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Abstract

Mounting evidence indicates that whereas some fundamental aspects of bone cell differentiation and function are similar in females and males,
there is a clear contribution of sex/gender on the effects of signaling molecules on bone mass and strength and, consequently, on the effects of
pharmacologic approaches to treat skeletal disorders. However, until recently, most studies were designed and performed using only 1 sex,
resulting in a scarcity of published information on sexual dimorphism of the musculoskeletal system, including the mandible/masticatory
muscles and the axial and appendicular bones and skeletal muscles. Further, it is now recognized that scientific rigor requires the study of
both males and females. Therefore, there is an increasing need to understand the molecular and cellular basis for the differential outcomes of
genetic manipulations and therapeutic agent administration depending on the sex of the experimental animals. Studies have shown higher
muscle mass, cancellous bone mass, and long bone width in males compared with females as well as different traits in the pelvis and the
skull, which are usually used for gender identification in forensic anthropology. Yet, most reports focus on the role of sex hormones, in
particular, the consequences of estrogen deficiency with menopause in humans and in ovariectomized animal models. In addition, emerging
data is starting to unveil the effects of gender-affirming hormonal therapy on the musculoskeletal system. We summarize here the current
knowledge on the sex/gender-dependent phenotypic characteristics of the bone and skeletal muscles in humans and rodents, highlighting
studies in which side by side comparisons were made.
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core genotypes; MyHC, myosin heavy chain.

Both human and murine studies have provided invaluable in-
formation for our understanding of bone and muscle physi-
ology [1]. The phenomenon of sexual divergence in these
tissues during the ontogenic process [2-6] is evidenced in the
growth in length and thickness of long bones of the epiphyseal
cartilages [7] and in the size and shape of the mandibular bone
[8, 9], among other skeletal characteristics. For skeletal
muscle, there is a difference in the number of fibers of masti-
catory muscle fibers (masseter, temporalis, and pterygoid)
[10, 11], as well as a difference in fiber type composition
and capillarity for other skeletal muscles [12]. At birth, fe-
males are 1% shorter than males, and this minor difference re-
mains evident throughout childhood. During puberty, more
substantial sexual dimorphic bone growth and developmental
patterns arise [5]. Females reach puberty earlier and experi-
ence more rapid changes in bone and muscle than males, un-
like men, who reach adulthood with more significant gains
in muscle mass and bone mineral content (BMC), resulting
in larger and stronger bones [2, 5, 13].

The dimorphic features of the musculoskeletal system have
been mainly attributed to the action of sex steroid hormones

[2, 6, 12, 14], which can influence maximum bone mass and
architecture [7, 15] and musculature [2, 6, 12, 16, 17]. Until
1988, sex steroid hormones were thought to affect the skel-
eton only indirectly by regulating the secretion of the calcio-
tropic hormones 1,25(OH), vitamin D3 and parathyroid
hormone [18]. However, the advent of sensitive research tech-
niques led to the discovery of sex steroid receptors in different
bone cells, and revealed the direct actions of androgens and es-
trogens on bone [18]. For instance, androgens and estrogens
directly affect the rate at which osteoclasts form, resorb
bone, and die and directly affect bone-forming osteoblasts,
often producing different effects in women and men [14,
19]. Furthermore, sex steroid hormones influence the survival
of osteocytes and alter the coupling between bone formation
and resorption, which is also known as the bone remodeling
process [20]. Estrogen deficiency predisposes women to a
greater risk of developing primary osteoporosis in menopause
[5, 13, 21]. Similarly, the slower decline of testosterone with
aging or the absence of the male hormone actions, as observed
in men undergoing treatment for androgen-dependent pros-
tate cancer, results in low bone mass in men [21]. Moreover,
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Figure 1. Sex hormones impact sexual dimorphism during musculoskeletal ontogeny. Schematic representation of the sexual dimorphism in the
musculoskeletal system (including the jaw and masticatory muscles), and the relative contribution of male vs female hormones at each life stage.
Scheme is based on reported studies investigating humans and rodents during development, growth, and aging. Created with BioRender.com.

reduced or lack of sex steroids results in skeletal muscle atro-
phy in both sexes [12].

In this systematic review, we summarize the current literature
on the ontogenic differences between the sexes/gender, with fo-
cus on the musculoskeletal system, and including the mandible
and masticatory muscles (Fig. 1). We conducted an extensive
electronic literature search in health-supported studies in hu-
man and preclinical rodent models and systematic/narrative re-
views, not limiting our criteria to a specific range of years. We
used MeSH terms and Boolean connectors with the keywords:
Steroid Hormones, Bone Development, Muscle Development,
Stomatognathic System, Sexual Characteristics/Dimorphisms,
Mice, Male, Female, Mandible, Jaw, Transgender, Gender-
Affirming Hormone Therapy, and Sex Chromosomes. The elec-
tronic databases we consulted were PubMed, Embase, Web of
Science, and Scopus (Fig. 2).

This search yielded 20 941 articles written in English, from
which we selected 64 that met all our search criteria.

Humans: Embryonic and Postnatal Stages

Bones are sculpted to achieve their unique shapes and sizes
during intrauterine development and postnatal growth. The
appendicular and axial bones are formed by a process known
as endochondral ossification by which a cartilage template is
replaced by mineralized bone tissue [22]. On the other hand,
most bones of the skull (including the mandible, see below)
and the scapula and clavicle are formed embryonically
through intramembranous ossification. The first site of bone
formation within the cartilage fundus is known as the primary
ossification center, which develops before birth. In contrast,
the bone patch that appears after birth is known as the second-
ary ossification center [22, 23]. There is increasing evidence
that exposure to sex hormones during the fetal stage can

have long-term effects on the bone phenotype, while the
same sex hormone appears to affect male and female embryos
in a similar manner [24], and, to our knowledge, there is no
report of sexual dimorphism for skeletal muscle at this stage.

Facial development begins in the fourth week of embryonic
age with the stomodeum, which becomes the mouth. In the
sixth week, the mandibular processes increase in size and
fuse in the midline to form the mandible, a product of the car-
tilaginous derivative of the first branchial arch called Meckel’s
cartilage [25, 26]. The oral ectoderm proliferates and forms
the primary epithelial band, which becomes the alveolar proc-
esses of the maxilla and mandible, the vestibular lamina, and
the dental lamina. The dental lamina forms the basis for the
development of the dentition [25, 26]. Masticatory muscles
are formed from the mesenchymal cells of the first branchial
arch and exhibit a unique fiber type and size distribution com-
pared with limbs and trunk muscles [8]. Despite sufficient evi-
dence of the process described above, there are no reports of
differences between sexes related to the growth and develop-
ment of the mandible and masticatory muscles at the embry-
onic and postnatal stages in humans.

Rodents: Embryonic and Postnatal Stages

To our knowledge, most studies investigating the contribution
of gonadal sex on the ontogenic process focus on the mandible
and masticatory muscles, but not other parts of the musculo-
skeletal system (Fig. 1). The murine mandible in the embryo ap-
pears as a thin plate of condensed mesenchymal cells, which
proliferate and differentiate into osteogenic cells [27]. Each
plate elongates and grows at its upper and lower edges, which
fold medially and eventually surround Meckel’s cartilage, simi-
lar to human mandibular development. Very little is known
about how morphogenesis is controlled at this level because
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Figure 2. Flow chart depicting the search strategy for the current review. Bibliographic search and number of articles found, together with inclusion and
exclusion criteria, as well as number of publications selected for the current review are indicated. Inclusion criteria include studies related to differences
between sexes/genders during the ontogeny of the musculoskeletal system (including the mandible and masticatory muscles), health-supported studies
in humans, preclinical rodent models, and systematic/narrative reviews. The bibliographic search was not limited by publication year for either human and
rodent studies, and all publications dates that met the inclusion and exclusion criteria were considered. Created with BioRender.com.

there are few reports on the molecular receptors expressed in
the mandible and virtually none on the signal molecules ex-
pressed by Meckel’s cartilage or nearby tissues [27]. Kinetic
analysis has shown that cultured osteoprogenitor cells undergo
9 to 10 population doublings before the appearance of the first
morphologically differentiated osteoblasts. Subsequently, the
rodent mandible undergoes the necessary modifications to
adapt to the growth of the masticatory muscles, which arise
from the precordial mesoderm of the head or the neural crest,
during growth and development [28]. As in humans, there
are no reports investigating sexual dimorphism of the mandible
during this early stage of rodent development. For the mastica-
tory muscles, it has been reported that the proportion of differ-
ent muscle fiber types differs markedly between males and
females, although details on the fiber composition were not
provided [11]. Differences arise for males during postnatal mat-
uration whereas no changes were observed in females [11, 29].
Further, evidence indicates that testosterone is involved in the
change in the proportion of muscle fibers in mice [11].

Humans: From Childhood to Adolescence

Although BMC in the limbs and trunk is constant during
growth [5], it has been reported that in both sexes the pre-
pubertal growth rate is more significant in the appendicular
skeleton than in the axial skeleton [24] (Fig. 1). Therefore,
prepubertal children exhibit eunuchoid proportions (ie, long
limbs in relation to the spine) [24]. Furthermore, size di-
morphism is not very evident at this stage but becomes appar-
ent at the onset of puberty. The 2 sexes take increasingly

divergent paths during puberty: girls stop growing earlier
than boys [5]. To reinforce this knowledge, a recent review re-
ported that, although girls mature approximately 2 years earl-
ier than boys (on average 11.8 vs 13.4 years), they are shorter
on average [13] because boys continue pubertal growth for
approximately 1 more year [5, 13]. This is the time when im-
portant sex differences in BMC emerge in all regions of the
body [5], affecting leg length, overall bone size, and total
bone mass [5, 13]. At this stage, sexual dimorphism in height
is likely regulated by pubertal sex steroids [24]. Of note, most
studies investigate the effect of androgens only in males and
estrogens only in females. Thus, the adrenarche endocrine
event represents an increase in the secretion of adrenal
androgen hormones that accelerate height growth and bone
maturation, among other phenomena in males [5]. In particu-
lar, puberty stimulates periosteal apposition, which is even
more evident during adolescence [30] and not endocortical
expansion resulting in increases in bone diameter, cortical
thickness, and medullary diameter, particularly in the long
bones of boys [5].

In females, estrogen preserves bone mass, suppresses bone
turnover, and maintains balanced rates of bone formation and
bone resorption while influencing the functional activity of
bone cells and inducing epiphyseal closure [5]. Furthermore, es-
trogens inhibit periosteal apposition but stimulates endocortical
bone formation so that in female puberty, there is an increase in
cortical thickness with a decrease in medullary diameter and a
slight increase in periosteal diameter [5]. Interestingly, testoster-
one also contributes to skeletal growth in females, but fails to
exert its effects in the absence of estrogen [5].
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Boys have a higher mineral mass in the appendicular skel-
eton, and girls have a significantly higher BMC and bone min-
eral density (BMD) in the spine and pelvis [5, 13, 31]. In
contrast, in early postpubertal age, males show higher BMC
and BMD than females, whereas females reach peak BMC
and BMD earlier than males [31]. The contrasting effects of
the sex hormones during puberty stage largely explain the
greater skeletal size achieved by adult men [5, 24].
However, a recent mixed longitudinal study conducted in
adolescents using high-resolution peripheral quantitative
computed tomography showed no differences between sexes
in cortical BMD [30]. Of note, this study compared boys
and girls normalized to a common maturation landmark,
the age at peak height velocity, defined as 11.6 years for girls
and 13.5 years for boys. This suggests that the differences re-
ported in other studies are related to different maturity stages
rather than real sexual dimorphic effects.

Similar to bone, it has been reported that puberty is the
stage at which sex differences in skeletal muscle are most evi-
dent [2, 5, 13]. These dimorphic characteristics are ascribed to
high levels of testosterone and insulin-like growth factor-1, re-
sulting in increased muscle mass and strength in boys, whereas
estrogens tend to decrease muscle area in girls [6].

Sexual dimorphism in the human mandible has been re-
ported to arise from the initial disparities in growth rate be-
tween boys and girls during childhood and puberty [8].
These differences already exist by age 9, and mainly affect
size and not shape; mandibular size is usually bigger in boys
than girls at this age. Although, both sexes show similar rates
of size change between the ages of 9 and 12 years [8], boys
show more remarkable changes in mandibular shape than
girls between 12 and 14 years of age [32]. From that time until
age 17, increases in mandibular size slows gradually in fe-
males, but not in males.

In the mandible, as in the long bones, accelerated postpu-
bertal dimorphism results from changes in circulating hor-
mone levels [33]. Specific genetic variants are known to
influence circulating levels of sex hormones in humans, in-
cluding variants in SHBG, the gene encoding sex hormone-
binding globulin. Testosterone plays a fundamental role in
these dimorphic characteristics of the masticatory muscles,
in particular in the masseter muscle. Thus, androgens are re-
quired for the formation of fast-twitch muscle fibers, leading
to reduced muscle fatigue, which is essential for chewing
[16, 17).

Rodents: Growing Animals
In studies with growing rodents [34], it has been shown that
the tibia and radius increase in length faster in males than in
females [7]. This sex difference in growth leads to higher max-
imum cortical bone mass in males. The growth processes in-
volved in determining bone mass early in life includes
endochondral ossification (bone length), secondary intra-
membranous ossification (cross-sectional area), and endocort-
ical modeling (medullary area). At puberty [34], males
develop greater body size and muscle mass, with more
fast-twitch and fewer slow-twitch myofibers than females
[2]. In addition, sexual dimorphic growth of skeletal muscle
has been attributed to opposing actions of gonadal steroids,
with androgens promoting growth and estrogens inhibiting it.
Researchers report differences in the shape and size of the
murine mandibular bone, which is subject to dietary changes
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after weaning in wild and laboratory mice [35, 36]. The au-
thors suggest that differences in shape appear greater in fe-
males, and that differences in size are predominately
observed in males [35]. However, we were unable to identify
any literature describing potential sexual dimorphism in the
masticatory muscles of rodents at this stage (1-3 months,
equivalent to adolescence in humans [34]).

Humans: Adulthood and Aging

Differences in adult body size are best illustrated by height,
which is, on average, 7% to 8% greater in males but also var-
ies significantly between populations [5, 24] (Fig. 1). This dif-
ference is notable given that adult human height is a highly
polygenic trait associated with approximately 697 genome-
wide variants, including the estrogen receptor alpha gene
ESR1. Skeletal weight varies between 4 kg in men and
2.8 kg in women at the beginning of adulthood. However,
due to the height difference, although young men have higher
BMC, their bone density is similar to that of young women [5].
Furthermore, adult men have a larger average rib cage volume
and larger but relatively shorter and less curved ribs than adult
women [37]. This could be due to an adaptation to potential
pregnancy, as an expanded thoracic cavity can accommodate
abdominal distension [37]. As adulthood progresses, sex ster-
oid levels decrease due to an increase in sex hormone-binding
proteins that reduce the concentration of the free form of the
hormones [5]. This decrease could influence bones [5, 21], re-
sulting in future sequelae such as the development of osteo-
porosis [5, 13, 21, 38].

It has been reported that adult men have a lower proportion
of total BMC in the head than women [5] and that mandibular
growth occurs during a longer period of time in men than in
women [8]. Some studies have reported morphometric differ-
ences in adulthood, such as smaller mandibular sizes in wom-
en [39] or fewer variations in their mandibular morphometric
measurements than in men [40]. The male mandible has more
pronounced muscle insertions and exerts greater masticatory
forces. These differences could be related to muscle fiber
type content in men vs women, and possibly due to hormonal
influences [10]; men have a higher prevalence of myosin heavy
chain (MyHC) type IIb muscle fibers while women have pri-
marily MyHC type IIa muscle fibers [11].

Aging also influences the skeletal phenotype, albeit in a dif-
ferent manner from the processes of growth and development
[5]. The effect of pubertal growth is to increase bone size,
while the effect of aging is endocortical bone resorption
with a compensatory increase in periosteal apposition to en-
large the bone. Bone loss in aging includes trabecular thinning
and loss of trabecular connectivity, and the rate of these proc-
esses differs between the sexes [5, 38]. The male vs female dif-
ference is influenced not only by the chronological aging
process but also because women lose estrogens during meno-
pause. However, bone loss begins long before the onset of
menopause, and is accelerated after menopause due to the as-
sociated decrease in estrogen [5]. Menopause is associated
with a 90% increase in bone resorption but only a 45% in-
crease in bone formation, leading to an acceleration of bone
loss in women, particularly on the endosteal surface [5, 21].
This period is followed by a slower phase of bone loss, which
in part results from age-related abnormalities in calcium
homeostasis in women, which also occur in elderly men [S5,
21]. In fact, it is believed that the decrease in testosterone
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levels with aging influences bone loss in men in andropause
[5]. Periosteal apposition is another factor affected by age,
with greater bone formation occurring in men than in women.
Overall, the distinct effects of aging on cancellous and cortical
bone lead to different predispositions for fracture risk depend-
ing on the sex/gender [5]. Further, the loss of BMC is more sig-
nificant in women than men at all skeletal sites, although the
magnitude of the difference is greater in the spine and pelvis.

Both men and women suffer from skeletal muscle loss asso-
ciated with a decrease in testosterone levels with aging.
However, compared with women, men suffer a greater loss
of muscle mass and strength throughout their lives [6]. In
fact, men can experience transverse and longitudinal losses
in muscle mass and strength that are twice those seen in
women.

The aging process also impacts mandibular bone morph-
ology and may influence sexual dimorphism in the mandible
[3]. Studies confirm that these age-related changes are associ-
ated with sex hormones [9]. The decline in hormonal levels
with advancing age is reflected in individuals of both sexes,
but menopausal women undergo rapid mandibular bone re-
placement, whereas the decline is more gradual in men [41].
The earlier appearance of structural changes in women could
be explained by decreases in estrogen levels during menopause,
which causes more significant resorption of the facial bones,
particularly the mandible, similar to what occurs with the
long bones [41]. According to a 2021 study by Costa Mendes
et al [3], in which age-related changes in mandibular shape
and sexual dimorphism were evaluated in people aged between
40 and 79, mandibular sexual dimorphism in shape continued
to be significant with aging. Conformational changes in the
mandible were observed between 50 and 70 years of age and
were different between men and women. Thus, women pre-
sented earlier and with more marked age-related changes in
mandibular shape than men.

The dentition is the main determinant of mandibular
morphology since tooth loss affects the height, length, and go-
nial angle of the mandibular body in both sexes [42]. Thus,
age-related changes in men could be due to tooth loss. At
the same time, in women, the effect of edentulism could be
less striking due to the influence of hormonal factors [3].
Tooth loss leads to resorption of the alveolar bone ridge
[42]. These observations suggest that mandibular senescence
is a sexually dimorphic process, since conformational changes
differ between male and female individuals. As for other
muscles, age-related loss of masticatory muscle strength and
function can lead to a decline in physical performance.
Palinkas et al recorded a gradual decrease in resting mastica-
tory muscle mass and thickness and maximum voluntary con-
traction in a study group of people aged over 60 [16].

Rodents: Post-Skeletal Maturation and Aging
Male rodents reach a higher peak bone mass during growth
than females, as is observed in humans [43]. Consistent with
a higher number of osteoclasts in vivo in the femur of female
mice, bone mass of female mice is lower than male mice [14].
In contrast, another study comparing the femurs of inbred
mice showed that femurs of female mice had a larger cortical
area than those of male mice (after adjusting for body size and
bone size), unlike the evidence for humans [44]. Regarding
sex-dependent effects on osteoclastogenesis, there has been
controversy when evaluating osteoclast precursor cell

cultures. Specifically, higher osteoclast differentiation and
pronounced resorption have been observed in female mice
than in cells obtained from male C57BL/6 mice [45], whereas
it was found to be greater in males in male C57/129 mice [46],
suggesting the cellular responses and/or the composition of
the hematopoietic pool are influenced by genetic background.
In rodents, it has also been reported that estrogens contribute
to the adaptation of the female mouse skeleton for reproduc-
tion [7], and, in turn, testosterone reduces bone resorption
and increases periosteal bone apposition in male mice [3,
20, 47]. Furthermore, testosterone has also been observed to
rescue orchiectomy-induced bone loss in rodents, confirming
the importance of androgen receptor signaling in regulating
the male skeleton [48]. The essential role of sex hormones in
mediating sex differences in rat tibial growth has been demon-
strated by gonadectomy, which decreased bone growth in
males but increased bone growth in females [49, 50]. Sex dif-
ferences can be restored in gonadectomized animals by admin-
istering androgens to males to increase growth and estrogens
to females to reduce it [7].

Regarding the masticatory system in adult rodents, studies
have focused mostly on the muscles, and, in particular, on the
development and behavior of the masseter muscle. This is ap-
propriate because the masseter is the primary muscle that
produces force to close the mandible in rodents, and it is
also a sexually dimorphic muscle [11]. Daniels et al reported
that specific isometric strength in the masseter muscle was
not affected by sex in adult rodents [28]. However, contract-
ive activity is faster in females than males, particularly in the
ascent and relaxation movements. This feature is probably
due to the more significant proportion of MyHC IIb fibers
in the male deep anterior masseter muscle, which is the fiber
type that produces the fastest rate of shortening [28]. Very
few articles describe the sexual dimorphism of the masseter
muscle of the adult mouse, so conclusions at this level cannot
be definitive.

While rodents have been a useful tool to study sex differ-
ences in the musculoskeletal system, it should be considered
that, unlike humans, rats and mice do not experience the
abrupt loss of estrogen at menopause, nor do androgen levels
appear to decrease with age in male mice [51]. However,
when both rodents reach peak bone mass, gonadectomy of
mice or rats older than 4 to 5 months of age closely replicates
the loss of cancellous and cortical bone mass caused by estro-
gen or androgen deficiency in humans [24]. Because mice do
not experience menopause, they are an invaluable model to
analyze the contribution of sex steroid deficiency vs chrono-
logical aging on skeletal involution. Some studies have re-
cently demonstrated that both male and female mice
exhibit all the main characteristics of skeletal aging, includ-
ing decreases in cortical and cancellous bone mass as well
as the development of cortical porosity after 18 months of
age [52]. These findings indicate that the effects of aging on
the mammalian skeleton are independent of the effects of
sex steroid deficiency [24].

On the other hand, it has been reported that in female ro-
dents, the content of mineralized mandibular alveolar bone
is significantly reduced compared with old male rodents,
which the authors proposed is related to hormonal influence
[53], as is observed in humans [9]. In contrast to the above, in-
sufficient evidence was found to explain the mechanism for
aging and the influence of sex steroid hormones on the masti-
catory muscles in rodents.



The Impact of Cross-sex or Gender-affirming
Hormone Therapy on the Musculoskeletal System

Cross-sex hormone therapy (CSHT) also known as gender-
affirming hormone therapy suppresses gonadal hormones
and secondary sexual characteristics of the individual’s sex
at birth and induces bodily characteristics consistent with
their gender identity [54, 55] (Fig. 1). Regarding the effects
of CSHT on bone mass, 2 systematic reviews have been pub-
lished, evaluating the impact of CSHT on bone mass [56, 57].
However, no definitive conclusions have been reached. Some
authors have reported no significant difference in BMD in
transgender men receiving CSHT whereas lumbar spine
BMD is increased in transgender women receiving CSHT. In
contrast, other studies report that before CSHT, transgender
women tend to have lower BMD and a higher prevalence of
osteopenia than cisgender men. Further, implementation of
CSHT restores or at least improves BMD in both transgender
boys and girls. These authors also emphasize that short-term
administration of CSHT does not appear to have a negative ef-
fect on BMD in adult transgender women and men and that
gonadectomy is not a risk factor if CSHT is taken correctly.
These inconclusive results could be influenced by the type
and route of administration of estrogens and testosterone
used for CSHT, type of treatment regimens, the interpretation
of body mass index values, as well as the effect of
gonadotropin-releasing hormone (GnRH) agonists, gonadec-
tomy and antiandrogens, and even the influence of ethnic ori-
gin and lifestyle habits on BMD.

Regarding muscles, after 12 months of CSHT, an increase
in muscle mass and strength has been observed in transgender
men while muscle mass is slightly decreased or unchanged in
transgender women [58]. In a recent review where the effect
of CSHT on the muscles was measured 2 years after CSHT,
the mass and strength muscle mass were found to be increased
in transgender men. In contrast, an increase in fat mass of ap-
proximately 30% and a decrease in skeletal muscle mass of
approximately 5% was observed in transgender women
treated with CSHT for 12 months, and continued to decrease
steadily beyond 3 years [59].

In humans, male to female transition is achieved in adoles-
cents in whom puberty is first arrested by the use of GnRH
analogues with subsequent treatment with estradiol. In ro-
dents, more complex studies of the effects of experimental
male to female transition are possible. For instance, orchiec-
tomized mice, which exhibit decreased maximum bone mass
accumulation and a decrease in the maximum force that the
bone could withstand before fracture, were given estradiol
to simulate male to female transition [60]. This resulted in in-
creased cortical thickness in the midshaft. Estradiol treatment
also increased newly formed trabecular bone, mineralized sur-
face area/bone surface and bone formation rate, all of which
are related to the anabolic action of estradiol on osteoblast
proliferation. Likewise, in another study where adult male
mice were treated with a sustained high dose of estradiol, en-
docortical bone deposition was stimulated in the femoral mid-
shaft, increasing cortical thickness and bone area. Treatment
with high doses of estradiol was also anabolic for trabecular
bone, notably increasing the volume, quantity, and thickness
of trabecular bone in the distal metaphysis, which was accom-
panied by an increase in histomorphometric markers of bone
remodeling, surface mineralized/bone surface, bone forma-
tion rate, and number of osteoclasts. These findings in rodents
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support the need to optimize the doses of estradiol administra-
tion in human transgender women [61].

Not Just Sex Hormones—Role of Sex
Chromosomes on the Musculoskeletal System

Sexual dimorphism has been ascribed to the relative levels of
gonadal hormones in males (androgens) vs females (estro-
gens) [24, 62]. However, there has been increased interest
in determining the potential role of the sex chromosomes in
the different tissues and organs. To tease out the potential
contribution of gonadal (presence of ovaries or testis) vs
chromosome sex (presence of XX or XY chromosomes) to
the differential male/female effects, a mouse model named
the four-core genotypes (FCG) was developed [63]. In these
mice, the testis-determining gene Sry was deleted from the
Y chromosome and/or expressed as a transgene. Using this
strategy, mice of 2 sexes are generated, depending on the go-
nad present: male XXM (Sry transgenic with testes) or
XYM (Sry-deficient Y chromosome and Sry transgenic
with testes), and female XXF (wild type with ovaries) or
XY"F (Sry-deficient Y chromosome with ovaries).
Studies with these mice uncovered chromosome sex effects
on the brain, lifespan, and adiposity, unrelated to the sex
hormone present [63-65]. Our laboratory has used these
mice to understand the consequences of these genetic manip-
ulations on the musculoskeletal system in young
(2-month-old) and adult (4-month-old) mice [66]. We found
that while gonadal sex is the main contributor to the differ-
ences in bone and skeletal muscle mass at 2 months of age,
the sex chromosome complement (ie, XX vs XY) impacts
fat mass at this age. By 4 months of age, the contribution
of the sex chromosomes is more evident, with differences ob-
served in bone mass and strength, bone cell number/activity,
body weight and composition, and skeletal muscle mass, de-
pending on the presence of XX vs XY chromosomes within
each gonadal sex. It should be noted, however, that it has
been shown that a 3.2 Mb translocation of a segment of
near-PAR X chromosome to the Y™ chromosome.
Therefore, a potential contribution of the duplicated genes
on the phenotypes should be considered when interpreting
the results the from results from this mouse model.

Conclusions

The evidence presented in this review summarizes the role of
sex/gender on the musculoskeletal ontogenic process.
Current literature is primarily focused on childhood/puberty
to adulthood where it has been shown in both humans and ro-
dents that males exhibit more pronounced musculoskeletal
changes than females. Only a handful of studies have investi-
gated the effects of aging stage in rodents, and no differences
between the sexes were identified. The evidence for older hu-
mans was more numerous and concluded that women experi-
ence greater changes in bone and skeletal muscle integrity and
function than men, likely due to menopause. More longitudin-
al side by side studies are needed to better understand the
mechanisms underlying differences between men and women
in bone and muscle ontogeny and involution with age.
Furthermore, it is expected that future research will describe
the sex-specific ontogeny of the stomatognathic system (ie,
the jaw and accompanying skeletal muscles) together with
that of the musculoskeletal system (Fig. 1).
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