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Abstract

With the intensification of population aging, issues such as age-related skeletal muscle loss and metabolic disorders have
garnered increasing attention. As the menopausal transition progresses, circulating estrogen levels decline, making locally
synthesized estrogen in peripheral tissues particularly important. In addition to the ovaries, steroidogenic enzymes are
present in skeletal muscle, enabling the local synthesis of myogenic estrogen. Myogenic estrogen can regulate muscle
function and metabolism in an autocrine or paracrine manner within skeletal muscle tissue. Exercise, as a safe and effec-
tive non-pharmacological intervention, has been shown to regulate estrogen levels in skeletal muscle. Exercise may pro-
mote the synthesis of myogenic estrogen by enhancing the expression of estrogen precursor substances and steroidogenic
enzymes in skeletal muscle, thereby improving skeletal muscle function and metabolism. This review summarizes the
structure and function of estrogen receptors in skeletal muscle, the synthesis and metabolism of myogenic estrogen, the
roles and mechanisms of estrogen in skeletal muscle, and the mechanisms underlying the influence of exercise on estrogen
synthesis in skeletal muscle.

Article Highlights

e Skeletal muscles have the endocrine function of autonomously synthesizing myogenic estrogen.

e Mpyogenic estrogen can regulate muscle function and metabolism in an autocrine or paracrine manner within skeletal
muscle tissue.

e Exercise may increase myogenic estrogen levels by enhancing estrogen precursor substrates and steroidogenic enzymes.
Myogenic estrogen may mediate the benefits of exercise on muscle mass, function, metabolism, and injury repair.
Targeted myogenic estrogen may provide intervention strategies for muscle atrophy in postmenopausal females.
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Introduction

With the extension of life expectancy, the global popu-
lation of elderly females aged 65 and above continues to
increase. Females are expected to spend more than one-third
of their lives in the postmenopausal stage [1]. Due to ovar-
ian function decline, postmenopausal females experience a
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significant reduction in circulating estrogen levels, entering
a state of long-term estrogen deficiency [2].

It is well-established that estrogen plays a crucial role in
human physiology, including the regulation of glucose and
lipid metabolism, bone metabolism, reproductive function,
and neural function [3, 4]. Postmenopausal females, due to
aging and a lack of circulating estrogen, are more suscep-
tible to chronic diseases, such as metabolic disorders [5],
neurodegenerative diseases [6], sarcopenia [2], and osteo-
porosis [7]. These diseases have a significant impact on the
health and quality of life of postmenopausal females [8].

Skeletal muscle is an important organ in the human
body responsible for movement, metabolism, and secretion,
accounting for approximately 40-50% of total body mass.
It is crucial in controlling motor posture, protecting internal
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organs, and maintaining metabolic homeostasis [9]. Skel-
etal muscle is not only a target organ for estrogen but also
a peripheral organ that synthesizes estrogen. Studies have
revealed that skeletal muscle contains estrogen-metaboliz-
ing enzymes (such as aromatase) and can synthesize myo-
genic estrogen. Myogenic estrogen can act as an autocrine
or paracrine factor in local tissues, exerting significant phys-
iological effects [10, 11].

It is well-established that exercise benefits overall health.
Research indicates that exercise training exerts beneficial
effects on skeletal muscle health and estrogen levels in both
menopausal females and ovariectomized rodent models [2].
Exercise may act as a “mimic” of estrogen [12], protecting
skeletal muscle mass and function, and improving meta-
bolic status. This review systematically searched PubMed,
Google Scholar, Web of Science, and other databases using
keywords such as “exercise,” “estrogen,” “ovariectomy,”
“skeletal muscle,” “ ” “strength,” “muscle injury,”
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mass,
“satellite cells,” and “mitochondria.” The review focuses
on three main aspects: (1) estrogen metabolism in skeletal
muscle; (2) the role and mechanisms of estrogen in skeletal
muscle; and (3) the impact of exercise on estrogen levels in
skeletal muscle.

Estrogen metabolism in skeletal muscle
Classification of estrogens

Estrogens are primarily categorized into three types: estrone
(E)), 17B-estradiol (E,), and estriol (E;). Among these,
17B-estradiol (E,) exhibits the highest physiological activity
and is the predominant bioactive form [13, 14]. The affin-
ity and reaction intensity of different estrogen types with
estrogen receptors vary, with E, demonstrating the strongest
binding affinity [14].

Aromatase and estrogen synthesis pathways

Aromatase cytochrome P450 enzyme (CYP19A1) is a key
member of the cytochrome P450 family. It is the rate-limit-
ing enzyme in estrogen synthesis, catalyzing the irreversible
conversion of androgens (testosterone and androstenedione)
into estrogens [15]. Aromatase is encoded by the CYP19A1
(P450arom) gene. The aromatase gene (CYPI9A4I) is
expressed in multiple tissues, including the brain, ovaries,
blood vessels, testes, adipose tissue, liver, skeletal muscle,
hair follicles, bone, and pituitary gland, with the highest
expression levels observed in gonadal tissues (ovaries and
testes). The expression of CYPI19A41 is regulated by tissue-
specific promoters [16].
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Estrogen synthesis originates from cholesterol. Through
a series of enzymatic reactions, cholesterol is gradually con-
verted into steroid precursors (such as dehydroepiandros-
terone, DHEA), which ultimately generate estrogens under
the action of aromatase. DHEA, primarily secreted by the
adrenal glands and ovaries, is the most abundant hormone in
humans and other mammals and serves as an important pre-
cursor for steroid hormones [17]. DHEA is converted into
androstenedione under the catalysis of 3B-hydroxysteroid
dehydrogenase (3B-HSD), which is further transformed
into testosterone under the catalysis of 178-hydroxysteroid
dehydrogenase (17B-HSD). Testosterone is then irrevers-
ibly converted into estradiol by aromatase. Additionally,
androstenedione can be converted into estrone by aroma-
tase, which is further transformed into the more biologically
active estradiol under the action of 173-HSD [14].

Circulating estrogen, estrogen in skeletal muscle,
and myogenic estrogen

The terms circulating estrogen, estrogen in skeletal muscle,
and myogenic estrogen are interrelated yet distinct (Fig.
1). By definition and origin, estrogen in skeletal muscle
is contributed by both myogenic estrogen and circulating
estrogen. Myogenic estrogen is the estrogen autonomously
synthesized by skeletal muscle cells [18]. Studies have
shown no significant correlation between estrogen levels
in skeletal muscle and circulating estrogen levels [19], and
both are regulated by independent mechanisms [20]. Circu-
lating estrogen levels cannot accurately reflect and predict
estrogen levels in local tissues [21].

Circulating estrogen is primarily transported bound to
sex hormone-binding globulin (SHBG) with high-affinity
specificity and to albumin with low-affinity non-specificity.
Bound estrogen must first dissociate from its carrier pro-
teins and convert to its free form before it can enter cells.
Due to its lipophilicity, free estrogen can diffuse across cell
membranes and directly enter skeletal muscle cells to exert
biological effects. Only 1%—3% of estrogen in plasma exists
in the free form, which is the active form capable of directly
acting on target cells [22, 23].

In vitro and in vivo studies have confirmed that skeletal
muscle can autonomously synthesize myogenic estrogen
from precursor substances (such as DHEA) under the cataly-
sis of steroidogenic enzymes (including 33-HSD, 173-HSD,
and aromatase) [19, 24, 25]. Skeletal muscle is one of the
main sites of estrogen synthesis in postmenopausal females
[11]. The role of myogenic estrogen cannot be ignored. In
this review, myogenic estrogen specifically refers to estro-
gen derived from skeletal muscle. Due to space limitations,
estrogen derived from other muscle tissues (such as cardiac
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Fig. 1 Schematic diagram of the relationship between circulating
estrogen, estrogen in skeletal muscle, and myogenic estrogen. (A) and
Venn diagram (B) Circulating estrogen can be transported to skeletal
muscle tissue via the bloodstream, becoming one of the sources of

muscle [26] and smooth muscle) is not discussed in this
review.

Synthesis and catabolism of myogenic estrogen

Estrogen synthesized in extragonadal tissues (such as skele-
tal muscle) is chemically and functionally identical to estro-
gen produced by the ovaries [10, 27]. The synthetic pathway
of myogenic estrogen is shown in Fig. 2. Skeletal muscle can
absorb DHEA from the circulation, which is then converted
to testosterone under the catalysis of 33-HSD and 173-HSD.

Circulating estrogen

estrogen in skeletal muscle. Skeletal muscle itself can also synthesize
myogenic estrogen. Myogenic estrogen is an important component of
estrogen in skeletal muscle. Therefore, estrogen in skeletal muscle is
contributed by both myogenic estrogen and circulating estrogen

Testosterone is irreversibly converted to myogenic estradiol
by aromatase, which regulates the physiological functions
of skeletal muscle by binding to estrogen receptors (ERs)
[10, 24, 28].

Based on intracrinology, estrogen synthesized locally
in peripheral tissues mainly exerts its effects at the synthe-
sis site and is inactivated by the decomposition of steroid
metabolic enzymes, avoiding entry into systemic circula-
tion, thereby maintaining post-menopausal females’ circu-
lating estrogen at a low activity state [29]. The synthesis
and decomposition of estrogen in different tissues are

@ Springer



Journal of Endocrinological Investigation

Fig. 2 Synthetic pathway of myogenic estrogen. Skeletal muscle can
uptake DHEA and testosterone from the circulation. DHEA is con-
verted to androstenedione under the catalysis of 3B-HSD. Andro-
stenedione is then converted to estrone by aromatase and to myogenic
estradiol by 173-HSD. Additionally, androstenedione can be converted

specifically regulated by local steroid-related enzyme sys-
tems. The activity and expression levels of steroid-related
enzymes are tissue-specific. Local estrogen levels are regu-
lated by steroid-related enzymes. Each tissue synthesizes an
appropriate amount of estrogen to meet local physiologi-
cal needs without interfering with hormone homeostasis
in other tissues [11]. Therefore, myogenic estrogen may
be inactivated through decomposition and metabolism by
steroid-related enzyme systems within skeletal muscle and
may not enter the circulatory system.

Structure and function of estrogen receptors in
skeletal muscle

Estrogen is a small lipophilic steroid hormone that can
directly penetrate the cytoplasm or nucleus of target cells
and bind to ERs [30]. Estrogen receptors include estrogen
receptor alpha (ERa), estrogen receptor beta (ERp), and G
protein-coupled estrogen receptor (GPER) [14]. ERa and
ERB are encoded by the ESR/ and ESR2 genes, respectively,
and are members of the nuclear receptor protein family [31].
Both ERa and ERP share the same structure, comprising
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into testosterone under the catalysis of 178-HSD, and testosterone can
be transformed into myogenic estrogen under aromatase. Abbrevia-
tions: DHEA, dehydroepiandrosterone; 173-HSD, 173-hydroxysteroid
dehydrogenase; 3p-HSD, 33-hydroxysteroid dehydrogenase

a ligand-binding domain (LBD), a DNA-binding domain
(DBD), and two transcriptional activation function domains
(AF-1 and AF-2), with AF-2 located in the N-terminal
domain. Except for the N-terminal domain (AF-2 domain),
these two receptors exhibit high amino acid sequence
homology [14]. GPER, initially known as GPR30 or mER,
was a newly discovered membrane-bound estrogen-binding
receptor in the past two or three decades. It was officially
named by the International Union of Basic and Clinical
Pharmacology (IUPHAR) in 2007. However, the physi-
ological and pathological roles of GPER as a novel estrogen
receptor remain largely unknown [32]. GPER is a protein
encoded by the Gperl gene and is a seven-transmembrane
G protein-coupled receptor. While GPER is mainly local-
ized on the plasma membrane, some studies suggest that it
may also be distributed in the Golgi apparatus, mitochon-
dria, and endoplasmic reticulum [32-34].

Estrogen target tissues are widely distributed throughout
the body. Estrogen receptors are present in various tissues
and cell types in different quantities [35]. The distribution,
expression levels, and functions of ERs vary among differ-
ent tissues [36]. Both nuclear receptors (ERa and ERf) and
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membrane receptors (GPER) are expressed and localized in
skeletal muscle. The relative expression abundance of the
three ERs in skeletal muscle is ERo. >GPER >ER [37, 38].
Furthermore, estrogen receptors are distributed in muscle
satellite cells, myofibers (including mitochondria within
myocytes), skeletal muscle cell lines, and skeletal muscle
endothelial cells [10, 39].

Each estrogen receptor subtype plays an important role in
skeletal muscle. Due to structural differences among estro-
gen receptor subtypes, the biological effects of each subtype
may vary [31]. To investigate the role of estrogen receptors
in skeletal muscle, researchers have employed pharmaco-
logical and genetic approaches to develop various experi-
mental models, including ovariectomized mouse models,
systemic and skeletal muscle estrogen receptor knockout
animal models, and isolated skeletal muscle cell models
[40].

Studies using skeletal muscle-specific ERa knockout and
transgenic animal models have revealed that ERa in skeletal
muscle plays a crucial role in maintaining skeletal muscle
strength, insulin sensitivity, fatty acid oxidation, skeletal
muscle mitochondrial function, and metabolic homeostasis,
maintaining the number of muscle satellite cells, and mus-
cle regeneration [41, 42]. Ribas et al. [43] developed skel-
etal muscle-specific ERa knockout mice (MERKO), which
exhibited obesity, impaired systemic glucose tolerance and
insulin resistance, accompanied by reduced muscle mass,
accumulation of bioactive lipid intermediates in muscles,
enhanced muscle inflammatory responses, impaired muscle
oxidative metabolism, reduced reactive oxygen species
(ROS) scavenging capacity, skeletal muscle mitochondrial
dysfunction, impaired mitochondrial dynamics, and reduced
mitophagy. Knockdown of Esr/ in C2C12 myotubes reduced
myotube oxygen consumption rate and increased ROS pro-
duction, leading to cellular oxidative stress. Yoh et al. [44]
utilized the muscle creatine kinase (Mck) gene promoter/
enhancer to construct a plasmid expressing constitutively
active estrogen receptor o (caERa), generating Mck-caERa
transgenic (muscle-specific constitutively active ERa
transgenic) mice. They found that long-term activation of
muscle ERa enhanced exercise endurance in female mice.
Collins et al. [45] developed female mice with muscle-
specific ERa knockout (ERaKO), which showed reduced
myosin regulatory light chain (RLC) phosphorylation and
impaired muscle contractile force. Cabelka et al. [46] devel-
oped skeletal muscle-specific estrogen receptor a knockout
(skmERaKO) mice, which exhibited increased fatigabil-
ity and reduced muscle strength. This study confirmed that
skeletal muscle ERa is necessary for skeletal muscle con-
tractile function. Collins et al. [47] developed muscle sat-
ellite cells ERa knockout (scERaKO) mice and confirmed
that ERa is necessary for maintaining muscle satellite cells’

self-renewal and preventing apoptosis, thereby promoting
muscle regeneration.

Studies using skeletal muscle-specific ERP knockout
models have shown that ERp is a specific regulator of skel-
etal muscle growth and regeneration, crucial for maintain-
ing skeletal muscle mass and strength, muscle regeneration,
and muscle satellite cells expansion. Seko et al. [48] con-
structed female mice with muscle-specific ERB knockout
(mERBKO) and muscle satellite cells-specific ERB knock-
out (scERBKO) and found that the absence of ERf} in mus-
cle led to decreased muscle mass and strength, while the
absence of ERf in muscle satellite cells resulted in reduced
muscle satellite cells proliferation and increased apoptosis,
leading to impaired muscle regeneration.

At present, no reports have been published regarding
muscle-specific GPER knockout or transgenic animal mod-
els. Most current understanding of GPER’s physiological
functions is derived from studies utilizing GPER-selective
pharmacological agents (agonists and antagonists) and sys-
temic GPER knockout animal models [49]. Within skeletal
muscle, GPER plays a critical role in improving glucose
homeostasis, enhancing insulin sensitivity, promoting lipid
oxidation, reducing inflammation and lipogenesis, and
maintaining muscle strength. Le et al. [S0] demonstrated
that treatment with the GPER agonist G1 in ovariectomized
female mice increased muscle torque through estradiol bind-
ing to GPER in skeletal muscle. Wang et al. [51] found that
activation of GPR30 with the specific agonist G1 reversed
the adverse effects of ovariectomy on exercise capacity and
skeletal muscle strength in rats.

Sources of estrogen in skeletal muscle across
different sexes

There are significant differences in the sources of estro-
gen in skeletal muscle between males and premenopausal
and postmenopausal females (Fig. 3). In premenopausal
females, the primary source of circulating estrogen is the
granulosa cells of ovarian follicles and the corpus luteum
(approximately 95%), with a smaller contribution from the
adrenal cortex (approximately 5%) [52]. Estradiol of ovar-
ian origin in premenopausal females is primarily released
into the bloodstream and acts on systemic target tissues,
including skeletal muscle, via circulation. Therefore, estra-
diol in skeletal muscle of premenopausal females mainly
originates from the gonads [53].

In females, menopause, characterized by the loss of ovar-
ian function, represents an aging process. Circulating estra-
diol levels in postmenopausal females drop significantly
and remain at a very low and constant level (1-10 pg/mL),
which is below the bioactive threshold, helping to avoid
excessive endometrial hyperplasia and thereby reducing the

@ Springer



Journal of Endocrinological Investigation

Fig. 3 Synthetic pathways of
estradiol in skeletal muscle of A
premenopausal females. (A),
postmenopausal females (B), and
males (C) Figure A: In premeno-
pausal females, estradiol synthe-
sized in the ovaries is transported
to skeletal muscle via blood
circulation. Skeletal muscle can
absorb DHEA and testosterone
from the circulation and convert
them into estradiol through the
action of steroidogenic enzymes,
such as aromatase. Figure B: In
postmenopausal females, ovarian
function declines, leading to a
significant decrease in circu-
lating estradiol levels. At this B
stage, the production of estradiol
mainly relies on the conversion
in peripheral tissues. Skel-

etal muscle absorbs DHEA and
testosterone from the circulation
and converts them into estradiol
through local steroidogenic
enzymes. Figure C: In males,
the testes synthesize DHEA and
testosterone and release them
into the bloodstream. Skel-

etal muscle absorbs DHEA and
testosterone from the circula-
tion and converts them into
estradiol through local steroido-
genic enzymes. Abbreviations:
DHEA, dehydroepiandrosterone;
3B-HSD, 3B-hydroxysteroid
dehydrogenase; 17f3-

HSD, 17B-hydroxysteroid
dehydrogenase

risk of endometrial cancer [11]. In postmenopausal females,
the estrogen locally synthesized by the skeletal muscle tis-
sue itself (i.e., myogenic estrogen) is an important compo-
nent of the estrogen in skeletal muscle [13].

In males, the main sources of circulating estrogen include
extra-gonadal tissues (approximately 80%) and the testes
(approximately 20%). Circulating estradiol levels in males
are approximately 10-40 pg/mL [52], which exceeds that
in postmenopausal females. In males, estrogen in skeletal
muscle is mainly synthesized locally from testosterone,
androstenedione, DHEA, and DHEA sulfate through ste-
roidogenic enzymes [ 14, 54].
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Postmenopausal woman

Skeletal muscle

Effects and potential mechanisms of
estrogen in skeletal muscle

Skeletal muscle is one of the target tissues of estrogen. The
effects of estrogen on skeletal muscle are bidirectional. At
normal physiological concentrations, estrogen plays a cru-
cial role in improving muscle antioxidant capacity, promot-
ing muscle protein synthesis, regulating glucose and lipid
metabolism, and maintaining mitochondrial function (Fig.
4). However, supraphysiological doses of estrogen (i.e.,
estrogen levels higher than normal physiological concentra-
tions) may have potential adverse effects on skeletal muscle
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Fig. 4 Effects of estrogen on skeletal muscle. A Schematic diagram
of estrogen binding to ERs in skeletal muscle. B Positive effects of
estrogen on skeletal muscle at physiological concentrations, as well as
the negative impacts of estrogen deficiency or estrogen resistance in
skeletal muscle. Red upward arrows indicate increase, promotion, or

[55]. Herein, we focus on the protective effects of estrogen
on skeletal muscle at normal physiological concentrations.

Estrogen enhances skeletal muscle injury and repair

Estrogen improves anti-inflammatory and antioxidant
capacity in skeletal muscle

Estrogen acts as an antioxidant and sarcolemmal stabilizer,
enhancing the anti-inflammatory and antioxidant capac-
ity of skeletal muscle and promoting muscle injury repair
[56]. Specifically, estrogen is beneficial in reducing oxida-
tive stress in skeletal muscle and slowing down the release
of skeletal muscle injury markers such as creatine kinase,
intramuscular lysosomal acid hydrolase, lactate dehydroge-
nase, and myoglobin into the circulation. In addition, estro-
gen can reduce the production and release of inflammatory
cells (such as neutrophils and macrophages) and pro-inflam-
matory cytokines (such as tumor necrosis factor-o (TNF-a),
interleukin-6 (IL-6), and IL-1), alleviating the inflammatory
response of skeletal muscles [56, 57].

A clinical study found that estradiol can attenuate neu-
trophil infiltration induced by a single bout of high-intensity
eccentric exercise in men [58]. Dieli-Conwright et al. [59]
discovered that estrogen therapy can alleviate skeletal mus-
cle injury induced by a single bout of maximal eccentric
resistance exercise in postmenopausal females and reduce
levels of muscle injury and inflammation markers.

Bilateral ovariectomized rodents are a classic animal
model for simulating the relative lack of circulating estrogen

improvement, while blue downward arrows indicate decrease, inhibi-
tion, or deterioration. Abbreviations: GLUT4, glucose transporter 4;
ERa, estrogen receptor alpha; ER, estrogen receptor beta; GPER, G
protein-coupled estrogen receptor

in postmenopausal females [60]. Animal experiments have
shown that estrogen can enhance the antioxidant capacity
of skeletal muscle and reduce skeletal muscle injury. For
example, Feng et al. [61] found that exogenous estrogen
supplementation can reduce serum creatine kinase activity
in ovariectomized rats after acute muscle injury, increase
levels of antioxidant-related indicators (such as glutathione)
in the serum, thereby maintaining total antioxidant capacity
in the body, enhancing the stability of the sarcolemma, and
promoting regeneration after skeletal muscle injury. Addi-
tionally, the team led by Shi et al. [62] found that estradiol
supplementation can inhibit oxidative stress by activating
the SIRT1/PGC-1a/Nrf2 pathway, reducing skeletal muscle
injury caused by contusion in ovariectomized mice.

Estrogen promotes activation and proliferation of skeletal
muscle satellite cells

Muscle satellite cells are skeletal muscle stem cells located
between the basement membrane of muscle fibers and the
sarcolemma [47]. In adulthood, the maintenance of skeletal
muscle mass and function is mediated by muscle satellite
cells. Under homeostatic conditions, muscle satellite cells
remain in a quiescent state, maintaining a stable number of
muscle fibers [63]. In response to external stimuli such as
muscle injury or physical exercise (e.g., mechanical stress),
muscle satellite cells are activated and proliferate, differ-
entiating into myoblasts. Myoblasts then fuse and further
differentiate to form multinucleated myotubes and muscle
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fibers, thereby promoting the repair and regeneration of
muscle tissue [64].

Studies have shown that long-term estrogen deficiency
reduces the number and function of muscle satellite cells
[47, 65]. Estrogen supplementation can increase the number
of muscle satellite cells, enhance their function and respon-
siveness, and promote repair and regeneration after skeletal
muscle injury by promoting the activation, proliferation,
and differentiation of muscle satellite cells [10, 66]. For
example, Larson et al. [67] found that ovariectomy-induced
loss of estradiol impairs the adaptive potential of mouse
skeletal muscle after repeated injuries (BaCl,-induced
muscle injury) and leads to a reduction in the number of
muscle satellite cells. Tanideh et al. [68] discovered that
subcutaneous injection of estradiol benzoate (3 mg/kg) in
ovariectomized rats promotes an increase in the number of
muscle satellite cells. Similarly, Mangan et al. [69] found
that estrogen supplementation (subcutaneous implantation
of estrogen sustained-release tablets, 0.25 mg, for 21 days)
can promote the proliferation and differentiation of satellite
cells in rat soleus and gastrocnemius muscles, primarily by
activating and proliferating satellite cells through the phos-
phatidylinositol-3-kinase (PI3K) signaling pathway.

Estrogen regulation of skeletal muscle mass and
function

The decline in circulating estrogen levels during menopause
in females is associated with the loss of skeletal muscle
mass and function [2, 70]. Estrogen replacement therapy
can partially offset or reverse the adverse changes in skeletal
muscle mass and function in postmenopausal females [71].

Clinical trials have confirmed that estrogen plays an
important role in maintaining the homeostasis of female
skeletal muscle mass and offsetting or delaying the loss of
skeletal muscle mass and function. For example, a study
found that estrogen replacement therapy has a positive
impact on muscle fiber contraction function and muscle
nuclear tissue in postmenopausal females, and this effect
may be achieved through the regulation of actin-myosin
interaction and muscle nuclear domains by estrogen [72].
Dam et al. [73] found that compared with placebo, trans-
dermal estrogen therapy enhanced the effect of increased
muscle mass and strength in early postmenopausal females
after resistance training.

At present, relevant meta-analyses have explored the
impact of estrogen therapy on muscle mass and function
in postmenopausal females. In 2009, a meta-analysis pub-
lished by Greising et al. [74], which included 23 studies,
showed that estrogen-based hormone therapy was beneficial
for improving muscle strength in postmenopausal females.
In 2019, a systematic review and meta-analysis published
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by Javed et al. [75] evaluated 12 randomized clinical tri-
als involving 4,474 postmenopausal females. The results
showed that compared with females who did not receive
hormone therapy and those who received a placebo, females
who received estrogen-based hormone therapy had less
muscle mass loss, but this finding was not statistically sig-
nificant. In 2020, a systematic review and meta-analysis
conducted by Xu et al. [76] included 9 randomized con-
trolled trials involving 2,476 postmenopausal females. The
results showed that hormone therapy may not improve mus-
cle strength in postmenopausal females, or the effect size
was too small to determine a significant therapeutic effect.
At present, there is significant heterogeneity in the conclu-
sions of relevant studies. This heterogeneity may stem from
significant differences in estrogen supplementation dosage,
intervention period, administration route (such as transder-
mal patches, oral tablets, creams, etc.), postmenopausal
therapeutic window, age of participants, years since meno-
pause, dietary structure, physical activity level, nutritional
status, and genetic background among different studies.
These confounding factors are difficult to fully control in
clinical studies.

Estrogen regulation of skeletal muscle protein synthesis
and degradation homeostasis

The maintenance of muscle mass depends on the dynamic
balance between muscle protein synthesis and degradation.
In an estrogen-deficient state, muscle protein metabolism
becomes imbalanced (i.e., the rate of protein synthesis is
lower than the rate of protein degradation), leading to mus-
cle fiber atrophy and ultimately causing an overall loss of
skeletal muscle mass [77]. Estrogen helps maintain muscle
mass and strength by promoting muscle protein synthesis
and inhibiting skeletal muscle protein degradation [70].

Animal experiments have further confirmed the impor-
tant role of estrogen in maintaining skeletal muscle mass
homeostasis. For example, a study by Kitajima et al. [78]
showed that ovariectomized mice exhibited time-depen-
dent skeletal muscle atrophy and strength decline. Prestes
et al. [79] found that ovariectomized rats had significantly
decreased cross-sectional area and mass of skeletal muscle.
Similarly, Moran et al. [80] reported that estradiol replace-
ment therapy could reverse ovarian excision-induced mus-
cle contraction and myosin dysfunction in mice.

The regulation of skeletal muscle protein metabolism by
estrogen involves a complex signaling network. Specifi-
cally, estrogen can promote protein synthesis by activating
protein synthesis metabolic pathways (such as the IGF-1/
AKT/mTOR pathway) and inhibit protein catabolism path-
ways (such as the ubiquitin-proteasome system (UPS) and
the autophagy-lysosome pathway), thereby regulating the
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synthesis and degradation of skeletal muscle protein and
maintaining the stability of skeletal muscle mass [2, 81].

Estrogen inhibits skeletal muscle cell apoptosis

Circulating estrogen deficiency in postmenopausal females
can induce skeletal muscle cell apoptosis, leading to skeletal
muscle mass loss and strength decline [77]. For example,
Karvinen et al. [71] found that ovariectomy (simulating
circulating estrogen deficiency) resulted in downregulated
expression of anti-apoptotic related microRNAs and acti-
vated apoptotic signaling cascades in mouse skeletal mus-
cle, increasing skeletal muscle cell apoptosis and reducing
skeletal muscle mass.

As a key regulator of skeletal muscle cell apoptosis,
estrogen can protect skeletal muscle from apoptosis through
various mechanisms, thereby preventing the loss of skeletal
muscle mass [82]. Heat shock proteins (HSPs) are a class of
endogenous protective proteins widely present in mammals
and play an important anti-apoptotic role in skeletal mus-
cle cells. Estrogen can upregulate the expression of HSPs,
regulate the expression levels of various apoptosis-related
proteins, and maintain the stability of mitochondrial mem-
branes, thereby inhibiting the apoptosis of skeletal muscle
cells and maintaining skeletal muscle mass and function
[77]. Specifically, estrogen can upregulate the expression of
HSP27, which binds to Caspase-3, preventing its cleavage
and activation and maintaining it in an inactive state. HSP27
can also downregulate the expression of pro-apoptotic fac-
tors (such as Bax, Caspase-3, cytochrome C, p53) and
upregulate the expression of anti-apoptotic proteins (such as
Bcl-2), preventing the release of cytochrome C and thereby
inhibiting the initiation of the apoptotic process and promot-
ing cell survival [77].

Previous studies have reported that estrogen deficiency
affects HSPs expression in rodents and C,C,, myoblasts [83,
84]. Tiidus et al. [85] found that estrogen partially activates
ERa to increase HSP70 levels in muscle tissue. La Colla
et al. [86] found that physiological concentrations of estra-
diol (100 nmol/L) could significantly inhibit H,O,-induced
apoptosis of C,C,, myoblasts by regulating the expression
of apoptotic transcription factors pS3 and FoxO and their
target genes. Similarly, Vasconsuelo et al. [87] found that
estradiol intervention could inhibit H,0,-induced apoptosis
of C,C,, myoblasts by upregulating HSP27 and regulating
caspase-3 activity.

Estrogen regulation of skeletal muscle mitochondrial
function

Mitochondria are the primary source of energy required for
skeletal muscle contraction and movement, playing a crucial

role in the quality, function, and metabolism of skeletal
muscle. Mitochondrial dysfunction is a key factor contrib-
uting to the decline in skeletal muscle mass with aging [88].
Estrogen plays an important role in regulating mitochon-
drial homeostasis in skeletal muscle. Estrogen can regulate
multiple aspects of skeletal muscle mitochondrial func-
tion, including mitochondrial bioenergetics, mitochondrial
biogenesis, mitochondrial dynamics (fusion and fission),
mitophagy, mitochondrial apoptosis, calcium homeostasis,
ATP production, and ROS production [35, 89]. Estrogen
deficiency can induce skeletal muscle mitochondrial dys-
function, alterations in mitochondrial dynamics, abnormali-
ties in mitophagy, and mitochondrial-mediated apoptosis,
thereby accelerating the process of muscle atrophy [2].

Estrogen may improve skeletal muscle function by
regulating mitochondrial function in skeletal muscle. For
example, a study by Hu et al. [90] showed that estradiol
supplementation can alleviate the decline in skeletal muscle
strength and mitochondrial dysfunction in ovariectomized
mice, thereby mitigating muscle dysfunction caused by
estrogen deficiency. Silva et al. [91] found that compared
to estrogen replacement therapy, endurance training can
increase skeletal muscle mitochondrial content and improve
redox status and inflammatory status in ovariectomized rats.
Similarly, a study by Nagai et al. [92] showed that ovariec-
tomy reduces exercise endurance in mice and upregulates the
expression of mitochondrial uncoupling protein 3 (UCP3)
in skeletal muscle. Estrogen administration can restore exer-
cise endurance in ovariectomized mice and downregulate
the expression of UCP3 in skeletal muscle mitochondria.
This study suggests that estrogen may increase ATP pro-
duction by inhibiting mitochondrial uncoupling in skeletal
muscle, thereby improving exercise endurance.

Estrogen regulation of skeletal muscle glycolipid
metabolism

Postmenopausal females are more prone to metabolic-related
diseases such as obesity, impaired glucose tolerance, insulin
resistance, and type 2 diabetes due to decreased estrogen
levels [93]. As a key site for the oxidation and utilization
of glucose and fatty acids, skeletal muscle is a major organ
regulating glycolipid metabolism [94]. Estrogen deficiency
may lead to metabolic dysfunction in skeletal muscle in
postmenopausal females by affecting mitochondrial quan-
tity, autophagic function, energy uncoupling, and membrane
stability in skeletal muscle [10]. Evidence from both human
and rodent studies indicates that estrogen can regulate glu-
cose and lipid homeostasis in skeletal muscle [95].

Human trials have confirmed that estrogen deficiency
can lead to abnormalities in glycolipid metabolism in
skeletal muscle. For example, Gibb et al. [96] found that
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oral administration of the aromatase inhibitor anastrozole
(1 mg/d for 6 weeks) to healthy adult males significantly
reduced plasma estradiol levels and decreased insulin sensi-
tivity in peripheral tissues, including skeletal muscle. Stud-
ies have shown that the decline in skeletal muscle mass in
postmenopausal females may be accompanied by a reduc-
tion in force production and an increase in intramuscular
fat content. Hormone replacement therapy (HRT) has been
shown to alleviate muscle loss, muscle dysfunction, and
intramuscular fat accumulation in postmenopausal females
[97]. Furthermore, Maher et al. [98] discovered that estradiol
supplementation in males for 8 consecutive days increased
the expression of lipid oxidation-related genes and proteins
in skeletal muscle, enhancing skeletal muscle B-oxidation
capacity.

In terms of estrogen and skeletal muscle glucose metab-
olism, animal experiments have shown that estrogen defi-
ciency can lead to dysfunction in skeletal muscle glucose
metabolism, specifically manifested as a decrease in glucose
transporter 4 (GLUT4) content, reduced glucose uptake
capacity, and decreased skeletal muscle glycogen content.
For example, Hansen et al. [99] found that estrogen defi-
ciency (6 weeks after rat ovariectomy) reduced contraction-
stimulated glucose transport in skeletal muscle. Min et al.
[100] discovered that ovariectomized rats (5 months after
surgery) exhibited systemic glucose metabolism and glu-
cose tolerance abnormalities, with significant decreases
in skeletal muscle glucose metabolism-related indicators
(mRNA and protein levels of p-AKT, p-38MAPK, PGC-1a,
and GLUT4), accompanied by a reduction in skeletal mus-
cle glycogen content.

Further animal studies have shown that estrogen supple-
mentation can improve skeletal muscle glucose metabolism
by promoting glucose uptake and glycogen synthesis in
skeletal muscle. For instance, Puah et al. [101] found that
oral estradiol administration (5 mg/kg/day for 10 weeks) in
ovariectomized mice promoted insulin-mediated glucose
uptake and utilization in skeletal muscle, improving skel-
etal muscle glucose metabolism. Narasimhan et al. [102]
also discovered that ovariectomized rats showed decreased
expression of insulin signaling molecules and reduced glu-
cose oxidation capacity in skeletal muscle, while exogenous
estradiol supplementation (subcutaneous injection, 6 pg/
kg/d for 21 days) significantly improved skeletal muscle
glycogen synthesis and glucose tolerance in ovariectomized
rats. Ahmed-Sorour et al. [103] showed that exogenous
estradiol supplementation (subcutaneous injection, 5 pg/
kg for 15 weeks) could effectively reduce gluconeogenesis
in ovariectomized mice and improve glycogen synthesis in
liver and skeletal muscle tissues.

Regarding estrogen and skeletal muscle lipid metabo-
lism, relevant animal experiments have shown that estrogen
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deficiency may lead to dysfunction in skeletal muscle lipid
metabolism, specifically manifested as intramuscular lipid
deposition, decreased fatty acid oxidation capacity in skel-
etal muscle, and altered expression of lipid metabolism-
related genes [95]. For example, Jackson et al. [104] found
that loss of ovarian function in mice (8—10 weeks after
ovariectomy) led to increased storage of skeletal muscle
intramyocellular lipids (IMCL), significantly increased
protein content of skeletal muscle fatty acid transporters
CD36/FAT and FABPpm, and decreased lipid catabolism in
skeletal muscle. Zhong et al. [105] reported that compared
to the sham-operated group, ovariectomized rats showed
increased intermuscular fat content in the gastrocnemius
muscle. Additionally, Cavalcanti-de-Albuquerque et al.
[106] discovered that ovariectomy in rats led to changes
in mitochondria related to lipid substrate usage in skeletal
muscle and decreased muscle lipid oxidation capacity.

Further animal studies have shown that estrogen can
improve skeletal muscle lipid metabolism by promoting
mitochondrial fatty acid oxidation in skeletal muscle. For
example, Hamilton et al. [107] showed that selective acti-
vation of ERa could improve insulin sensitivity in high-fat
diet-fed ovariectomized mice, enhance systemic energy
metabolism and skeletal muscle mitochondrial function,
and increase mitochondrial biogenesis and fatty acid oxida-
tion. Campbell and Febbraio [108] found that ovariectomy
in rats led to decreased activity of carnitine palmitoyltrans-
ferase I (CPT-1) in skeletal muscle and reduced lipid oxida-
tion capacity in skeletal muscle. Estradiol supplementation
could improve skeletal muscle lipid metabolism by increas-
ing the maximum activity of key enzymes in the skeletal
muscle lipid oxidation pathway. Furthermore, Campbell et
al. [109] found that estradiol could upregulate the expres-
sion of peroxisome proliferator-activated receptor o and
lipid oxidation-related genes in skeletal muscle of ovariec-
tomized rats.

It is worth mentioning that supplementation with physi-
ological doses of estradiol can improve skeletal muscle
glucose metabolism. However, supplementation with supra-
physiological doses of estradiol may inhibit glucose metab-
olism. Cell experiments have found that Garrido et al. [110]
discovered that primary human myotubes acutely exposed to
supraphysiological doses of estradiol (10 pmol/L estradiol
in cell culture medium) harmed glucose metabolism. Specif-
ically, supraphysiological doses of estradiol may inhibit the
protein kinase C (PKC) signaling pathway, thereby inhibit-
ing glycogen synthesis from glucose and inducing insulin
resistance.
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Role of myogenic estrogen in skeletal muscle

After menopause, peripheral tissues in females can locally
synthesize bioactive estrogens. Although the total amount of
estrogen synthesized by extragonadal tissues may be small,
its concentration in local tissues can be relatively high,
exerting biological effects in a paracrine or autocrine man-
ner. Estrogen derived from peripheral tissues plays distinct
roles in different tissues [111]. Myogenic estrogen may act
on itself and adjacent skeletal muscle cells through paracrine
or autocrine mechanisms. By binding to estrogen recep-
tors, myogenic estrogen regulates physiological processes
such as proliferation, differentiation, repair, regeneration,
and apoptosis of skeletal muscle cells, thereby maintaining
normal physiological functions and metabolic homeostasis
of skeletal muscle. This has a positive impact on the qual-
ity of life of postmenopausal females [27, 111]. A clinical
study demonstrated that intramuscular estrogen levels are
significant predictors of muscle performance, strength, and
power [19]. Furthermore, P6lldnen et al. [18] reported that
compared with premenopausal females, postmenopausal
females showed significantly increased steroidogenic
enzymes (3B-HSD and aromatase) and estrogen content in
skeletal muscle. This suggests that postmenopausal females
may experience compensatory local production of estrogen
in skeletal muscle to meet physiological needs.
Methodologies for studying myogenic estrogen include
the generation of skeletal muscle-specific aromatase gene
overexpression [112, 113] or knockout animal models [114],
and using estrogen-depleted conditioned media in C,C,
myoblast models [115]. In rodent models, skeletal muscle-
specific overexpression or knockout of the aromatase gene
leads to corresponding increases or decreases in intramus-
cular estrogen levels, respectively. Aladhami et al. [113] uti-
lized CRISPR/Cas9 technology and doxycycline induction
to create a female mouse model with skeletal muscle-spe-
cific aromatase overexpression (SkM-Arom?) for the first
time. Results showed that elevated endogenous estrogen in
skeletal muscle did not positively affect systemic insulin
resistance, glucose tolerance, or body fat in high-fat diet-
induced obese mice. Subsequently, the research team further
developed a male mouse model with skeletal muscle-spe-
cific aromatase overexpression and found that it improved
high-fat diet-induced systemic metabolic disorders in male
mice, including hyperglycemia, hyperinsulinemia, impaired
glucose tolerance, adipose tissue inflammation, and hepatic
lipid accumulation, while promoting skeletal muscle hyper-
trophy [112]. Additionally, our team has generated skeletal
muscle-specific aromatase knockout mouse models and
observed that myogenic estrogens may play a critical role in
maintaining mitochondrial function and antioxidant capac-
ity in the skeletal muscle of ovariectomized mice [114].

Based on current findings, we hypothesize that the poten-
tial roles of myogenic estrogens in improving skeletal mus-
cle health should not be overlooked, and that their effects
may exhibit sexual dimorphism. However, this hypothesis
requires further validation through future research.

Pathways of estrogen action in skeletal muscle

Exogenous estrogen enters skeletal muscle through blood
circulation and exerts physiological effects after binding
to estrogen receptors. Myogenic estrogen directly binds to
estrogen receptors within skeletal muscle. Therefore, despite
differing origins, both exogenous estrogen supplementation
and myogenic estrogen act through the same pathway in
skeletal muscle, essentially via estrogen receptors within
skeletal muscle cells (Fig. 5). The response mechanism of
estrogen receptors to estradiol is complex and not yet fully
elucidated. Based on dependence on gene regulation, estro-
gen-dependent signaling mechanisms can be divided into
direct genomic and indirect non-genomic pathways [52].

Direct genomic signaling pathways represent the classi-
cal mechanism of estrogen signaling, involving direct bind-
ing of estrogen nuclear receptors (ERa and ERP) to specific
DNA sequences [14]. In this process, ERa and ERp act as
ligand-activated transcription factors that undergo confor-
mational changes upon binding to estradiol, forming dimeric
complexes [116]. Subsequently, the estradiol-receptor com-
plex (E,-ER) translocates to the nucleus, where it binds to
estrogen response elements (EREs) in the promoters of tar-
get genes or interacts with other transcription factors (such
as activator protein-1 (AP-1) and specificity protein-1 (Sp-
1)) to regulate gene transcription [14].

Indirect non-genomic estrogen signaling pathways, also
known as membrane-initiated estrogen signaling, involve
estrogen binding to G protein-coupled estrogen receptors
(GPER) on the surface of skeletal muscle cell membranes.
This interaction regulates the opening of ion channels or
activates various protein kinases (such as PI3K, protein
kinase B (AKT), and mitogen-activated protein kinases
(MAPK)), initiating downstream intracellular signaling cas-
cades that mediate non-genomic effects [10]. Non-genomic
pathways are rapid, occurring within seconds to minutes,
and do not depend on RNA transcription or protein synthe-
sis. Instead, they act through membrane-based ion channels,
intracellular second messengers (such as modulation of
cAMP levels), and protein kinase cascades, ultimately lead-
ing to indirect changes in gene expression [117]. Addition-
ally, estrogen can initiate both genomic and non-genomic
actions mediated by mitochondrial estrogen nuclear recep-
tors and GPER, regulating mitochondrial respiration, ATP
production, and ROS formation [118].
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Fig. 5 Potential mechanisms of estrogen action in skeletal muscle.
Estrogen exerts physiological effects through both non-genomic and
genomic pathways, as well as mitochondrial effects, by binding to
estrogen receptors (ERo, ERB, and GPER) in muscle cells. (1) Non-
genomic pathways: Upon binding to GPER, estrogen rapidly activates
intracellular signaling molecules (e.g., PI3K/AKT and MAPK), lead-
ing to immediate cellular responses. This rapid action does not depend
on gene transcription or protein synthesis but instead modulates cell
function by regulating ion channel opening or activating protein
kinases. (2) Genomic pathways: After binding to ERa or ER, the E,/
ER complex can either directly bind to estrogen response elements
(EREs) in the promoters of target genes or interact with other tran-
scription factors (e.g., AP-1 and Sp-1) to regulate gene transcription.

Effects of exercise on estrogen in skeletal
muscle

HRT is widely used to alleviate various symptoms in meno-
pausal females, but this treatment may be accompanied by
a range of side effects and disease risks, including cardio-
vascular disease, breast cancer, and endometrial cancer
complications [119]. In contrast, exercise serves as a safe,
economical, and effective non-pharmacological interven-
tion that can act as an alternative to hormone therapy [2].
Furthermore, exercise helps mimic and/or enhance the posi-
tive effects of estrogen on skeletal muscle function [10].
However, current research findings on the impact of exercise
on estrogen levels in skeletal muscle remain inconsistent
(Table 1). A recent systematic review suggests that a single
bout of resistance training does not alter intramuscular sex
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Additionally, the E,/ER complex can indirectly modulate gene expres-
sion by activating signal transduction pathways, resulting in phosphor-
ylation of ER or other transcription factors. (3) Mitochondrial effects:
Estrogen may localize to mitochondria and influence mitochondrial
quality and function through both genomic and nongenomic pathways,
although the specific mechanisms remain incompletely understood.
Abbreviations: ERa, estrogen receptor alpha; ERp, estrogen receptor
beta; GPER, G protein-coupled estrogen receptor; E,, estradiol; ERE,
estrogen response element; IGF1, insulin-like growth factor 1; PI3K,
phosphatidylinositol-3-kinase; AKT, protein kinase B; mTOR, mam-
malian target of rapamycin; MAPK, mitogen-activated protein kinase;
TF, transcription factor

hormone concentrations in humans, whereas a single bout of
aerobic exercise increases intramuscular sex hormone levels
in rodents [120]. The estrogen levels in skeletal muscle are
influenced by a combination of factors, including mode of
exercise, exercise intensity, frequency, duration and period,
training level, age, sex, health status, and individual meta-
bolic characteristics.

Effects of endurance exercise on estrogen in skeletal
muscle

Currently, there is limited research on the changes in estro-
gen levels in skeletal muscle induced by endurance exercise.
Shi et al. [121] found that 8 weeks of treadmill training sig-
nificantly increased the content of aromatase and estradiol
in the skeletal muscle of ovariectomized rats. Furthermore,



Journal of Endocrinological Investigation

Table 1 Summary of the effects Author/year/references  Subjects Type of Intensity, frequency, and duration ~ Estrogen
of exercise on estrogen in skeletal exercise of exercise levels in
muscle skeletal
muscle
Dalgaard et al., 2022 Postmeno- Resistance 12 weeks,3 times per week, l
[20] pausal females training according to the American College
of Sports Medicine guidelines
Dalgaard et al., 2022 Postmeno- Acute A bout of resistance exercise >
[20] pausal females resistance
exercise
Haines et al., 2018 Physically Eccentric 10 sets of 10 repetitions with 3 min <
[138] active, eumen-  exercise of rest between sets at an isokinetic
orrheic females speed of 30°/second
Shi et al., 2019 [121] Female ovari-  Treadmill 6 d/week,1 h/d,25 m/min, 8 weeks 1
ectomized rats  training
Aizawa et al., 2008 Male and Acute tread- Running on a motor-driven tread- 1 (male
[123] female rats mill training  mill for 10-minute intervals at a rats);

1: significantly increase; |:
significantly decrease; «<>: no
significant changes

Aizawa et al., 2011
[124]

Male rats

speed of 15 m/min without incline <

(0% grade) (female
rats)
Treadmill 30 m/min,30 min/d,5 d/week,12 >
training weeks

the research team led by Shi et al. [122] demonstrated in
cellular experiments that mechanical stretch (simulating
myoblast exercise at the cellular level) increased the mRNA
and protein expression levels of steroidogenic enzymes
(including aromatase, 3B-HSD, and 17B-HSD) in C,C,,
myoblasts, thereby promoting estradiol production in these
cells. Aizawa et al. [123] discovered that acute endurance
exercise significantly elevated estradiol levels in the skeletal
muscle of male rats but did not cause significant changes
in female mice. Additionally, acute endurance exercise
increased the expression levels of steroidogenic enzymes
(17B-HSD and 3B-HSD) in the skeletal muscle of both male
and female rats, although the expression levels of aromatase
varied by sex. This suggests that acute exercise may enhance
local steroidogenesis in the skeletal muscle of both sexes,
but with sex differences [123]. Subsequently, Aizawa et al.
[124] subjected male rats to 12 weeks of treadmill train-
ing and found that long-term endurance exercise increased
the protein expression of steroidogenic enzymes (aromatase
and So-reductase) and dihydrotestosterone (DHT) concen-
trations in the skeletal muscle of male rats but did not alter
estradiol levels. Therefore, adaptive changes in estrogen
levels in skeletal muscle in response to exercise may vary
by sex. Furthermore, some animal [105] and human studies
[125-127] have reported that endurance exercise can lead to
elevated circulating estrogen levels, but unfortunately, these
studies did not measure estrogen levels in skeletal muscle.

Based on studies related to skeletal muscle steroids, we
hypothesize that both acute and long-term endurance train-
ing may promote the synthesis of myogenic estrogen in
skeletal muscle, increasing estrogen levels to maintain nor-
mal skeletal muscle function [28].

Effects of resistance exercise on estrogen in skeletal
muscle

Currently, the effects of resistance exercise on estrogen in
skeletal muscle have not been fully investigated. Dalgaard
et al. [20] found that postmenopausal females who under-
went 12 weeks of resistance training experienced a signifi-
cant increase in circulating estrogen levels but a significant
decrease in estrogen levels in skeletal muscle. The study
also revealed no significant changes in estrogen levels in
skeletal muscle after acute resistance exercise in postmeno-
pausal females. Furthermore, some studies [126, 128, 129]
have shown that resistance exercise can lead to elevated cir-
culating estrogen levels in females, but unfortunately, these
studies did not measure estrogen levels in skeletal muscle.
Although resistance exercise training is more effective
than endurance exercise training in increasing muscle mass
and strength [130], current evidence supporting the ability
of resistance exercise to increase estrogen levels in skeletal
muscle is insufficient. We hypothesize that resistance exer-
cise may lead to a transient increase in estrogen in skeletal
muscle, which may be rapidly metabolized and cleared after
exercise. Future research is needed to further clarify the
effects of resistance exercise on estrogen in skeletal muscle.

Possible mechanisms of exercise effects on estrogen
synthesis in skeletal muscle

Exercise is an effective method for inducing muscle ste-
roidogenesis [28]. Long-term exercise training may induce
adaptive changes in estrogen production in skeletal muscle.
As previously mentioned, studies [114, 121, 124] have
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Exercise training

Fig. 6 Potential mechanisms of exercise training promoting estrogen
synthesis in skeletal muscle. Exercise training (such as endurance
training and resistance training) may promote the uptake of DHEA
from the circulation into skeletal muscle, increase the expression of
enzymes related to estrogen synthesis in skeletal muscle (including
aromatase, 33-HSD, and 17B-HSD), thereby enhancing the conver-
sion and production of estrogen in skeletal muscle. By binding to ERs,
estrogen in skeletal muscle further exerts its physiological functions

shown that exercise may increase steroidogenic enzymes
and steroid levels in skeletal muscle. The increase in exer-
cise-induced myogenic estradiol and the expression of ste-
roidogenic enzymes in skeletal muscle may contribute to
the prevention and treatment of diseases such as obesity,
type 2 diabetes, osteoporosis, metabolic syndrome, and
sarcopenia [28]. Our team’s recent findings indicate that
exercise-induced myogenic estradiol production may con-
tribute to enhancing skeletal muscle antioxidant capacity
[114]. Furthermore, we hypothesize that myogenic estrogen
may function similarly to “myokines.” Myogenic estrogen
appears to be released in response to acute and/or chronic
exercise and acts through paracrine or autocrine pathways
[131]. Mechanistically, estrogen in skeletal muscle may
mediate the beneficial effects of exercise on skeletal muscle
mass and function. Specifically, exercise training may pro-
mote the synthesis of myogenic estrogen by increasing the
levels of DHEA and aromatase in skeletal muscle, thereby
enhancing estrogen levels in skeletal muscle and contrib-
uting to improved skeletal muscle mass and function (Fig.
6). Certainly, this hypothesis requires further validation
through more clinical and basic research in the future.

@ Springer

~
N
\
\
1
1
I
~L Exercise performance,
osterone : | muscle metabolic homeostasis,]
L - . muscle mass and function...
Aromataset 1
|
I
1
I Physiological responses
! +| (muscle protein synthesis, I
/’ insulin sensitivity...)

(including promoting skeletal muscle protein synthesis and improv-
ing insulin sensitivity), contributing to improved skeletal muscle mass,
function, and metabolic homeostasis. Solid arrows represent experi-
mentally verified pathways, while dashed arrows represent potential
pathways that have not yet been validated. An upward-pointing red
arrow indicates upregulation. Abbreviations: DHEA, dehydroepian-
drosterone; 17B-HSD, 17B-hydroxysteroid dehydrogenase; 38-HSD,
3B-hydroxysteroid dehydrogenase; ERs, estrogen receptors

Exercise promotes estrogen production in skeletal muscle
by increasing levels of estrogen precursors

Endurance exercise can increase levels of estrogen precur-
sors (such as DHEA, androstenedione, and testosterone) in
skeletal muscle. Studies have shown that long-term endur-
ance training (25 m/min, 1 h, 5 d/week, for 8 weeks) can
increase skeletal muscle steroid hormone (such as DHEA)
levels in male type 2 diabetic rats, enhancing skeletal muscle
glucose utilization and insulin sensitivity [132]. Addition-
ally, Aizawa et al. [133] found that acute treadmill exercise
increases the expression of Sa-reductase in the skeletal mus-
cle of male and female rats, enhancing levels of DHEA, free
testosterone, and dihydrotestosterone in skeletal muscle.
Resistance exercise may have a promoting effect on the
production of estrogen precursors in skeletal muscle. For
example, Sato et al. [134] reported that 12 weeks of resis-
tance training increased the levels of steroidogenic enzymes
(including 38-HSD, 17B-HSD, and Sa-reductase) and mus-
cle steroid hormones (including DHEA, testosterone, and
dihydrotestosterone) in the muscles of elderly men. The
increase in steroidogenic enzyme content in muscles may
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contribute to the improvement in muscle mass and strength
after resistance training. Horii et al. [135] found that 8
weeks of resistance training (3 d/week) increased DHEA
levels in the skeletal muscle of male type 2 diabetic rats,
inducing muscle hypertrophy and improving hyperglycemia
and insulin sensitivity by activating GLUT4-regulated sig-
naling in skeletal muscle.

In summary, we hypothesize that exercise may promote
estrogen production in skeletal muscle by increasing levels
of estrogen precursors.

Exercise promotes estrogen production in skeletal muscle
by increasing steroidogenic enzyme content

Endurance exercise may enhance estrogen levels in skel-
etal muscle by promoting the expression of steroidogenic
enzymes such as aromatase, 3f-HSD, and 17B-HSD in
skeletal muscle. Aizawa et al. [24] found that steroido-
genic enzymes can be detected in myoblasts extracted from
rat skeletal muscle and that supplementing with DHEA
increases estradiol concentrations in muscle cells. Research
by Aizawa et al. [124] showed that long-term endurance
exercise significantly enhances mRNA and protein levels of
aromatase in the gastrocnemius muscle of male rats, but no
significant change in estradiol levels in the gastrocnemius
muscle was observed. Shi et al. [121] found that after long-
term aerobic exercise, levels of aromatase and estradiol
in the skeletal muscle of ovariectomized rats were signifi-
cantly increased, which may be an adaptive phenomenon to
long-term exercise. Studies have shown that long-term aero-
bic exercise training increases the expression of steroido-
genic enzymes and steroid hormones in the skeletal muscle
of high-sugar-induced obese rats, while serum steroid hor-
mone levels are also elevated [28].

In addition, resistance exercise may increase the expres-
sion of steroidogenic enzymes in skeletal muscle, thereby
promoting estrogen production in skeletal muscle. Although
Vingren et al. [136] found no significant differences in
skeletal muscle steroid and steroidogenic enzyme concen-
trations in young men and females who had undergone
resistance training after a single resistance exercise session,
Sato et al. [134] showed that progressive resistance training
can restore steroidogenic enzyme and steroid hormone lev-
els in the skeletal muscle of elderly men.

Conclusions

Estrogen plays a crucial role in maintaining skeletal mus-
cle mass and strength, promoting skeletal muscle repair
after injury, and regulating protein and glycolipid meta-
bolic homeostasis in skeletal muscle. As a vital organ for

movement, metabolism, and secretion in the human body,
skeletal muscle contains the enzymatic systems necessary
for estrogen synthesis and can locally produce myogenic
estrogen. Myogenic estrogen can regulate the physiologi-
cal functions and metabolic homeostasis of skeletal muscle
cells through paracrine or autocrine mechanisms.

Exercise is an important factor in regulating steroido-
genic changes in skeletal muscle and can modulate estrogen
levels in skeletal muscle. Myogenic estrogen may mediate
the beneficial effects of exercise on skeletal muscle health
and athletic performance. Exercise may promote the syn-
thesis of myogenic estrogen by increasing levels of estrogen
precursors and steroidogenic enzymes in skeletal muscle,
thereby improving skeletal muscle mass and function.

Future perspectives

In the future, many aspects of research on exercise, estro-
gen, and skeletal muscle warrant further exploration. For
example: (1) At present, systematic studies on metabolic
differences of myogenic estrogen among individuals of dif-
ferent sexes and ages are lacking. Clinical evidence support-
ing the use of estrogen therapy for skeletal muscle diseases
such as sarcopenia and Duchenne muscular dystrophy
remains insufficient. The specific mechanisms of estrogen’s
effects on skeletal muscle and its optimal application dos-
age require further investigation. As a non-pharmacological
means of improving estrogen levels in skeletal muscle, exer-
cise is gradually gaining attention for its potential in alle-
viating muscle dysfunction caused by estrogen deficiency.
More research is needed to explore the impacts of different
exercise types, cycles, and intensities on myogenic estrogen
and its receptors.

(2) Current research mainly focuses on postmenopausal
females or ovariectomized animal models, investigating the
ameliorative effects of exogenous estrogen supplementa-
tion on skeletal muscle function and metabolic degenera-
tion caused by estrogen deficiency [10]. However, studies
on myogenic estrogen are relatively scarce, and the role
of estrogen produced locally in skeletal muscle appears to
be underestimated. As an endocrine organ, the physiologi-
cal and pathophysiological roles of myogenic estrogen in
skeletal muscle remain unclear. With the establishment of
models with specific knockout or overexpression of aroma-
tase in skeletal muscle, the biological functions of myogenic
estrogen are expected to be further elucidated. In addition,
under the influence of exercise, myogenic estrogen may
play a role in regulating skeletal muscle mass, function, and
metabolism. Research on exercise and myogenic estrogen is
expected to become an emerging area of focus in the fields of
muscle endocrinology and exercise science. Understanding
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the interplay between exercise, myogenic estrogen, and
muscle physiology will provide valuable insights for devel-
oping targeted exercise interventions to mitigate age- and
hormone-related muscle decline.

(3) Research on estrogen receptors is one of the most
active areas in estrogen studies. The physiological and path-
ological roles of estrogen receptors and their signaling path-
ways require continuous exploration and updating. In the
future, with the development of conditional knockout ani-
mal models of estrogen receptors in skeletal muscle (such
as ERaKO, ERBKO, ERapfKO, AromKO, GPERKO, etc.)
and conditional overexpression models (such as ERaOE,
ERBOE, ERapOE, AromOE, GPEROE, etc.) [137], as well
as the application of pharmacological drugs such as selec-
tive agonists or antagonists of estrogen receptors, research-
ers’ understanding of estrogen receptors in skeletal muscle
will continue to deepen.
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