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Abstract: A high peak bone mass (PBM) at skeletal maturity is a good predictor for lower rate of
fracture risks in later life. Growth during puberty contributes significantly to PBM achievement in
women and men. The growth hormone (GH)/insulin-like growth factor 1 (IGF-1) axis has a critical
role in pubertal bone growth. There is an increase in GH and IGF-1 levels during puberty; thus, it
is assumed that sex steroids contribute to higher GH/IGF-1 action during growth. Recent studies
indicate that estrogen increases GH secretion in boys and girls, and the major effect of testosterone
on GH secretion is via aromatization to estrogen. Estrogen is pivotal for epiphyseal fusion in young
men and women. From studies of individuals with a mutated aromatase gene and a case study of
male patient with defective estrogen receptor-alpha (ER-ov), it is clear that estrogen is indispensable
for normal pubertal growth and growth plate fusion. ER-ot and estrogen receptor-beta (ER-f) have
been localized in growth plate and bone. ER knockout studies have shown that ER-or7~ female mice
have reduced linear appendicular growth, while ER-B~~ mice have increased appendicular growth.
No such effect is seen in ER-7~ males; however, repressed growth is seen in ER-or/~ males, result-
ing in shorter long bones. Thus, ER-f represses longitudinal bone growth in female mice, while it
has no function in the regulation of longitudinal bone growth in male mice. These findings indicate
that estrogen plays a critical role in skeletal physiology of males as well as females.
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Introduction

Osteoporosis is a metabolic bone disorder characterized by low bone mass and micro-
architectural deterioration of bone tissue with a consequent increase in bone fragility
and susceptibility to fracture.'? The risk of osteoporotic fracture depends on two factors:
the biomechanical strength of bone and the forces applied to it. Bone mass, a measure
of bone size and volumetric mineral density, is a determinant of bone strength. Bone
mass and strength achieved at the end of growth, also designated as peak bone mass
(PBM), play a key role in the risk of osteoporotic fractures occurring later in life.>*
Skeletal growth is an outcome of complex arrays of sequential as well as overlapping
actions of both nongonadal and gonadal hormones. Here, we will discuss the relation-
ship between bone mass and strength in pubertal skeleton, systemic and local effects
of growth and sex hormones in regulating skeletal growth, and molecular mechanism
of estrogen action in growing skeleton.

Characteristics of bone mass

and strength in PBM achievement
Several longitudinal studies tracking the bone mass and strength through childhood
and adolescence and mathematical models suggest that modifying PBM have direct
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consequences on skeletal fragility in old age.® Individuals
achieving a higher PBM in young adulthood are less likely to
develop osteoporosis as age-related bone loss ensues, whereas
those with low levels are clearly at greater risk.” From the
results of epidemiological studies, it is predicted that a 10%
increase in PBM could reduce the risk of fracture by 50% in
postmenopausal women.® However, the relative contributions
of PBM and bone loss to the bone mass in aging women or
men remain uncertain. There are some estimates suggesting
that in aged women (more than 70 years), half of the variance
in trabecular bone mineral density (BMD) and one-third of
the variance of cortical BMD are due to bone loss.’ Therefore,
it appears that the early phase of bone loss after menopause
is dependent on PBM achievement, whereas later the phase
(aging induced) is not.

Biomechanical strength that affords resistance to
mechanical loading of bone is determined by several factors
including the size of the bone, the amount of bone within
the periosteal envelope and its spatial distribution (the
microarchitecture and macroarchitecture), and the degree
of mineralization and structural organization of the organic
matrix.'® During growth, increase in areal bone mineral
density (aBMD), assessed by dual X-ray absorptiometry,
results from increase in bone size, which is well correlated
with increments in the amount of mineralized tissue con-
tained within the periosteal envelope.!!"!* Volumetric BMD
(vBMD), determined by high-resolution quantitative com-
puted tomography, allows measurement of cortical thickness,
cross-sectional area, polar moment of inertia'* and elastic
modulus, or stiffness. Determination of vBMD provides
improved prediction of bone strength over aBMD and bone
mineral content (BMC).

PBM achievement is a prolonged process that starts in the
intrauterine life and progresses through the years of growth
into young adulthood. Skeleton grows in length, breadth,
mass, and volumetric density with the growth of the body.
Bone mass and vBMD at birth are similar in female and male.
No significant gender difference was apparent before puberty
in bone mass of the axial and appendicular skeleton when
corrected for age, nutrition, and physical activity. Skeletal
size and vBMD are also similar in prepubertal girls and
boys.!> Before puberty, basal levels of the growth hormone
(GH)/insulin-like growth factor 1 (IGF-1) axis support a slow,
but continuous, bone growth. Between the onset of puberty
and young adulthood, however, bone mass doubles.>!¢!7

Puberty is commenced by increased pulsatile secretion
of Gonadotropin-releasing hormone (GnRH) by the

hypothalamus, leading to increases in serum gonadotropins
and consequent increases in gonadal secretion of sex
steroids.!® The onset of puberty corresponds to a skeletal
(biological) age of roughly 11 years in girls and 13 years in
boys.!*? The rates of increase in statural height and bone
remodeling are greatest in early puberty followed by progres-
sive decline.?’ Consequently, peak vBMD velocity occurs
2 years later, at menarche in girls and late puberty in boys.
The growth pattern in boys varies from girls in two ways:
boys have two more years of prepubertal growth because of
their later onset of puberty than girls, and pubertal growth
spurt in boys lasts for 4 years compared to 3 years in girls.>!¢17
These differences widely account for the 10% greater statural
height and the 25% greater PBM achieved by males.

Periosteal apposition accounts for 95% of peak cortical
thickness achieved during growth in males and 85% in
females.?? Endocortical apposition contributes to the
remaining 15% of peak cortical thickness in females so that
overall cortical thickness and volumetric density are not
different between the two sexes.?? Simultaneously, endo-
cortical bone is resorbed to form a medullary canal until
puberty.?>?* The distribution pattern of accrual of mineral
and matrix in growing long bones differs by sex, greater
periosteal accrual in boys and endocortical accrual in girls.?*
As aresult of this spatial difference in bone formation, there
is greater increase in marrow cavity area for boys compared
with girls, which explains greater overall increase in bone
dimensions (ie, greater periosteal apposition and endosteal
resorption) in boys.” Thus, although cortical thickness is
similar in males and females, the cortical bone mass is
greater in males because of the greater perimeter of the
larger bone.*

In case of long bones, there are no tensile stresses or strains
along the neutral axis, and the magnitude of the stresses is
proportional to their distance from the neutral or long axis of
the bone.?® Endocortical apposition at puberty accumulates
greater bone mass in women nearer the neutral long axis where
it confers less bending strength than a comparable amount
produced by periosteal apposition.?®?’ In men, greater cortical
apposition takes place further from the neutral axis of the long
bone, conferring more strength in bending by the correspond-
ingly larger muscle mass.?” In female subjects, bone mineral
mass increases more by endosteal than periosteal accrual. %
In male subjects, the opposite structural modifications are
observed with greater increases in periosteal than endosteal
apposition resulting in the increment of both external and
internal perimeters of the cortical structure.* At the end of
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pubertal maturation, the cortical thickness is greater in male
than female subjects.

Role of nutritional factors

in PBM achievement

Nutrition plays an important role in PBM attainment. Variation
in intake of certain nutrients by healthy, well-nourished children
and adolescents and its role on bone mass accumulation have
received considerable attention over the last few years.
Protein-calorie malnutrition during childhood can cause
growth retardation and decreased formation of cortical bone
and, therefore, can interfere with PBM acquisition.*® Most
studies pertaining to PBM have been focused on the intake
of calcium. By providing adequate calcium intake, it has been
observed that bone mass gain can be increased during infancy,
childhood, and adolescence and thereby optimal PBM can be
achieved.* In some observational studies carried out during
childhood and adolescence, a positive correlation between
dietary calcium and bone mineral mass was reported.’' The
benefit of supplemental calcium is usually greater in the
appendicular than in the axial skeleton.’! Thus, in prepuber-
tal children, calcium supplementation is more effective on
cortical appendicular bone than on axial trabecular rich bone
or on the proximal femur.*3! Of the influences on calcium
absorption, the most important is vitamin D, which is neces-
sary for the active transport of calcium across the intestinal
mucosa.* Vitamin D stimulates active intestinal absorption
of calcium by inducing the synthesis of a calcium-binding
protein in intestinal mucosa.’® A study of vitamin D receptor
knockout mice demonstrated that bone mineralization and
turnover were regulated by the dietary Ca/P ratios. Increases
in the dietary Ca/P ratio from 0.5 to 2 increased the amounts
of intestinal calcium absorptions and serum calcium levels.
Intestinal phosphorus absorptions were inversely related to
the dietary Ca/P ratios. Serum parathyroid hormone (PTH)
levels decreased, and the values of femoral BMC and BMD
increased.*

Nutritional status is a key regulator of the circulating
and tissue IGF system.*® IGF-1 mRNA and protein levels
decrease in tissues such as the liver and intestine with fast-
ing and are restored with refeeding.® The level of nutrition
affects the biological actions of recombinant GH and IGF-1
administration in humans.*® IGF-1 exerts an important
impact on renal endocrine and transport functions that is
essential for bone mineral economy.* IGF-1 receptors are
localized in the renal tubular cells and are connected to
the production machinery of 1,25(0OH),D and also to the

transport system of inorganic phosphate (Pi) localized in
the luminal membrane of the tubular cells.* IGF-1 indirectly
stimulates the intestinal absorption of Ca and Pi by enhanc-
ing the production and circulating level of 1,25(0OH),D. The
extracellular Ca—Pi product is increased by IGF-1, coupled
with the stimulation of the tubular capacity to reabsorb Pi.
IGF-1, through this dual renal action, favors the mineraliza-
tion of the bone matrix.*

Systemic effects of sex

steroids on GH/IGF-I axis

The GH/IGF-1 axis has a critical role in pubertal bone
growth. The peak in longitudinal growth velocity is cor-
related to peak concentrations of GH.**** GH release is
similar in boys and girls prior to puberty.** However, the
rise in pulse amplitude of GH is earlier in girls than in boys
during puberty.* In the same manner, a rise in IGF-1 is seen
earlier in girls in puberty.3* Thus, it has been assumed that
sex steroids contribute to the higher GH/IGF-1 action during
pubertal growth period.*3¢ GH increases growth at puberty
through the stimulation of IGF-1 production.’” The pulsatile
secretion of GH increases by about 1.5-fold to 3-fold during
puberty, and this is accompanied with a greater than 3-fold
increase in serum IGF-1 levels. In girls, the peak IGF-1 levels
occur at 14.5 years, while in boys, the levels peak nearly a
year later.*®** The increase in GH secretion during puberty
exhibits a sexually dimorphic pattern that parallels the change
in growth velocity. An increase in circulating GH levels is
seen in girls early in puberty at Tanner breast stage 2 (B2)
with peak levels at Tanner breast stage B3—4. Contrary to
this, an increase in GH is seen at later stages in boys with the
peak occurring at Tanner genital stage 4 (G4).%

Testosterone administration increases GH secretion
in boys,* and estrogen increases GH secretion in boys
and girls.* However, more recent studies have suggested
that estrogens also play a role in stimulating GH secretion
in boys.* Conversely, human pubertal data have emerged
demonstrating that a substantial portion of testosterone’s
effect is mediated through its aromatization to estrogen by
the enzyme aromatase. 3364343

Estrogens are responsible for the development of
secondary sexual characteristics and play a major role in
reproductive function in women. Estrogens are known to
have a biphasic effect on pubertal skeletal growth.* Low
estrogen concentrations are known to increase the secretion of
GH and subsequent IGF-1 synthesis in boys and girls during
early puberty. Estrogens initiate the pubertal growth spurt
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and stimulate skeletal growth. Hence, sex steroid-related
changes in GH and IGF-1 secretion may impact on bone size
and cross-sectional area.*

A close cross talk exists between estrogens and GH in
the regulation of growth and development as exemplified
in puberty.* Estrogen stimulation of longitudinal growth is
largely dependent on pituitary GH and is mediated via the
ERs, estrogen receptor-alpha (ER-01) and estrogen receptor-
beta (ER-B), which are expressed in the anterior pituitary as
well as the hypothalamus.*® A positive correlation between
GH and estrogen levels is seen in prepubertal girls and boys.*
Endogenous estrogen in peripubertal children increases GH
sensitivity.*® Estrogen priming for GH-stimulation testing has
been shown to augment GH release in normal adolescents.*!
Furthermore, there are reports of GH secretion being reduced
when estrogen signaling is blocked.*** This close interplay
between estrogen and GH status is further demonstrated by
the strong correlation between estrogen and GH concentrations
throughout normal female puberty.”* GH levels are higher in
women to than in men.>*** A major part of the stimulation of
growth by estrogen is through the GH/IGF-1 axis as boys and
girls with IGF-1 deficiency (Laron syndrome) do not have a
discernible pubertal growth spurt.*® Testosterone supplementa-
tion also stimulates GH secretion and increases IGF-1 levels in
boys. The effect of testosterone is dependent on aromatization
to estrogen because treatment of boys with nonaromatizable
androgens such as oxandrolone and dihydrotestosterone (DHT)
fails to increase GH secretion.”** This observation is further
supported by the studies in pubertal boys and adult men in
which the stimulatory effect of testosterone on GH is abrogated
by tamoxifen, an antiestrogen.”* However, there are reports
that nonaromatizable androgens like DHT and oxandrolone
increase growth velocity in boys with delayed puberty without
any alteration of serum GH/IGF-1.5%¢""6 This suggests that
these nonaromatizable androgens may stimulate growth
through other mechanisms, possibly via direct effect on the
androgen receptor (AR) within the growth plate cartilage.®

Effect of estrogen

on the growth plate

Longitudinal bone growth occurs at the growth plate by
endochondral bone formation. There are three principal
zones in the growth plate. These are resting, proliferative, and
hypertrophic. The resting zone lies adjacent to the epiphyseal
bone and contains infrequently dividing chondrocytes, while
the proliferative zone contains replicating chondrocytes. The
proliferative chondrocytes located farthest from the resting
zone stop replicating and enlarge to become hypertrophic

chondrocytes.>% The processes of chondrocyte proliferation,
hypertrophy, and cartilage matrix secretion result in chon-
drogenesis. At the same time, the metaphyseal border of the
growth plate is invaded by blood vessels and bone cell pre-
cursors that remodel the newly formed cartilage into bone.%
The synchronized processes of chondrogenesis and cartilage
ossification lead to longitudinal bone growth.

During growth, the growth plate undergoes structural and
functional changes. The rate of longitudinal bone growth
decreases as a result of decline in chondrocyte proliferation.®’
As a consequence, there is a decline in the overall growth
plate height, proliferative zone height, hypertrophic zone
height, size of hypertrophic chondrocytes, and column
density (number of chondrocyte columns per 1-mm growth
plate width).®67 At the time of sexual maturation, the growth
plate is resorbed, and this process termed as epiphyseal fusion
terminates longitudinal bone growth. Estrogen is pivotal for
epiphyseal fusion in both young men and women.*® The key
role for estrogen was confirmed with the recognition of two
genetic disorders, estrogen deficiency due to mutations in the
aromatase gene® and estrogen resistance due to mutations in
the ER-o gene.” In both conditions, the growth plate fails to
fuse and growth persists into adulthood.

Role of estrogen in female
pubertal growth spurt

The significance of estrogen for the pubertal growth spurt
in girls is well known. Studies in patients with disruptive
mutations in the AR (androgen insensitivity syndrome [AIS])
have shown that there is complete resistance to endogenous
androgen and that the only functional sex steroid receptor is
that for estrogen.**’! In AIS patients, a spontaneous pubertal
growth spurt takes place with the spurt velocity being
equivalent to that in normal girls starting at an appropriate
chronological age for girls (ie, earlier than in normal boys),
but bone maturation (ie, closure of the long bones and hence
mature height) corresponds to that of normal boys rather than
normal girls.”” The individuals with this genetic disorder have
an XY genotype and normal female external genitalia. As a
result of aromatization of testicular and adrenal androgen to
estrogen and by secretion of estrogen from the testes,* these
individuals undergo normal feminization at puberty. Another
study provides convincing evidence that it is estrogen and not
androgen that is responsible for the female pubertal growth
spurt, and epiphyseal maturation occurred in a female patient
with aromatase deficiency having high levels of androgens
and low estrogens.**” Despite high androgen levels, the
patient had no breast development and no menarche at

4 submit your manuscript

Dove

Cell Health and Cytoskeleton 201 1:3


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Estrogen in bone growth

the age of 14 years. The patient was short with a standard
deviation score for height as —1.5 and had no growth spurt,
and her bone age was delayed (10 years at chronological
age 14 years). Replacement with ethinyl estradiol led to a
notable decrease in her androgens and increased pubertal
growth spurt.**7 Thus, these studies clearly suggest that
estrogen alone is sufficient to support normal pubertal skeletal
growth in females.

Role of estrogen in male
pubertal growth spurt

Initially, testosterone was believed to play major role in the
pubertal growth spurt in boys.™ Testosterone is the most impor-
tant androgen of men, and 95% of it is secreted by testis. In
addition, a large amount of weakly active androgens is secreted
by adrenal cortex. Testosterone can act via AR directly or after
conversion to DHT by enzyme 5-a reductase. Additionally,
it is converted to 17f estradiol by enzyme P450 aromatase
and subsequently can exert its effect via ER-a or ER-B.”
Increases in androgen levels in prepubertal individuals result
in accelerated growth and epiphyseal maturation. However,
it was not certain whether these effects are directly mediated
via the AR or whether the effects are due to aromatization of
androgen to estrogen and therefore ER-mediated. Recent data
suggest that estrogen also plays an important role in pubertal
growth spurt in males.” This was substantiated by a case study
when a patient carrying an inactivating mutation in ER-o. was
severely osteoporotic having a bone age of 14 years at the
chronological age of 28 years.” His epiphyseal growth plates
were not fused, and in spite of being an adult, his growth did
not stop. Additional evidence supporting a role for estrogen
in connection with the fusion of growth plates in both males
and females comes from patients carrying inactivating muta-
tions of aromatase P450 (CYP19). Such inactivation blocks
the conversion of testosterone to estrogen, and consequently,
serum estrogen levels are very low. These patients have open
growth plates, immature bones, lack of a pubertal growth spurt,
and continued linear growth well into adulthood.®”” However,
after estrogen treatment of these patients with aromatase
deficiency, rapid bone maturation and fusion of the growth
plates occurs, and further, longitudinal bone growth is dis-
continued. All this evidence points to the important role of
estrogen in pubertal growth in males.

Axial versus appendicular skeleton
during pubertal growth

The growth of the appendicular skeleton, for example, the
femur, and the axial skeleton as in the case of vertebrae,

results from two different processes that are probably regu-
lated by different mechanisms. In the femur, increase in bone
length occurs by endochondral ossification at the growth
plates, whereas increases in bone width occur by apposition
of subperiosteal bone.” In the vertebrae, growth takes place
by endochondral ossification, which starts in the central area
of the cartilage anlage and expands toward the periphery in all
directions.” Because of these subtle differences in the pattern
of'bone formation, greater cancellous BMD is achieved in the
axial skeleton, whereas greater bone size is achieved in the
appendicular skeleton.

Appendicular growth is more rapid than axial growth before
puberty.® In early puberty, appendicular growth remains con-
stant with no acceleration, whereas axial growth accelerates.’
Growth of both regions then decelerates in late puberty.’
Both regions contribute relatively equally to height gain,
but a greater proportion of trunk length is gained during
puberty.!! Men have longer legs than women because in
men epiphyseal fusion occurs later than women; however,
trunk length is similar in both sexes.® Due to greater verte-
bral size, men have wider vertebrae than women, producing
higher spine aBMD, but vBMD and bone quantity remain
comparable between the two sexes.®? Both the deceleration in
limb growth and the acceleration in trunk growth are partly
estrogen dependent, even in males.®? This is the likely reason
why hypogonadism produces longer leg length and shorter
trunk length.®2

Racial variation has been observed in bone growth. In a
pioneering study, no difference was observed in bone density
between African American and Caucasian girls in the first,
second, or third stage of sexual development based on Tanner
scale.® In contrast, vertebral bone density was significantly
higher in African American girls than in Caucasian girls
at both Tanner stages 4 and 5.%2 The results of this study,
therefore, indicate that the magnitude of the increase in ver-
tebral bone density in girls approaching skeletal maturity was
considerably greater in African Americans than in Caucasians
of the same age and at the same level of sexual development.®?
These results strongly suggest that racial differences in bone
mass in the axial skeleton in women initially develop dur-
ing adolescence.®® Whether similar differences in vertebral
density exist between African American and Caucasian boys
remains to be investigated. The factors responsible for the
racial differences in cancellous bone density that occur during
puberty are unknown. When adjusted for Tanner stage, no
correlations were found between sex steroid levels and values
for cancellous bone density.” Investigation on the possibility
of calciotropic hormones and the calcium homeostasis system
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favoring positive calcium balance in African Americans has
yielded equivocal results.®* Further studies are required to
establish the pattern of racial variation in skeletal growth by
taking other racial groups into consideration.

ER signaling in bone cells

Studies show the direct effect of estrogen on the growth
plate in chondrocytes via ER subtypes, ER-o and ER-[.5%
Both ER-o and ER-f} are expressed in the growth plate as
well as in the bone, suggesting a role for both ER subtypes
in the regulation of skeletal homeostasis.’ 3% AR has also
been demonstrated in the growth plate.®*° Recently, a new
subtype of ER has been identified, which is membrane ER
G-protein-coupled receptor 30 (GPR30).° It was expressed
in the growth plate and declined during the progression of
puberty,*® suggesting that this new receptor might also be
involved in the regulation of longitudinal growth.®* The
expression of GPR30 is localized to the hypertrophic and
resting zones, with no expression in the proliferative zone
of the epiphyseal growth plate. This limited localization
suggests that GPR30 may be involved in specific processes
related to chondrogenesis in the epiphyseal growth plate.’!
Moreover, the downregulation of GPR30 expression during
pubertal progression indicates that GPR30 might modulate
the responsiveness of epiphyseal cartilage to estrogen at dif-
ferent stages of puberty.®! It has been observed that decline in
the level of GPR30 expression in the resting zone occurs in
parallel in boys and girls, whereas the corresponding decline
in the hypertrophic zone occurs earlier in girls, which is
similar in the pubertal growth spurt and growth plate fusion,
suggesting that GPR30 might be involved in the modulation
of pubertal growth.’!

Initially, it was believed that the effects of estrogen on
bone physiology were indirect.”> However, detection of
ER-o and ER-B in bone cells implied direct roles of ERs in
bone growth and physiology. A couple of elegant studies
by Nakamura et al”® and Krum et al** attributed the osteo-
protective effects of estrogen to its antiosteoclastic effects.
Krum et al using ER-a0 and ER-B knockout mice models
demonstrated the role of osteoblasts in osteoclast apopto-
sis via an ER-o-dependent induction of osteoblast FasL
in response to E2.°* ER-o has also been shown to inhibit
RANK-L-mediated osteoclast differentiation using mono-
cyte/macrophage osteoclast precursor RAW264.7 cells.”
Bone anabolic effects of estrogen have also been docu-
mented over the years in primary calvarial osteoblasts,
osteoblast cell-lines, and postmenopausal women receiving
estrogen replacement therapies.”*” A range of mechanisms

have been proposed for the anabolic effects of estrogen
that includes regulation of IGF-1 expression where IGF-1
and/or IGFBP-5 seem to be involved in the estrogen-induced
modulation of PTH action on osteoblast proliferation and
function,”® potentiating bone morphogenetic protein-2
(BMP-2) action by directly modulating differentiation of
bipotential stromal cells into the osteoblast and adipocyte
lineages, causing a lineage shift toward the osteoblast,”
and induction of BMP-2 via direct interaction with BMP-2
promoter where E2 produced a dose-dependent induction of
the mouse —2712 BMP-2 promoter activity in cells cotrans-
fected with ER-o and ER-.!% However, the precise role of
classical ERs in mediating anabolic effects of estrogen in
bone is still unclear. Ironically, although catastrophic skeletal
effects are associated with loss of estrogen in menopause or
gonadectomy, ER-o, ER-B, or double ER knockout (ERKO,
BERKO, and DERKO, respectively) mouse models failed
to replicate the striking phenotype associated with loss of
estrogen. In addition, the modest skeletal effects shown by
these mouse models were found to be dependent on age, sex,
and genotype of the mouse model used.

ERs and the female skeleton
The ER knockout models have given an insight into the role of
estrogen in longitudinal bone growth. Analytical study of lon-
gitudinal bone length in ER knockouts has shown that the role
played by the ERs in association with bone length depends
on sex and age.'” There is decreased appendicular growth in
female mice lacking ER-o. (ERKO).!%!% Two different ERKO
models have been generated by Lubahn et al'* (ERKOneo2)
and Dupont et al (ERKOd3),'” and their bone phenotypes
were studied. Studies with ERKOd3 mice, considered as
ER-0-null,'* revealed that these mice exhibit a decrease in
bone turnover and an increase in trabecular bone volume in
female animals; while there was no effect on femoral bone
lengths in female mice, these mice revealed a decreased thick-
ness of cortical bone.'”” In contrast, Téziim et al, using same
animals, reported increased long bone length in females.!'
ERKOneo2 mice, in contrast, showed clear stimulatory effect
of ER-a on bone length in'®!'? female mice."'* ' Further,
in females, these mice also exhibited an increase in cortical
cross-sectional bone area due to increased radial cortical bone
growth after sexual maturation.''>!'"3

These apparent differences in data received from two dif-
ferent ERKO mouse models may in part be explained by the
presence of a 46-kDa short form of ER-0t in ERKOneo2 mice.
Although this short form of ER-o lacks the N-terminal AF-1
activation function, it still contains an intact DNA-binding
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domain and C-terminal ligand-dependent activation func-
tion 2. This isoform is capable of binding and activating
estrogen response element (ERE)-dependent promoters
in AF-2-dependent cells and can even display a dominant
negative function.!* Interestingly, a human patient lacking
ER-o carries a mutation at residue 157 of the protein, which
would allow the short 46-kDa spliced form of ER-o. to be
synthesized,'* and this mutant ER has been found to have
estrogenic activity on ERE in luciferase-driven reporter
assays.'’

However, in female mice lacking ER-B (BERKO),
there is increased longitudinal femoral bone growth,03113.116
demonstrating an important role for estrogen in the regu-
lation of longitudinal bone growth. BERKO mice were
initially created by Krege et al''” at the University of North
Carolina (Chapel Hill, NC). In female mice in growing phase,
inactivation of ER-B showed increased longitudinal bone
growth,!!-113118 and at 6 months of age, these mice exhibited
higher cortical bone content and periosteal circumference,
while trabecular bone volume was unchanged in compari-
son to wild-type animals.'"* In female mice of 13 months of
age, deletion of ER-B induced an increased trabecular bone
volume associated with a reduced bone resorption and a
higher periosteal circumference.!'®!* Together, these reports
suggest that female BERKO mice are protected against age-
related bone loss in both cortical and trabecular bone by
decreasing bone turnover.!'® Interestingly, ER-o expression
was found to be elevated!'>!"® in these BERKO animals, indi-
cating that the enhanced level of ER-o may lead to increased
sensitivity of the skeleton to estrogen, thus contributing to
the protection of age-related bone loss. These observations
suggest a repressive function of ER-} in counteracting the
stimulatory action of ER-ot on bone formation in female
mice. The observations that ER-o. and ER-P play opposing
roles in cortical bones are further corroborated by studies that
show that female ERKOneo2 mice have shorter bones than
female DERKOKki animals (ERKOneo2/BERKOKki),!!!!!2
while BERKOKi females show an increase in femur length.''
In agreement with the above reports, Sims et al using
another BERKO mouse developed at Strasbourg, France,'
showed an increase in femur length (15.3 £ 0.1 mm in WT
vs 15.9 £ 0.2 mm in BERKOst) in female mice (16 weeks),
while in the BERKOst females, decreased bone resorp-
tion and a resultant increase in trabecular bone volume
were observed.!” However, in contrast to the studies with
DERKOKki mice which show intermediate femur length to
ERKOneo2 and BERKOKi, Sims et al using DERKOst mice
(ERKOd3/BERKOst) observed decreased femur length,

equivalent to BERKOst animals.'’” Further, a profound
decrease in trabecular bone volume in DERKOst females was
associated with a decrease in bone turnover.!”” Together, the
knockout mice model studies suggest that ER-o. and ER-f3
may play opposing roles in cortical bone growth in young
adults and a compensatory role in trabecular bone turnover
in aged mice.

Female ERKO mice have decreased femur length, and
this decrease is associated with a decrease in serum levels of
IGF-1."” In addition, BERKO mice displayed an increased
length of femur, and this was found to be associated with an
increase of serum levels of IGF-1.!!* Interestingly, in female
DERKO mice, the length of femur and serum levels of IGF-1
were intermediate between ERKO and BERKO mice.!"? The
GH/IGF-1 axis might be involved in the estrogenic regula-
tion of appendicular bone growth because the serum IGF-1
levels were strongly correlated with the femur length in the
mice with ER inactivation.!'? These data clearly demonstrate
that ER-or and ER-PB have opposing effects on appendicular
growth in female mice. It is thus proposed that while ER-o
promotes longitudinal bone growth in female mice, ER-B
represses it.

The molecular mechanisms of action for ER-a. versus
ER-P have recently been investigated. ER-o. and ER-[ have
almost identical DNA-binding domains, and studies in vitro
have demonstrated that the two receptors share some similari-
ties in the affinity for estrogenic compounds.'?*!! The amino
acid sequence of ER-B differs from ER-o in the NH2- and
COOH-terminal transactivating regions. This suggests that
the transcriptional activation mediated by ER-J is distinct
from that of ER-0.'* Owing to the significant similarities in
DNA-binding specificity, it is speculated that a differential
tissue distribution of ERs may play an important role in
mediating tissue-specific responses to estrogens.'” Hence,
the unique transactivating domains of the two receptor
subtypes along with differential tissue distribution may be
important factors in determining the estrogen response in
target tissues.

ERs and the male skeleton

It is well documented that men gain more bone than women
during puberty'?*!2* with periosteum appearing to be the
major site for bone acquisition.'” Greater periosteal bone
expansion in men accompanied by less endocortical expan-
sion has been assumed to result from exposure to higher
levels of androgens and lower levels of estrogens.” During
prepubertal growth, periosteal apposition increases bone
width in both sexes. In pubertal males, periosteal diameter
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continues to expand, but when females enter puberty, this
process is inhibited.'?® The larger cortical bone size in males
compared with females is due to differences in sex steroid
exposure during sexual maturation.'”® Studies in male AR~
mice have clearly demonstrated that AR activation results in
cortical radial bone expansion.'?’ It has been suggested that
men are more exposed to the stimulatory effects of androgens
and less exposed to the inhibitory effects of estrogens, which
is not the case in women.'?® Androgens may primarily affect
lean body mass and the loading of the male skeleton, and
exposure to low-dose estrogen may allow this loading to
induce bone expansion.!”® However, androgens alone are
insufficient to drive male periosteal bone formation.”

The effect of androgens on the male skeleton may be
either direct through a stimulation of ARs or indirect through
aromatization of androgens into estrogen and stimulation
of ERs.!” However, it has been clearly demonstrated that
the effect of androgens on the male skeleton, at least partly,
depends on the conversion of androgens into estrogen.'® It
has been demonstrated that loss of ERs leading to estrogen
resistance in the male mouse results in decreased longitudinal
as well as radial skeletal growth.'” Repressed growth is
found in ERKO males resulting in shorter long bones.**!®”
Studies with ERKOd3 mice, considered as ER-o-null,'%®
revealed that these mice exhibit a decrease in bone turnover
and an increase in trabecular bone volume in male animals;
while there was no effect on femoral bone lengths in males,
these mice revealed a decreased thickness of cortical bone.'”’
ERKOneo?2 mice, in contrast, showed clear stimulatory effect
of ER-0. on bone length in male.!*!'% However, no effect is
seen in BERKO males unlike in females. Male ER-0o”~ but
not ER-B~~ mice displayed reduced cortical radial bone
growth during sexual maturation, thus demonstrating that it
is ER-o and not ER-[3 activation that is required for a normal
cortical radial bone expansion in males during growth.*® In
the male BERKOst mice models,'® no effect was found on
femur length (16 weeks).

The shortening of the long bones in ERKO and DERKO
mice is associated with decreased growth plate width in
the proximal tibia.”® Furthermore, Ornoy et al'*® showed
that orchidectomy in mice decreases growth plate area
measured in the proximal tibia and that low-dose estrogen
treatment increases the same parameter. These findings
demonstrate that physiological levels of estrogen have a
stimulatory effect on longitudinal growth in male rodents.
Similarly, estrogens are required for the pubertal growth
spurt in boys.'? Estrogen regulates final height in humans
by a stimulatory effect on the pubertal growth spurt,

followed by closure of the epiphyseal growth plates at the
end of puberty.

As the cortical radial bone growth is reduced during sexual
maturation in the male ER-0.”"~ mice, it is speculated that the
GH/IGF-1 axis is involved in this effect. A major part of serum
IGF-1 is liver-derived, and it is seen that male ER-o”~ mice
had a cortical bone phenotype similar to mice with liver-
specific IGF-1 inactivation.'*!26130 Importantly, serum IGF-1
levels were reduced in the ER-0./~ mice, suggesting that these
decreased serum IGF-1 levels might mediate the reduced corti-
cal radial bone growth seen in male ER-0.7~ mice during sexual
maturation. Thus, a normal pubertal cortical bone expansion in
males might be dependent on an early ER-0-mediated stimula-
tion of the GH/IGF-1 axis.” Interestingly, male DERKO mice
follow the same growth pattern as male ERKO mice. This is
in contrast to the intermediate growth seen in female DERKO
mice. Thus, ER-[3 represses longitudinal bone growth in female
mice, while it has no function in the regulation of longitudinal

bone growth in male mice.'"?

Conclusion

The GH/IGF-1 axis is critical to pubertal bone growth, and
there exists a close interplay between estrogen and GH
in the regulation of growth and development during puberty.
Besides, sex steroids also have a direct action at the level of
the growth plate. Both ER-ot and ER-P are expressed in the
growth plate as well as in the bone, suggesting a role for both
ER subtypes in the regulation of skeletal homeostasis. From
studies of individuals with aromatase deficiency and defec-
tive ER-0,, it has become clear that the action of estrogen is
indispensable for normal pubertal growth and growth plate
fusion. There is abundant evidence that estrogen is essential
for normal pubertal growth and epiphyseal maturation in
not only females but also in males. Androgens alone are
insufficient to drive periosteal bone formation. In fact, andro-
gens augment pubertal growth and stimulate growth factor
production at the growth plate by aromatization to estrogen.
Consequently, estradiol should not be regarded exclusively as
a ‘female hormone’, but as a sex steroid that is necessary for
maintenance of bone health and perhaps other physiological
functions in both males and females.
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