 
± standard deviation (SD), n=3/groups, * indicates significant difference between group before and after OVX treatment, P<0.05, 
** indicates significant difference between groups before and after OVX treatment, P<0.01, Student’s t-test, two-tailed.
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DISCUSSION

In this study, we measured the diameter of regenerated muscle fibers in ER KO mice after injury in low estrogen status. The 
diameter of muscle fibers in ER KO mice was significantly smaller than that in WT mice. To maintain muscle fiber formation, the 
following steps should proceed in an orderly manner: 1) proliferation of satellite cells, 2) differentiation into myoblasts, 3) fusion 
myoblasts, and 4) elongation of myotubes [11, 19, 35]. However, in ER KO (both subtypes) mice, the muscle fiber diameter was 
significantly low. Satellite cells are stem cells of muscle fibers, and their initial cell growth is important for muscle regeneration 
smoothly. Several researchers mentioned that estrogen and ERs are necessary for satellite cell survival and proliferation [5, 22, 24, 
36, 43]. If satellite cell survival and proliferation were inhibited due to low estrogen status, this experiment may imply that the low 
number of satellite cells at early stages reflects the delay of myoregeneration.

The muscle fiber diameter was significantly smaller in ERβ KO mice than in ERα KO mice. Based on these results, it can be 
inferred that the action of estrogen via ERβ has a stronger effect on the maintenance of muscle tissue homeostasis than ERα. ERβ 
is thought to regulate not only satellite cell growth, but also prevent apoptosis in the differentiation steps of muscle fiber formation 
[36]. However, ERα is thought to be involved in the maintenance of the number of satellite cells in the proliferation process [5]. 
Our results indicated that the recovery ratio of ERβ KO mice was lower than that of ERα KO mice, indicating that the loss of 
ERβ could not accelerate muscle fiber formation in several steps. On the other hand, ERα KO mice showed better regeneration 
of muscle fiber formation than ERβ KO mice. Taken together, ERβ is likely to play a more important role in regulating 
myoregeneration than ERα in muscle tissue.

A difference was observed in the muscle regeneration speed between ERα KO mice and ERβ KO mice. That is, the muscle 
regeneration speed of ERβ KO mice tended to be high in the first half period (D7 to D10) and that of ERα KO tended to be high 
in the second half period (D10 to D14). It is considered that this difference in myoregeneration rate depending in the timing 
after injury may reflect the functional regulation by each ER at each stage of myoregeneration process such as proliferation and 
differentiation of satellite cells, and myotube formation. The detail of functional regulation by ER need to be further examined.

Table 1. Ratio (%) of the average diameter of muscle fibers in each group to the 
average diameter of non-injured control at each time point

Type of mice
Time post injury

D7 D10 D14
OVX-WT      53.4 ± 0.08      62.9 ± 1.57      71.5 ± 0.92
OVX-ERα KO      49.1 ± 0.82**      58.8 ± 1.16*      69.1 ± 0.39**
OVX-ERβ KO      41.5 ± 0.96**, ‡      55.0 ± 1.04**, †      65.4 ± 0.37**, ‡

Average ratio percentage values of each group were compared using the Bonferroni/
Dunn post-hoc tests. Average ± standard deviation; n=3. *P<0.05, **P<0.01 vs. OVX-
WT, respectively, †P<0.05, ‡P<0.01 vs. OVX-ERα KO, respectively. D, day; OVX, 
ovariectomized; WT, wild-type; ER, estrogen receptor; KO, knockout.

Table 2. Ratio (%) of the average diameter of muscle fibers in each group to the 
average diameter of wild-type mice at each time point

Type of mice Non-injured
Time post injury

OVX
D7 D10 D14

ERα KO 90.9 ± 1.06 83.5 ± 1.39 85.0 ± 1.68 88.0 ± 0.50
ERβ KO 82.1 ± 1.09** 63.6 ± 1.47** 71.7 ± 1.35** 75.2 ± 0.42**

Data were shown as average ratio percentage ± standard deviation. ** indicates significant 
difference from ERα KO mice, P<0.01. OVX, ovariectomized; D, day; ER, estrogen receptor; 
KO, knockout.

Table 3. Repair speed (µm/day) of regenerated muscle fibers in each group at 
several duration periods of days after injury

Type of mice
Duration period

D7 to D10 D10 to D14 D7 to D14
OVX-WT 1.79 ± 0.29 1.20 ± 0.13 1.45 ± 0.07
OVX-ERα KO 1.66 ± 0.20 1.32 ± 0.05 1.47 ± 0.03
OVX-ERβ KO 2.08 ± 0.16 1.21 ± 0.04 1.58 ± 0.02
Data were shown as average/day ± standard deviation. D, day; OVX, ovariectomized; WT, 
wild-type; ER, estrogen receptor; KO, knockout.
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All types of OVX mice after CTX injury were significantly increased in the adipogenesis area (%) at D7, D10, and D14 after 
injury compared with non-injured control. OVX-ERβ KO mice showed a larger adipogenesis area (%) than OVX-ERα and 
OVX-WT mice. Delay of myoregeneration and induction of intermuscular adipogenesis in CTX-injured OVX-ER KO mice may 
alter the muscle and fat metabolism pathways and alter gene expression in muscle tissue. For example, myostatin, a member 
of the transforming growth factor-β superfamily, is a protein synthesized and released by myocytes that act as muscle cells to 
suppress myogenesis, such as muscle cell growth and differentiation [8, 30]. In a previous study, myostatin inhibited intermuscular 
preadipocyte differentiation in vitro [26, 39]. However, in a low estrogen state, muscle regeneration itself was suppressed, 

Fig. 2. Regeneration of muscle in ovariectomy (OVX) treated wild-type (WT), estrogen receptor α knockout (ERα KO) and ERβ KO mice 
by cardiotoxin (CTX) injection. (A) Sections of the tibialis anterior (TA) muscle of non-injured control of OVX-WT mice, OVX-ERα KO 
and OVX-ERβ KO. Sections of the TA muscle injected with CTX at day 7, 10 and 14 (D7, D10 and D14) post injection. Arrows indicate 
cell infiltration among regenerated muscle fibers. (B) Distribution of non-injured muscle fiber diameter and newly formed muscle fiber 
diameter at D7, D10 and D14 post CTX injection. Data are expressed as average ± standard deviation (SD), # indicates significant dif-
ferences from non-injured control in OVX-WT mice, † indicates significant differences from non-injured control in OVX-ERα KO mice, 
‡ indicates significant differences from non-injured control in OVX-ERβ KO mice, P<0.01, * indicates significant difference between 
groups at time post injury, P<0.01. Scale bar=100 µm.
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resulting in a decrease in muscle mass and production and expression of myostatin, which may have promoted the proliferation 
and differentiation of adipocytes. In contrast, it has been reported that adipocyte stimulated interleukin-6 expression in muscle 
cells could suppress muscle cell differentiation [37]. Platelet-derived growth factor receptor α (PDGFRα) -positive mesenchymal 
progenitor cells are thought to be the origin of intermuscular adipocytes [42]. In our experiments, adipocytes increased between 
muscle fibers after tissue damage, but the area of   adipocytes formed varied significantly between ERα KO mice and ERβ KO mice. 
It is easy to imagine that the number and proliferation of PDGFRα-positive mesenchymal progenitor cells have a great influence 
on the proliferation of adipocytes after muscle tissue damage, but to our best knowledge, there are no reports of ER expression in 
PDGFRα-positive mesenchymal progenitor cells. By elucidating the relationship between ER and PDGFRα-positive mesenchymal 
progenitor cells, we will be able to get closer to elucidating the mechanism of ectopic adipocyte accumulation after postmenopausal 

Fig. 3. Intermuscular adipogenesis in ovariectomy (OVX) treated wild-type (WT), estrogen receptor α knockout (ERα KO) and ERβ KO 
mice after cardiotoxin (CTX) injection. (A) Sections of the non-injured tibialis anterior (TA) muscle of OVX-WT mice, OVX-ERα KO mice 
and OVX-ERβ KO mice. Sections of the TA muscle injected with CTX in OVX-WT mice, OVX-ERα KO mice and OVX-ERβ KO mice 
at day 7, 10 and 14 (D7, D10 and D14) post injection. Arrow heads indicate adipocytes among non-injured muscle fibers and regenerated 
muscle fibers. (B) Adipogenesis area (%) of all three types of non-injured OVX mice and OVX mice injected CTX at D7, D10 and D14 post 
injection. Data are expressed as average ± standard deviation (SD), # indicates significant differences from non-injured control in OVX-WT 
mice, † indicates significant differences from non-injured in OVX-ERα KO mice, ‡ indicates significant differences from non-injured 
control in OVX-ERβ KO mice, P<0.05, * indicates significant difference between groups at time post injury, P<0.05. Scale bar=100 µm.



R. CHAIYASING ET AL.

1028J. Vet. Med. Sci. 83(7): 1022–1030, 2021

Fig. 4. Masson’s trichrome stain. (A) Sections of tibialis anterior (TA) muscle injected with cardiotoxin (CTX) and without CTX (non-injured 
as control) in ovariectomized-wild-type (OVX-WT) mice, OVX- estrogen receptor α knockout (OVX-ERα KO) mice and OVX-ERβ KO 
mice all time post CTX injection at day 7, 10 and 14 (D7, D10 and D14). Square areas within low magnification of whole section images 
are magnified in the right bottom panels. (B) Ratio of the three compartments in muscle tissue sections by Masson’s trichrome stain. Muscle 
fiber area (red), adipocyte area (white), and connective tissue area (blue) (%) of all three types of non-injured OVX mice and OVX mice 
injected CTX at several time points post injection at day 7, 10 and 14. Data are expressed as average ± standard deviation (SD), ** indicates 
significant differences from non-injured control of connective tissue area (%), † indicates significant differences from D7 of connective tissue 
area (%), ‡ indicates significant differences from D10 of connective tissue area (%), P<0.01, Scale bar=1 mm (low magnification), 100 µm 
(high magnification).
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muscle injury.
Initially, this study aimed to clarify whether estrogen and ER affect muscle regeneration. The results of the comparison in 

ER KO mice revealed that ER function in myoregeneration is more important for ERβ than ERα. Also, it has been reported 
that estrogen and ER are important factors in the proliferation and differentiation of satellite cells [5, 22, 36, 43]. However, it is 
interesting that even in OVX-ER KO mice, in which the low estrogen status and the absence of ER, muscle regeneration was 
delayed. This phenomenon may indicate that there are other mechanisms besides estrogen-ER that maintain the progression of 
myoregeneration. Insulin-like growth factor-1 (IGF-1), which is known to be a major factor in the increase in skeletal muscle 
mass [1], and IGF-1 and its receptor (IGF-1R) appear to be linked to estrogen and ER. Temporary interruption of estrogen supply 
weakened ER signaling and dramatically increased IGF-1 compared to normal conditions [16]. In addition, administration of 
estrogen to OVX animals suppressed IGF-1 production [41]. There are other cases where IGF-1 signaling is regulated by ER 
pathway. For example, in lung cancer cells, estrogen has been shown to elevate the IGF-1 signaling pathway via ERβ [40]. In 
addition, there is an interaction between IGF-1R and ERα, which act synergistically to promote the proliferation of nucleus 
pulposus cells [4]. However, there are still many uncertainties about the relationship between estrogen and IGF-1, and their 
receptors in muscle tissue. Focusing on these factors, it is necessary to elucidate the detailed mechanism of myogenesis and 
myoregeneration. Of course, it is quite possible that factors other than those mentioned above are involved in the formation of 
muscle, fat and connective tissue after muscle injury. It is also reasonable to assume that the many number of infiltrated cells 
observed in the connective tissue between muscle fibers after muscle injury perform a variety of functions in a complex manner. 
Therefore, further research is needed to determine the biological significance of these cells and phenomena.

In this experiment, adipose accumulation was observed in the skeletal muscle tissue of OVX mice after CTX injury (Figs. 3 and 
4). Moreover, muscle fiber diameter and cross-sectional area of TA muscle did not recover until the CTX pre-injury level (Figs. 2 
and 4, Table 1). In sarcopenia, accumulation of ectopic adipose tissue is observed in skeletal muscle, as well as atrophy of muscle 
fibers and deterioration of muscle strength and physical function [17, 38]. Comparing the CTX-injured and sarcopenic muscle, 
there are many morphologically similar parts. We have not investigated the function of CTX-injured mice, but it can be easily 
inferred that the muscle mass and strength of TA muscle of these mice are reduced. The mice used in this experiment may be a 
good model candidate for pathophysiological studies of sarcopenia.

In conclusion, our data may indicate that low estrogen affects myoregeneration via the ER. In addition, its action was more 
remarkable via ERβ rather than by ERα, and it was morphologically shown that removal of these ERs delayed muscle regeneration 
and promoted adipose tissue formation. Targeting estrogen and ER may provide clues for maintaining muscle tissue homeostasis.
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