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SUMMARY
Estrogens are female sex hormones that are important for comprehensively maintaining muscle function, and an insufficiency affects

muscle strength and regeneration in females. However, it is still unclear whether estrogen signaling is mediated through receptors. To

investigate the specific role of estrogen receptor b (ERb) in skeletal muscle and satellite cells (muscle stem cells), we generatedmuscle-spe-

cific ERb-knockout (mKO) and satellite cell-specific ERb-knockout (scKO) mice, respectively. Young female mKO mice displayed a

decrease in fast-type dominant muscle mass. Female, but not male, scKO mice exhibited impaired muscle regeneration following acute

muscle injury, probably due to reduced proliferation and increased apoptosis of satellite cells. RNA-sequencing analysis revealed that loss

of ERb in satellite cells altered gene expression of extracellular matrix components, including laminin and collagen. The results indicate

that the estrogen-ERb pathway is a sex-specific regulatory mechanism that controls muscle growth and regeneration in female mice.
INTRODUCTION

Skeletal muscle is a highly plastic tissue that responds to

various extrinsic stimuli, such as exercise, to adapt to mus-

cle mass and strength. However, muscle mass and strength

are decreased in pathological conditions, including aging,

resulting in disability and poor quality of life. Skeletal mus-

cle homeostasis depends on the activity of muscle-specific

stem cells called satellite cells (Mauro, 1961), which are

mitotically quiescent and express the paired homeodo-

main transcriptional factor PAX7 in normal physiological

conditions (Brack and Rando, 2012; Relaix and Zammit,

2012). Upon muscle injury or diseases, satellite cells

respond quickly to activate myogenic programming and

proliferate, eventually fusing together to make newmuscle

fibers. Some of the progeny of the activated satellite cells

undergo self-renewal by asymmetric division mechanisms

to maintain the stem cell pool. With aging, the ability

and the number of satellite cells to repair injured muscles

is progressively impaired due to the alterations in both

niche environment and cell-intrinsic mechanisms, which

ultimately hinder skeletal muscle homeostasis (Kuang

and Rudnicki, 2008; Tierney and Sacco, 2016). However,

the molecular mechanisms of the aging-related disruption

of the regenerative capacity of satellite cells are unclear.

Many lines of evidence have shown that hormones,

including thyroid hormone, glucocorticoid, and sex hor-

mones (androgens and estrogens), have an impact on skel-
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etal muscle mass and strength (Seko et al., 2016; Shimizu-

Motohashi et al., 2015; Sinha-Hikim et al., 2006; Sipila

and Poutamo, 2003). Estrogens play important roles in

muscle regeneration after injury as well as maintaining

muscle mass and strength in females (Diel, 2014). Estro-

gens attenuate muscle injury by suppressing inflammation

(Tiidus et al., 2001; Velders et al., 2012). The number of sat-

ellite cells is increased by estrogen administration during

muscle regeneration in vivo (Enns and Tiidus, 2008). Estro-

gens stimulatemyofibers to establish the quiescent satellite

cell pool inmuscle regeneration (Kim et al., 2016). Ovariec-

tomy (OVX)-induced estrogen insufficiency results in a

delay in the recovery of muscle mass after reloading

following suspension-induced muscle atrophy (McClung

et al., 2006; Sitnick et al., 2006). Recently, we reported

that estrogens are crucial for muscle growth as well as satel-

lite cell functions in young femalemice (Kitajima andOno,

2016). These findings suggest that estrogens have a variety

of roles in alleviating disuse-induced muscle atrophy, pro-

moting regrowth after reloading, and in muscle regenera-

tion. Because 17b-estradiol (E2) levels in the blood sharply

decline after menopause in women, it is plausible to postu-

late a direct impact of estrogens on skeletal muscle tissues

and satellite cells.

Estrogen receptors (ERs) are expressed in a variety of or-

gans, including skeletal muscle and myoblasts, in mice

and in humans (Baltgalvis et al., 2010; Wiik et al., 2009).

There are two types of estrogen receptors, ERa and ERb.
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Both are nuclear transcriptional factors involved in various

cellular functions, with common and different roles, and

distinct effects (Hamilton et al., 2017). Recent studies

demonstrated that ERa is involved in mitochondrial integ-

rity (Ribas et al., 2016), lipid metabolism (Schweisgut et al.,

2017), atrophy (Ogawa et al., 2015), and regeneration

(Collins et al., 2019) in skeletal muscle. Although E2 prefer-

ably binds to ERa, we have found that consecutive intake of

soymilk containing isoflavones, which preferentially bind

to ERb, ameliorated muscle atrophy and satellite cell

dysfunction in ovariectomized female mice (Kitajima

et al., 2017; Kitajima and Ono, 2016), suggesting that ERb

signaling is also a factor that regulates both skeletalmuscles

and satellite cells. However, the roles of ERb in skeletalmus-

cle and satellite cells are poorly understood. Here, we report

the role of ERb in skeletal muscle and satellite cells using

muscle- and satellite cell-specific ERb knockout (KO) mice.
RESULTS

Muscle-Specific ERb Ablation Results in Reduced

Muscle Mass and Strength in Young Female Mice

Since ERb is expressed in skeletal muscles (Wiik et al.,

2009), we first assessed whether ERb is responsible for the

maintenance of muscle function. To investigate the direct

function of ERb in muscles of young male and female

mice, we generated doxycycline (DOX)-inducible andmus-

cle-specific ERb-KO mice by crossing ACTA1-rtTA;tetO-Cre

mice (Rao and Monks, 2009) with Esr2-floxed (Esr2f/f)

mice (Antal et al., 2008). ACTA1-rtTA;tetO-Cre;Esr2f/f mice

were treated with DOX (2mg/mL) for 3 weeks to induce ge-

netic inactivation of ERb (mKO) (Figures 1A and S1A).

Esr2f/f mice were used as a control (CON). The body weight

was reduced to 30% of female mKO mice compared with

that of CON mice, but was not changed in male mice (Fig-

ure 1B). To examine the effect of ERb ablation on muscle,

we measured the running performance and grip strength

of the mice. There was no difference in running perfor-
Figure 1. Loss of ERb in Muscle Results in Reduced Muscle Mass
(A) Schedule of doxycycline (DOX) treatment in ACTA1-rtTA;tetO-Cre
Esr2f/f mice were used as a control (CON).
(B) Body weight (n = 3–9 mice, each group).
(C) Endurance running performance (n = 5–6 mice, each group).
(D) Limb muscle force generation (n = 7–10 mice, each group).
(E) Limb muscle force generation normalized by body weight (n = 7–
(F) Tibialis anterior (TA) muscle weight normalized by body weight (
(G) Representative immunohistochemical images for laminin in TA m
quantified (n = 7–8 mice, each group).
(H) Representative immunohistochemical images of the fiber-type c
(n = 4–5 mice, each group).
(I) qPCR analysis for the expression of anabolic and catabolic genes
Data represent means ± standard error of the mean. *p < 0.05; **p <
mance (Figure 1C). The absolute mean maximum strength

was slightly decreased only in female mKOmice compared

with CONmice (Figure 1D), while the relative strength per

body weight was not different between mKO and CON

mice (Figure 1E). Muscle weight and cross-sectional area

(CSA) of tibialis anterior (TA) muscles were both signifi-

cantly decreased in female mKO mice (Figures 1F and

1G). Because estrogen insufficiency in ovariectomized

mice has been shown to influence muscle fiber types in

TA muscle (Kitajima and Ono, 2016), we analyzed the fi-

ber-type distribution. The ratio of each fiber type (IIa, IIx,

and IIb) in female mKO mice was almost similar to the ra-

tios in CON mice (Figure 1H). We also confirmed that no

significant metabolic defect was observed in female mKO

mice by conducting the glucose tolerance test (Figures

S1C and S1D). Quantitative PCR (qPCR) analysis for

anabolic (AR and Igf1) and catabolic (Atrogin-1 and MuRF-

1) genes revealed no drastic differences in both muscles

in vivo (Figure 1I). Muscle mass and CSA of myofibers

were unaltered when inactivation of ERb was induced by

the oral consumption of DOX in drinking water beginning

at a later time (20 weeks of age) in adult female mice (data

not shown), suggesting that ERb is important for postnatal

muscle growth in adult mice, but not for maintenance of

muscle mass.
ERb Is Required for Muscle Regeneration in Female,

but Not Male, Mice

We next examined whether stem cells in skeletal muscle

also exhibit sex differences. Recent findings, including

ours (Kitajima and Ono, 2016), indicate that satellite cell

function is influenced by estrogens. To generate satellite

cell-specific ERb KO mice (scKO) with tamoxifen (TMX),

we crossed Esr2f/f mice with Pax7CreERT2/+ mice. TMX-

treated Esr2f/f mice were used as CON. Following serial

treatment with TMX for 5 days, muscle injury was induced

by injection of BaCl2. Histological analysis demonstrated

that ERb-inactivated female mice exhibited a remarkable
in Female Mice
;Esr2f/f (mKO) mice for induction of muscle-specific ERb ablation.

10, each group).
n = 5–6 mice, each group).
uscles of cryosections. Cross-sectional area (CSA) in TA muscle was

omposition (IIa, IIx, and IIx). Proportion of fiber types is shown

in TA muscle (n = 5–6 mice, each group).
0.01; n.s., not significant. Student’s t test.
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reduction in muscle weight (Figure 2B), compared with

CON mice at 14 days following injury (Figure 2A).

Although male scKO mice showed a slight reduction of

muscle weight compared with male CON mice, female

scKOmice were more severely affected by ERb inactivation

in satellite cells (Figure 2B). Importantly, CSA analysis of

damaged muscles showed that muscle regeneration was

remarkably perturbed in female scKO mice, but not in

male scKO mice (Figure 2C). Pronounced accumulations

of type I collagen (fibrotic tissue) (Figure 2D) and intramus-

cular adipose tissue as stained with oil red O (Figure 2E)

were evident only in female scKO mice. To further investi-

gate whether estrogen signaling is mediated through ERb

in satellite cells duringmuscle regeneration, estrogen insuf-

ficiency was induced by ovariectomized CON and scKO

mice. Twenty-eight days post OVX, muscle injury was

induced by injection of BaCl2. Importantly, OVX-induced

estrogen insufficiency did not further exacerbate the

reduced CSA in scKO mice (Figures S1E–S1H). Altogether,

these results suggest that female estrogens regulate the

function of satellite cells through ERb during muscle

regeneration.
Inactivation of ERbDecreases Proliferative Capacity of

Satellite Cells

To investigate themechanismsunderlying thedefectofmus-

cle regeneration in female scKOmice, we isolated individual

myofibers from the extensor digitorum longus (EDL)muscle

ofPax7CreERT2/+;Esr2f/fmiceandanalyzed satellite cells associ-

ated with myofibers. The number of satellite cells per myo-

fiber was unchanged in both female and male scKO mice,

compared with CON mice (Figure 3A). We examined the

expression levels of ERa and ERbmRNA in proliferating sat-

ellite cells in growth medium (GM) and the differentiating

myotubes indifferentiationmedium(DM).qPCRanalysis re-

vealed that the expressionof ERawasunaltered betweenGM

and DM. In contrast, ERb expression was relatively downre-

gulated in DM compared with that in GM (Figure S2A), sug-

gesting that ERb is involved in satellite cell proliferation.

Because estrogen deficiency in ovariectomized mice impairs

the proliferation ability in satellite cells (Kitajima and Ono,

2016), we next analyzed this ability in satellite cells in the

absence of ERb. Satellite cells from male and female CON
Figure 2. Loss of ERb in Satellite Cells Impairs Muscle Regenerat
(A) Tamoxifen (TMX) was injected intraperitoneally five times into
sacrificed at 14 days following BaCl2 injection into TA muscle.
(B) TA muscle weight at 14 days post BaCl2 injection (n = 5–6 mice,
(C) H&E staining of TA muscle cross-sections at 14 days post BaCl2 in
(D) Representative immunohistochemical images for collagen I (red
(n = 4 mice, each group).
(E) Representative oil red staining images for regenerating muscle of
Data represent means ± standard error of the mean. *p < 0.05; **p <
mice efficiently expanded, while satellite cells from male

and female scKOmice failed to proliferate in the GM culture

conditions (Figure 3B). Corresponding to these results, the

presence of small interfering RNA (siRNA) against ERb re-

sulted in a marked decrease in the number of satellite cells

compared with siCON (scrambled siRNA) (Figure 3C).

Furthermore, treatment with a selective antagonist of ERb,

4-(2-phenyl-5,7 bis(trifluoromethyl)- pyrazolo[1,5-a] pyri-

midin-3-yl)-phenol (PHTPP), also confirmed the attenuation

of the number of satellite cells in a dose-dependent manner

(Figure S2B).

To next examine the effect of ERb inactivation on the fate

decision of satellite cells, we isolated satellite cells associ-

ated with individual myofibers from EDL and cultured

them in floating conditions as previously described (Ono

et al., 2011). In this culture model, three different popula-

tions are observed 3 days after plating based on immuno-

staining for PAX7 and MYOD. PAX7+MYOD+ cells are the

activated/proliferative cells, PAX7+MYOD� cells are the

cells that self-renew to return to a quiescent-like state,

and PAX7�MYOD+ cells are the cells that commit to differ-

entiation. Although the total number of satellite cells was

reduced, the proportion in each population was not

different between scKO and CON mice (Figure 3D). These

results suggest that ERb regulates the proliferation of satel-

lite cells after activation in vitro, but does not influence the

satellite cell fate decision.
Loss of ERbCauses a Defect in S-Phase Entry of the Cell

Cycle

To further characterize the proliferation defect observed in

ERb-deleted satellite cells inculture (Figure3),we isolated sat-

ellite cells from EDL muscle of Pax7CreERT2/+;Esr2f/f mice and

treated them with 4OH-TMX (scKO) to induce inactivation

of ERb in vitro (Figures 4A, 4B, and S1B). qPCR analysis

showed that the gene expressionofCyclinA2 (Ccna2),which

is upregulated in the late G1-phase of the cell cycle, was

significantly decreased in scKO cells (Figure 4B) and siEsr2-

mediated knockdown cells (Figure S4A), compared with

those of the corresponding controls. In contrast, expression

of p21, a negative regulator of the cell cycle, was increased

in scKO cells (Figure 4B). Microscopic analysis showed that

the population of 5-ethynyl-20-deoxyuridine (EdU)-positive
ion
Esr2f/f (CON) mice and Pax7CreERT2/+;Esr2f/f (scKO) mice. Mice were

each group).
jection. The CSA was quantified (n = 3–4 mice, each group).
) and laminin (green). Collagen I was used to quantify the area

female mice.
0.01; n.s., not significant. Student’s t test.
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proliferating cells was decreased in scKO cells in vitro and

in vivo (Figures4Cand4D) andsiRNA-mediatedERbknocked

down cells in vitro (Figures S4B and S4C), whereas myogene-

sis was not impaired by ERb-inactivation (Figures S3A–S3D).

Because b-Gal staining was not detected in scKO cells (data

not shown) and p16 gene expression was unchanged be-

tween CON and scKO cells (Figure 4B), ERb inactivation

does not seem to induce cellular senescence. Cleaved cas-

pase-3, an apoptosis marker, was remarkably increased in

scKO cells or ERb knocked down cells (Figures S3E, S3F,

S4D, and S4E).

Finally, we performed RNA-sequencing analysis on acti-

vated satellite cells lacking ERb. Gene ontology analysis

revealed that the enriched categories in scKO female mice

relative to CON mice were mostly gene sets related to the

extracellular matrix, collagen trimer, basement membrane,

extracellular vesicle, focal adhesion, nucleus, spindle mid-

zone, chromatin, andchromosome(Figure4E). qPCRfurther

confirmed that extracellular matrix-related genes (Col4a1,

Col4a2,Col5a1,Lama5),whichare associatedwithcellprolif-

eration (Thomas et al., 2015),weremodestly downregulated.

The Igfbp5 gene, which is involved in cellular senescence

(Soriano-Arroquia et al., 2016),wasupregulated in scKOcells

(Figure 4F), although treatment with recombinant IGFBP5

protein did not affect population expansion of satellite cells

in culture (data not shown). Taken together, our data suggest

that ERb controls theoptimal population expansionby regu-

lating transcriptions of niche-associated genes and cell-cy-

cle-associated genes in satellite cells.
DISCUSSION

Although ERb is expressed in both male and female muscle

tissues, we observed that male mKO mice did not display

obvious phenotypes in muscle mass and strength. These re-

sults suggest that ERb is dispensable to maintain the muscle

function inmalemice, corresponding tovery low levelsof es-

trogens in the blood of male mice. ERb inactivation by the

consumption of DOX in drinking water starting at 6 weeks

of age resulted in the decreased CSA of the TA muscle in fe-

male mice. However, it is unlikely that ERb is essential for
Figure 4. ERb Deletion Suppresses Cell-Cycle Entry in Satellite Ce
(A) Schedule of 4-hydroxy tamoxifen (4OH-TMX) treatment in culture
(B) qPCR analysis of the expression of Esr2, Esr1, Ccna2, p21, and p1
(C) EdU staining of primary satellite cells. EdU+ cells per DAPI + cells
(D) EdU staining of muscle cross-section at day 3 post injury. EdU+ cell
group).
(E) Gene ontology analysis of RNA-sequencing data was performed (s
(F) qPCR analysis for the expression of extracellular matrix-related gen
group).
Data represent means ± standard error of the mean. *p < 0.05; **p <
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maintenance of adult muscle of female mice because ERb

ablation did not influence muscle mass and function when

its inactivation was induced by DOX later in life (20 weeks)

in female mice (data not shown), suggesting that ERb is

more important for growth of muscles rather than mainte-

nance of their mass. In support of this result, we further

confirmed that atrophy-related genes were unchanged in

ERb muscles. With these results, we think that ERb is

involved in female-specific signaling that is important for

the regulation of postnatal muscle growth, rather than pre-

venting muscle atrophy, in young female mice. In addition,

ERb inactivation in muscles does not affect the whole-body

metabolism or muscle fiber composition. Considering that

ERa controls muscle metabolic function in female mice

(Ribas et al., 2016; Schweisgut et al., 2017), ERb and ERa

mayhavedistinct roles in skeletalmuscles.Whileweprovide

evidence that ERb influences postnatal muscle growth, the

downstreampathway of ERb aswell as its transcriptional tar-

gets remain unknown. Further studies will be required to

distinguish the function of the estrogen-ERb signaling path-

ways inmuscle betweenpostnatalmuscle growth andmain-

tenance of adult muscle in female mice.

We previously showed that estrogen insufficiency results

in a marked defect in muscle regeneration following cardio-

toxin injection in OVX female mice (Kitajima and Ono,

2016). This regenerative failure is probably due to the

reduced population expansion of satellite cells in female

mice (Kitajima and Ono, 2016). In the present study, we

asked whether ERb expressed in satellite cells is involved in

muscle regeneration. Ccna2, a cell-cycle regulator, is known

to be one of the estrogen-target genes (Vendrell et al.,

2004). We found that ERb deletion resulted in a decrease in

expressionofCcna2 aswell as an impairment of proliferation

in satellite cells. We also showed that loss of ERb increased

apoptosis in satellite cells. Indeed, we speculate that a lower

level of Ccna2 and activation of the apoptosis pathwaymay

be involved in the defective population expansion of ERb-i-

nactivated satellite cells. Furthermore, RNA-sequencing

analysis highlighted that the expression of niche-related

genes was remarkably altered by ERb inactivation. Thus,

abnormal nichemay influence the cellular function of ERb--

deleted satellite cells, in support of recent studies (Baghdadi
lls
d satellite cells isolated from Pax7CreERT2/+;Esr2f/f mice.
6 in CON and scKO cells (n = 3 mice, each group).
were quantified (n = 4 mice, each group).
s per M-Cadherin+ satellite cells were quantified (n = 3–5 mice, each

cKO versus CON) (n = 3 mice, each group).
es (Col4a1, Col4a2, Col5a1, Lama5) and Igfbp5 (n = 4–5 mice, each

0.01; n.s., not significant. Student’s t test.



et al., 2018; Urciuolo et al., 2013). However, it remains to be

investigated whether ERb signaling directly regulates tran-

scription for the niche-related genes.

We found a significant impairment in progenitor popula-

tion expansion of satellite cells of male ERb scKO mice as

well as females in culture in vitro. These results arenot consis-

tent with in vivo observations that male ERb-deleted mice

show a mild or no defect in muscle regeneration in vivo.

This discrepancy may be explained by an environment

where satellite cells expand. Because serum estradiol levels

in blood are high in females but very low in males in vivo,

the impact of ERb inactivation was more prominent in fe-

males compared with males even though the level of the

ERb expression between males and females is almost iden-

tical. In our in vitro experiments, we used serum-rich culture

medium (30% fetal bovine serum and 1% chick embryonic

extract inDMEM) that contained estradiol. TheDMEMsolu-

tion also contains phenol red, which exerts estrogenic activ-

ity as a selective estrogen receptormodulator (Berthois et al.,

1986; Welshons et al., 1988). Thus, our results suggest that

the estradiol-rich culture conditions permit population

expansion of both female and male mouse-derived satellite

cells in vitro through the estrogen-ERb signaling pathway.

However, it remains unclear howmalemice regeneratemus-

cle in an estrogen-ERb independent mechanism in vivo.

In conclusion, our findings provide evidence that the

estrogen-ERb pathway is a female-specific regulatory

mechanism controlling skeletal muscle mass and strength,

as well as expansion of satellite cells in muscle regenera-

tion. Therefore, sex-specific therapeutic strategies will be

required for ameliorating age-related muscle loss and

muscle diseases. Targeting ERb or enhancing estrogen-ERb

signaling could be a therapeutic option in women.
EXPERIMENTAL PROCEDURES

Animals
The experimental procedures were approved by the Ethical

Committee for Animal Care and Use of Nagasaki University (no.

1203190970) and Kumamoto University (A30-098). ERb-floxed

(Antal et al., 2008) mice, which were kindly provided by Prof. Pierre

Chambon, were crossed with ACTA1-rtTA;tetO-Cre mice (Rao and

Monks, 2009) and Pax7CreERT2 mice (Lepper and Fan, 2012) to

generate ACTA1-rtTA;tetO-Cre;ERbf/f and Pax7CreERT2/+;ERbf/f (scKO)

mice, respectively. To delete ERb in skeletal muscle, the rtTA/TRE-

driven expression of Cre recombinase was induced by providing

mice with drinking of water containing 2 mg/mL DOX and 5%

sucrose for 3 weeks. To delete ERb in satellite cells, TMX dissolved

in corn oil (5 mL/g, 20 mg/mL) was injected intraperitoneally five

times as previously described (Ono et al., 2015). To induce muscle

injury, 50 mL of BaCl2 was injected intramuscularly into the TAmus-

cle of anesthetized mice using a Hamilton syringe. Regenerating

muscleswere isolatedatday14 followingBaCl2 injection.Transverse

muscle sections were cut using a cryostat and immunostained.
Statistical Analysis
Significant differences between datasetswere determined using the

Student t test, and p < 0.05 indicates statistically significant differ-

ences. All data represent the mean ± standard error of the mean.
Data and Code Availability
The RNA-sequencing data have been deposited under accession

number GEO: GSE135837.
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