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Abstract

The contribution of the gonadotropic axis to skeletal sexual dimorphism (SSD) was clarified in
recent years. Studies with animal models of estrogen receptor (ER) or androgen receptor (AR) null
mice, as well as mice with bone cell-specific ablation of ER or AR, revealed that both hormones
play major roles in skeletal acquisition, and that estrogen regulates skeletal accrual in both sexes.
The growth hormone (GH) and its downstream effector, the insulin-like growth factor-1 (IGF-1)
are also major determinants of peak bone mass during puberty and young adulthood, and play
important roles in maintaining bone integrity during aging. A few studies in both humans and
animal models suggests that in addition to the differences in sex steroid actions on bone, sex-
specific effects of GH and IGF-1, play essential roles in SSD. However, the contributions of the
somatotropic (GH/IGF-1) axis to SSD are controversial and data is difficult interpret. GH/IGF-1
are pleotropic hormones that act in an endocrine and autocrine/paracrine fashion on multiple
tissues, affecting body composition as well as metabolism. Thus, understanding the contribution of
the somatotropic axis to SSD requires the use of mouse models that will differentiate between
these two modes of action. Elucidation of the relative contribution of GH/IGF-1 axis to SSD is
significant because GH is approved for the treatment of normal children with short stature and
children with congenital growth disorders. Thus, if the GH/IGF-1 axis determines SSD, treatment
with GH may be tailored according to sex. In the following review, we give an overview of the
roles of sex steroids in determining SSD and how they may interact with the GH/IGF-1 axis in
bone. We summarize several mouse models with impaired somatotropic axis and speculate on the
possible contribution of that axis to SSD.
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Introduction

What are the characteristics of skeletal sexual dimorphism (SSD)? The short answer is that
during growth males show greater gainsin bone strength than females, and during aging
males show /lesser declinesin bone strength than females. Males grow longer and wider
bones that are stronger than female bones. The increases in linear growth in males depend
largely on increases in the height of the long bones, while the increase in the height of the
vertebrae is smaller, and its contribution to the sex differences in height is modest. The sex
differences in bone strength are established during puberty. In humans, pubertal growth in
boys starts approximately 1 year later than girls, lasts a little longer, and growth velocity is
greater than in girls (1, 2). These temporal differences in the males contribute to their longer
and wider bones.

Bone strength is largely determined by bone size, geometry, and quality. The amount of
mineral per unit volume of bone, referred as volumetric bone mineral density (vBMD), is
not different between the two sexes either for appendicular or axial skeletons (3, 4). Thus,
differences in bone size are the major contributor to the sex differences in bone strength (5).
The contribution of bone quality to sex differences in bone strength is less well known. We
note that changes in bone-size, -geometry, and — quality, continue to occur during growth,
puberty and adulthood, and are largely determined by genetic and hormonal factors.

Bone size is regulated by the activity of osteoblasts (bone building cells) and osteoclasts
(bone resorbing cells) on the periosteal and endosteal surfaces of the bone, processes
collectively referred as bone modeling (during growth). Periosteal bone apposition in both
sexes results in increased bone diameter, an important factor determining bone strength.
Pubertal-growth in males associates with enhanced periosteal bone apposition with increased
endocortical bone resorption and little endosteal bone expansion, processes that contribute to
wider bones with proportionally thicker cortex. In females, however, periosteal bone
apposition during pubertal growth slows down, while endosteal bone expands as a
consequence of reduced resorption at the endosteal surface resulting in smaller marrow
cavity (6). During aging periosteal apposition in males continues at a slow rate, while in
females the periosteal surface is inactive (7). Both males and females show increases in
endosteal bone resorption (bone remodeling). However, since males have continuous
periosteal bone apposition (though at a slower rate), the net cortical bone loss is smaller than
females. Sex differences during aging are also apparent in the trabecular bone compartment.
Males loose trabecular bone during aging via thinning of the trabeculae (3, 4). Females,
however, remodel trabecular bone earlier in life (midlife) leading to thinning of trabeculae
and reduced remodeling surfaces with time. During aging, remodeling of the trabecular bone
compartment in females leads to loss of trabeculae connectivity (3, 4).

Elucidation of SSD requires understanding of the hormonal and tissue factors network that
operates during growth and aging. There are some experimental evidence from humans and
animal models suggesting that in addition to the differences in sex steroid actions on bone,
sex-specific effects of the growth hormone (GH) and its downstream effector, insulin-like
growth factor-1 (IGF-1), play roles in skeletal sexual dimorphism (SSD). Both humans (8, 9)
and rodents (10) show sexual dimorphism in the GH secretory patterns, which consequently

Growth Horm IGF Res. Author manuscript; available in PMC 2017 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 3

result in pulsatile activation of the signal transducer and activator of transcription (STAT) 5b,
a mediator of the GHR. Loss of STAT5b in male mice results in a feminized liver gene
expression profile, while females are not affected (11). Likewise, studies of the molecular
basis for GH-mediated sexual dimorphism show that female livers are less responsive to GH
than male livers (12-14). Similarly, in adults, it has been established that women who are
taking oral estrogens require higher GH dose to achieve equivalent serum IGF-1 levels (15—
20). Understanding how GH/IGF-1 axis affects SSD is significant because GH is approved
for the treatment of normal children with short stature, children who are born small for
gestational age, children with idiopathic short stature, and children with congenital GH
deficiency, Noonan syndrome, Turner syndrome, and Prader Willi syndrome (21).
Additionally, it was lately suggested that using individually tailored doses of GH for
treatment of short stature provides a more optimal skeletal outcomes (22). Therefore, should
the GH/IGF-1 axis determine SSD, GH treatment may also be tailored according to sex.
This review will summarize briefly the contribution of sex steroids to SSD and focus
specifically on the roles of GH/IGF-1 in determining SSD based on studies done in mice.

The contribution of sex steroids to SSD

Ovaries, in females, and testis, in males, are the main source of sex steroids, while the
adrenals contribute about 5% to circulating sex steroids. In men, most of the circulating sex
steroids are bound to the sex hormone binding globulins (SHBGs), while in rodents, which
lack SHBGs, sex steroids circulate in a free form. In males the predominant sex steroid,
testosterone (T), is produced from C19 by the testis and from dehydroepiandrosterone
(DHEA) by the adrenals. DHEA can be further converted in tissues to dehydrotestosterone
(DHT), a more potent androgen, by the 5a-reductase. Testosterone can also be converted to
17b-estradiol (E2) by aromatase (CYP19A1), thus leading to E2-like effects. Testosterone
and E2 bind to the androgen receptor (AR) or the estrogen receptor (ER), respectively,
which are found in almost all tissues, including bone. Bone tissue not only expresses the ER
and AR but also the 5a-reductase and aromatase enzymes, suggesting that sex steroids also
provoke autocrine/paracrine actions in bone.

Understanding the contributions of sex steroids to SSD was extensively studied using
gonadectomized animals (Table 1A). In general, ovariectomy (OVX) or orchidectomy
(ORX) resulted in decreases in bone mass, largely via decreases in trabecular bone, but also
via decreases in bone mineral content (BMC) in the cortical bone envelope. Notably,
however, gonadectomy has temporal effects. Therefore, the age at which removal of gonads
is performed determines the skeletal outcomes. Growth rate accelerates during early puberty
(in rodents at 3-5 weeks of age) and decreases later on (at 5-8 weeks of age). ORX results
in increased body weight and decreased cross-sectional bone area only if done at the end of
pubertal growth (23). ORX done in aged animals does not affect total cross-sectional bone
area but results in significant thinning of the bone cortices, suggesting an enhanced
endosteal bone resorption (24). On the other hand, OV X done during prepuberty results in
significant /ncreases in bone length and bone cross-sectional area (23, 25), and associates
with increases in serum IGF-1 levels in one study (25). When performed in adults, OVX
results in significant increases in body adiposity and significant reductions in BMC in both
cortical and trabecular bone compartments due to increased bone resorption. In this context,
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it is important to note that gonadectomy not only removes estrogen and androgen, but also
removes other ovarian and testicular hormones. Nonetheless, gonadectomy studies support
the notion that in female mice, estrogen inhibits periosteal bone expansion during early
puberty, while in male mice androgen stimulates periosteal bone apposition during late
puberty. This concept was also supported by studies with mice overexpressing aromatase
globally (aromatase-Tg) via the human ubiquitin C promoter (Table 1B) (26, 27). As
expected, aromatase-Tg male mice exhibited increases in serum E2, which associated with
decreased total cross-sectional area and increased endocortical bone apposition. Female
aromatase-Tg mice also showed decreases in total cross-sectional area without alterations in
endocortical bone apposition. When aromatase was overexpressed specifically in osteoblasts
(OB-aromatase-Tg), serum E2 levels were normal and thus, total cross-sectional area in
male mice remained normal (Table 1B) (28). In both sexes of OB-Aromatase-Tg
endocortical bone apposition increased, and in females it resulted in increased cortical bone
thickness.

The estrogen receptor

To better understand the roles of sex steroids in skeletal acquisition and growth, animal
models of global or tissue-specific ablation of the estrogen and androgen receptors were
generated. There are two known E2 receptors; ERa and ERb, which are expressed in bone
(including the growth plate) and regulate skeletal homeostasis. ERa and ERb have different
actions on bone. ERa null females show decreased bone length, while ERb null females
exhibit increases in bone length (29). In female mice, ablation of ERa results in increased
body adiposity and increase in trabecular bone volume, while ablation of the ERb does not
affect body composition but results also in increased trabecular bone traits (Table 1C). With
respect to the cortical bone compartment, both ERa and ERb female null mice showed
increases in total cross-sectional bone area, which associated with increased cortical bone
thickness, suggesting that ERa/b inhibit radial bone growth. In males, ablation of ERa did
not affect bone length, however resulted in significantly decreased total cross-sectional area,
decreased cortical bone thickness, and thus decreased cortical BMC, suggesting that ERa
plays essential roles in establishing bone size in males. Interestingly, total ablation of both
Era and ERb in mice resulted in a bone phenotype similar to that observed for the ERa
single gene ablation in both sexes. In males, double knockout of ERa/ERD resulted in
decreased linear growth, decreased cortical bone area and thickness, which associated with
decreases in serum IGF-1 levels (29-31). Trabecular bone, however, increased in the
ERa/ERb double knockout male mice. In contrast, in females double knockout of ERa/ERD
resulted in normal periosteal circumference but increased cortical thickness, while trabecular
bone volume and BMD decreased (29-31). It should be noted that ablation of both AR and
the ERa in male mice resulted in decreased cortical bone traits and diminished trabecular
bone, which associated with decreased levels of serum IGF-1 (32). Overall these studies
suggest that estrogen plays a role in skeletal growth and integrity in both sexes and that the
predominant sex steroid receptor affecting bone morphology and BMD is the ERa.

Notwithstanding the valuable data from animal models with global ER inactivation,
interpretation of the data is complicated by the fact that these mice show elevated serum sex
steroid levels. To overcome this caveat a strategy of cell-specific ER ablation was developed,
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in which systemic regulation of sex steroid is normal (Table 1D). Ablation of the ERa in
osteoblast-progenitors (using the paired related homeobox 1 (Prx) or osterix (Osx) promoter-
driven Cre) resulted in decreased cortical vBMD in both sexes with no effect on trabecular
bone (33), suggesting that in contrast to the inhibitory effects of E2 on periosteal bone
expansion (seen with the global gene ablation approach), ERa in osteoblast-precursors is
required for periosteal bone formation and optimal bone accrual during growth in males and
females. On the other hand, ablation of ERa in mature osteoblasts (using the collagen 1
alpha 1 (Collal) promoter) did not affect bone mass or bone morphology in female mice
(33). However, an independent study where inactivation of ERa in osteoblasts (OB-ERa-/-)
was achieved via the osteocalcin promoter-driven Cre, bone accrual reduced during growth
in female mice but not in male mice (34, 35). This was reflected by decreased cortical bone
area and cortical BMC as well as by diminished trabecular bone volume in female OB-ERa
—/- mice. Male OB-ERa—/- mice showed decreases in trabecular bone volume only during
adulthood, suggesting that OB-ERa may play roles in trabecular bone maintenance in males
(34, 35). Ablation of the ERa in osteocytes, the bone resident cells, using the DMP-1
promoter-driven Cre, did not affect cortical bone in both sexes, but resulted in decreased
trabecular bone volume in male mice, suggesting that trabecular bone sparing in males is
mediated by ERa in osteocytes (36). In females, however, trabecular bone sparing is
mediated via ERa on osteoclasts. In two independent studies where the ERa was ablated in
osteoclasts using the cathepsin K promoter-driven Cre (37) or the Lysm promoter-driven Cre
(38), female mice showed significant decreases in trabecular bone volume, while no effects
on bone reported for male mice. Sex differences in linear bone growth were studied in mice
lacking the ERa in chondrocytes, using the Col2al promoter-driven Cre (39). Ablation of
ERa in chondrocytes did not affect linear growth during sexual maturation, however, resulted
in continuous growth in female mice, suggesting an inhibitory effect of ERa in the female
growth plate. In addition to bone cells, ERa was also ablated in the central nervous system
using the nestin promoter-driven Cre (40). This study showed that inactivation of central
ERa resulted in increased bone mass in female mice (males were not reported). The authors
reported secondary increases in circulating leptin levels that may have contributed to
increases in bone formation. The relative contribution of central ERa in contributing to E2
effects on the skeleton remain to be established.

The androgen receptor

Global (Table 1C) and tissue-specific (Table 1D) ablations of the androgen receptor have
advanced our understanding of SSD. Mouse models with total ablation of the AR exhibit a
phenotype similar to that obtained after ORX, with decreased cortical bone area and
circumference owing to inhibited periosteal bone apposition, as well as diminished
trabecular bone volume (32, 41, 42). On the other hand, overexpression of the AR under the
Collal-3.6 promoter, specifically in osteoblasts, resulted in shorter bones with enhanced
periosteal apposition, but significantly decreased endosteal apposition, producing thinner
cortices (43). Despite decreases in cortical bone volume, trabecular bone volume in the
osteoblast-specific AR transgenic mice increased (43). Neither total AR ablation nor
osteoblast-specific AR overexpression resulted in a skeletal phenotype in female mice,
suggesting that the AR plays minor roles in skeletal acquisition and morphology in the
female mice.
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The cre/loxP system was also used to ablate the AR in a cell-specific manner to better
understand how AR actions in osteogenic cells regulate bone accrual and SSD. Ablation of
AR in osteoblast progenitors using the Prx promoter-driven Cre resulted in decreased
trabecular volume in male mice and trabecular BMD in female mice, suggesting that the
anti-resorptive actions of AR on trabecular bone are mediated via cells of the osteoblastic
lineage (44). Likewise, AR inactivation in mature osteoblasts using the Col2.3 (45) or the
osteocalcin (46) promoter-driven Cre, resulted in decreased trabecular bone volume in males
only during advanced adulthood (24-32 weeks of age), while in females this was observed
only using the osteocalcin promoter-driven Cre, also in late adulthood (46). These studies
suggest that during adulthood, AR in osteoblasts plays a role in maintaining trabecular bone
integrity. Similarly, ablation of AR in osteocytes, using the DMP-1 promoter-driven Cre, did
not affect cortical bone morphology, but resulted in decreased trabecular bone volume in
male mice (47). In contrast to the effects of AR ablation in the osteoblasts lineage on
trabecular bone, inactivation of AR in the myeloid lineage did not affect bone morphology in
either sex (44), suggesting that AR does not exert its effects on the skeleton via osteoclasts.

In short, AR stimulates periosteal bone growth in male mice and is important in maintaining
trabecular bone integrity via its actions on the osteoblastic lineage. AR dose not exert any
effects on bone via cells of the myeloid lineage. In female mice, AR has minimal effects
mainly on trabecular bone, and these are mediated via its actions on the osteoblastic cell
lineage. On the other hand, the ER has effects on bone in both sexes. ERa is the main
regulator of skeletal acquisition in both sexes. In females, ERa exerts its effects on bone via
its actions in cells of the osteoblast lineage as well as via inhibition of osteoclast activity and
induction of osteoclasts apoptosis. ERa inhibits periosteal bone apposition in female mice
but enhances peak bone mass via its actions on pre- and mature osteoblasts. In male mice,
ERa actions in cells of the osteoblast lineage are important for maintaining trabecular bone
volume. On the other hand, ERb does not appear to play a role in skeletal acquisition in the
male mice, while in females it is important for enhancement of bone length and periosteal
bone acquisition (29, 48, 49).

Experimental evidence for the contribution of GH/IGF-1 to SSD

GH is secreted from the pituitary in a sex dependent manner in humans and many animal
models. In both humans and rodents, female pituitaries secrete GH in a continuous manner
with frequent peaks and short GH-free intervals. In contrast, in males GH peaks are higher,
less frequent, and the GH-free intervals between the peaks are longer. The sex differences in
GH secretion pattern translate into sex differences in liver gene expression that largely
depend on STAT5b, the GH receptor (GHR) downstream mediator (11). Sex differences in
GH-regulated genes were also found in heart and kidney (50), however, were not studied in
details at the molecular level in bone or in the growth plates. GH production and release are
significantly affected by sex hormones. In fact, GH and estrogen levels show positive
correlations in prepubertal girls and boys (51, 52). GH levels in prepubertal boys are lower
than those of pubertal boys, and when prepubertal boys are given a bolus of testosterone, GH
levels increase (53). It has been shown that the stimulatory effect of testosterone on GH
secretion is partially mediated via its aromatization into estrogen, since treatment with
nonaromatizable androgens (oxandrolone or DHT) failed to increase GH secretion (54-56).
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Interestingly, a cross-sectional study with North American males showed that GH peaks
during puberty correlate with peak height velocity. However, after reaching final height, GH
levels decline to prepubertal levels, despite sustained increases in sex steroids, suggesting
that the impact of sex steroids on GH secretion happen largely during the years of puberty
(57). Likewise, estrogen given orally increases GH secretion in prepubertal girls (58).
Further, children with precocious puberty are often treated with GnRH analog, leading to
inhibition of sex steroid secretion and consequent reductions in serum GH/IGF-1 levels (59—
61). While normal linear growth and skeletal acquisition in both sexes require cross talk
between the somatotropic (GH/IGF-1) and gonadotropic (E2/T) axes, there are still
important unanswered questions: 1) What is the contribution of the somatotropic axis to
SSD? 2) What are the relevance of the findings in animal models to humans? When
answering these questions we should also differentiate between the contribution of the
circulating pool of GH/IGF-1 and the contributions of the tissue levels/actions of these two
pleotropic factors to SSD.

As mentioned above, in mice, radial bone growth, which depends on periosteal and
endosteal bone apposition, contributes to SSD. Studies have established that in males
absolute periosteal bone apposition is higher than females, while endosteal bone apposition
is higher in females during pubertal growth (23). Skeletal characterizations of several mouse
models with impaired GH/IGF-1 axis have established a link between this axis and radial
bone growth; GHRKO mice exhibit ~95% decreases in serum IGF-1 levels along with
significant reductions in tissue IGF-1 gene expression. Body weight of GHRKO male and
female mice were significantly decreased as compared to controls, but did not show
significant sex differences (23). GHRKO mice show impaired skeletal growth, evident by
reductions in bone length and bone diameter with severely decreased periosteal bone
apposition, but without gender-genotype interactions (23). However, E2 treatment of
gonadectomized male (ORX) GHRKO mice resulted in increased serum IGF-1 levels,
enhanced radial bone growth, evident by increased total cross-sectional area, increased
endocortical and periosteal bone perimeter, and thickening of the cortex (62), suggesting that
serum IGF-1 may contribute to SSD via its interactions with E2 (independent of GH).
Likewise, IGF-1KO male and female mice exhibit severe decreases in longitudinal bone
growth, radial bone growth, mineral apposition and bone formation rates, as compared to
controls (63), but do not show SSD. Therefore, the two detailed skeletal characterizations of
both sexes of the global GHRKO and the IGF-1KO mice demonstrate that the actions of
GH/IGF-1 axis on bone are sexually dimorphic and likely involve interactions with sex
steroids. Nonetheless, we should keep in mind that both hormones affect the reproduction
systems and that the GHRKO and the IGF-1KO male mice exhibit compromised or blunted
fertility, respectively, associated with significant reductions in testicular and seminal vesicle
weights. GHRKO mice, for example, show low levels of serum luteinizing hormone (LH)
and reduced LH-induced testosterone release (64). Thus, interpretation of the data is
complicated since in GHRKO or the IGF-1KO mice both the somatotropic and gonadotropic
axes are compromised.

Over the last 10 years several mouse models with decreased/elevated serum levels of IGF-1
as well as mouse models with bone-specific disruption of the GH/IGF-1 axis were
characterized. We summarize herein data on longitudinal and radial bone growth of the
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femur in mice on two genetic backgrounds (FVB/N (Figure 1) and C57BI/6 (Figure 2)) in
both sexes after peak bone mass acquisition, at 16 weeks of age. Undoubtedly, there are
differences between sexes also during aging, however data is not yet available for all the
models.

Generation of the liver IGF-1 deficient (LID) mice enabled dissection of the roles of serum
IGF-1 in SSD. Initial studies with the LID mice revealed sexual dimorphism in GH-induced
gains in body weight (65). While LID female mice, treated daily with GH, showed increases
in body weight as compared to vehicle treated mice, treatment of male LID mice with GH
did not result in increases in body weight. This sexual dimorphic response to GH was also
seen when gonads were removed from the LID mice, such that OVX LID females increased
body weight in response to GH, while ORX LID males did not (65), suggesting that sex
differences may have been imprinted early in development, or that the gonadal steroids
environment does not play a role in sexual dimorphic response to GH. Unfortunately, bone
morphology was not assessed in that study. Later on, detailed skeletal characterization of
LID male (66) and female (67) mice (on FVB/N genetic background) has taught us that
reductions in serum IGF-1 levels minimally affect linear growth but cause significant
reductions in radial bone growth in both sexes. Nonetheless, despite 75% reductions in
serum IGF-1 levels, LID mice displayed sexual dimorphism, such that males LID were
heavier than female LID mice and total cross-sectional area (Tt.Ar) at the femoral mid-
diaphysis of male LID mice was larger than that of LID females (Figure 1). However,
robustness, a measure of radial versus longitudinal bone growth (Tt.Ar/length), which is
normally higher in males than females, did not differ between LID males and females,
suggesting a possible contribution of serum IGF-1 to SSD likely via affecting longitudinal
bone growth. On the other hand, 2fold /ncrease in serum IGF-1 levels in hepatic IGF-1
transgenic (HIT) mice (on FVVB/N genetic background) (68, 69) resulted in increased body
weight and skeletal properties in the HIT mice, such that males HIT were heavier than
female HIT mice and total cross-sectional area at the femoral mid-diaphysis of male HIT
mice was larger than that of HIT females (Figure 1). Lastly, robustness of bones from HIT
males was significantly higher than HIT females (on FVB/N genetic background). Together,
these studies suggest that although serum IGF-1 pool regulates diaphysial radial bone
growth, its contribution to SSD is minimal. As mentioned above, total ablation of IGF-1
caused decreases in body weight, bone length and bone diameter, and /oss of SSD (63),
suggesting that tissue/bone IGF-1 action is important in determining SSD. Indeed, even
when serum IGF-1 was restored in the IGF-1 null mice by expressing the hepatic IGF-1
transgene (IGF-1KO-HIT) (68-70), it was not able to restore SSD, and despite significant
differences in body weight between male and female IGF-1KO-HIT mice, total cross-
sectional area at the femoral mid-diaphysis and bone robustness did not differ between sexes
(Figure 1).

Mice were also characterized on C57BI/6 genetic background (Figure 2). SSD was evaluated
in a mouse model where the acid labile subunit (ALS), an IGF-1 carrier protein, was ablated
in mice (ALSKO). Like the LID, ALSKO mice exhibit ~65% reductions in serum IGF-1
(Figure 2A) associated with minor decreases in bone length but significant reductions in
bone width in both sexes. Despite the significant differences in skeletal properties between
controls and ALSKO mice, we found SSD such that ALSKO males were heavier than
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female ALSKO mice (Figure 2B) and total cross-sectional area at the femoral mid-diaphysis
of ALSKO male mice was larger than that of ALSKO females (Figure 2C). Once again, the
ALSKO model revealed that although serum IGF-1 levels regulate transversal bone growth,
they do not determine SSD. In contrast, GHRKO mice with diminished serum IGF-1 levels
(Figure 2A) and decreased skeletal IGF-1 gene expression, exhibit decreases in body weight,
bone length and bone diameter (63), and do not show SSD. Our findings with GHRKO mice
on C57BI/6 genetic background are similar (Figure 2A-D). Furthermore, even when serum
IGF-1 was restored in the GHRKO mice by expressing the hepatic IGF-1 transgene
(GHRKO-HIT) (71), it was not able to restore SSD, such that body weight and total cross-
sectional area at the femoral mid-diaphysis did not differ between sexes of the GHRKO-HIT
mice (Figure 2A-D). Once again, this model suggests that tissue/bone GH/IGF-1 actions,
and not serum IGF-1, are more important in determining SSD and may interact with sex
steroids indirectly or directly at the bone level.

The role of the IGF binding proteins (IGFBPs), which control the levels of circulating IGF-1
and the bound/free IGF-1 ratio in tissues, in regulathion of SSD was not explored in details.
Studies with IGFBP-2 null mice revealed sex-, age-, and compartment-specific differences in
skeletal parameters as compared to controls (72). In particular, male IGFBP-2 null mice
exhibited reduced trabecular bone density at 8 and 16 weeks of age, whereas female
IGFBP-2 null mice had increased cortical bone acquisition such that at 8 weeks radial bone
growth did not differ between sexes (of IGFBP-2 null mice) but, several weeks after the
release of pubertal hormones sex differences were detected. In a study that explored the role
of several binding proteins on body size and metabolism, the authors have shown that
ablation of IGFBP-3 or IGFBP-5, the main carriers of IGF-1 in serum, and the only binding
proteins that form ternary complex with ALS, did not alter growth as measured by body
weight and body length (73). On the other hand, IGFBP-4 null mice showed growth
retardation when compared to controls however, as seen for the IGFBP-3 or IGFBP-5 null
mice, they also retained sex differences in body weight and length (73). Unfortunately, SSD
was not explored in that study. Skeletal morphology was also studied in IGFBP-4 or
IGFBP-5 transgenic mouse models. overexpression of IGFBP-4 in osteoblasts decreases
bone turnover and causes global growth retardation (74). Morphometric analyses of skeletal
growth assessed at 6 weeks of age of both males and females, showed reduced femur lengths
and significant reductions in cortical bone volume as compared to WT mice. This was
attributed to sequestration of IGF-1 from binding to its receptor. Interestingly, the authors
reported no significant differences in morphometric parameters between males and females,
suggesting that IGFBP-4 plays a role in SSD. However, we note that the sample size was
small (4 males, 6 females) and analyses were done during the rapid growing phase in mice.
Thus, conclusions regarding SSD in that case are hard to make. Overexpression of IGFBP-5
in mice revealed sex-dependent effects where males affected more significantly than females
(75). Body weight and body/tibial lengths differed significantly between sexes in IGFBP-5
transgenic mice. However, with respect to the absolute values of BMD the authors did not
find sex differences, suggesting that 1gfbp5 overexpression has a sex-neutralizing effect. The
differences in BMD between sexes were attributed to a significantly greater rate of bone
formation at the endosteum in females, and reduced bone formation at the periosteum in
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both sexes. Nonetheless, several weeks after the release of pubertal hormones sex
differences were noted in the IGFBP-5 transgenic mice.

All osteogenic cells express the IGF-1 receptor and the GHR and may contribute to SSD via
interactions with the AR or ER. However, despite extensive studies on the effects of cell-
specific inactivation of IGF-1, IGF-1R, and the GHR, sex differences were not always
reported. IGF-1 was ablated in osteoblasts using the Col1a2 promoter-driven Cre and
resulted in significant reductions in cortical and trabecular bone volumes, significantly
inhibited periosteal and endosteal bone apposition (76, 77), however, sex differences were
not reported. Ablation of the IGF-1R in osteoblasts using the osteocalcin promoter-driven
Cre resulted in mineralization defect (that was tested in young adult mice at 6-8 weeks of
age), affecting mostly trabecular bone volume (78), but once again sex differences were not
reported. Likewise, inactivation of the IGF-1R in chondrocytes (using the Col2al promoter-
driven Cre) resulted in “collapse” of the growth plates and severe growth retardation (79,
80), but SSD was not studied. IGF-1 gene inactivation in chondrocytes (using the Col2al
promoter-driven Cre) resulted also in reduced bone length, bone diameter, and BMC (81).
However, all growth and skeletal parameters showed sex differences with males being
greater than females, suggesting that although chondrocyte-derived IGF-1 plays significant
roles in long bone growth, it does not contribute to SSD.

Recently, the GH/IGF-1 axis was studied in osteocytes. Members of the GH/IGF-1 axis were
ablated in mature osteoblasts/osteocytes using the DMP-1 promoter-derived Cre (Figure 2E—
H). Disruption of IGF-1 in osteocytes resulted in minor reduction in bone length (4-7%), but
significant reductions in radial bone growth in female mice (82). Using a similar strategy, we
found differences in radial bone growth in both sexes (83). DMP-mediated IGF-1KO mice
exhibited SSD, as was evident by sex differences in body weight (Figure 2F), total cross-
sectional area of the femur (Figure 2G), and bone robustness (Figure 2H), suggesting that
the lack of local/bone IGF-1 production does not contribute to SSD and may be
compensated for by the normal serum IGF-1 levels in the DMP-1-IGF-1KO mice. When the
IGF-1R was ablated in mature osteoblasts/osteocytes we found significant reductions in
cortical bone area in both sexes, as well as significant reductions in cortical bone thickness
as compared to controls (83), likely due to increased endosteal bone resorption in the
DMP-1-IGF-1R. However, also here, despite ablation of the IGF-1R in mature osteoblasts/
osteocytes the mice exhibited SSD. Inactivation of the GHR in osteocytes also compromised
skeletal integrity and resulted in reduced radial bone growth, producing slender bones in
both sexes (83). However, as for IGF-1 and the IGF-1R, we found that DMP-mediated
GHRKO mice exhibit SSD (Figure 2E-H).

Overall, we are certain that the somatotropic axis affects bone morphology and strength.
Total inactivation of the GHR or the IGF-1 results in growth retardation, compromised
skeletal growth in both sexes, and blunted SSD. The lack of SSD in GHRKO or the
IGF-1KO mice is likely due to indirect interactions of GH/IGF-1 and sex steroids in bone, or
alternatively, may due to secondary effect on other tissues that participate in regulation of
bone metabolism. Mice with genetic manipulations of serum IGF-1 levels (LID, ALSKO,
and HIT mice) retained their SSD, and even inactivation of members of the GH/IGF-1 axis
in mature osteoblast/osteocytes (DMP-1-mediated gene recombination) did not affect SSD.
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Data from mouse models where the GH/IGF-1 axis was impaired in a bone-cell specific
manner are not facile to interpret for several reasons; 1) not all studies addressed sex effects,
2) not all animals were studied at the same sexual maturation state, 3) not all studies use the
same methodology to assess skeletal morphology, and 4) not all mice were on a similar
genetic background.
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Figure 1. Manipulations of endocrine IGF-1 do not contribute to SSD
A. Serum IGF-1 levels of mice at 16 weeks of age, determined by RIA in control (n=12 per

sex), liver IGF-1 deficient, LID mice (n=12 per sex), hepatic IGF-1 transgenic, HIT mice
(n=9 per sex), and IGF-1 null mice expressing the HIT, IGF-1KO-HIT mice (n=9 per sex).
B. Body weight of mice at 16 weeks of age; Controls, LID, HIT, and IGF-1KO-HIT mice
(n>15 per sex in each genotype). C-D. Micro-CT data of femurs from 16 weeks old mice on
FVB/N genetic background, acquired using the eXplore Locus SP Pre-Clinical Specimen
MicroComputed Tomography system (GE Healthcare, London, Ontario) at 8.7micron voxel
resolution; Controls (female n=15, male n=9), LID (female n=8, male n=9), HIT (female
n=14, male n=11), and IGF-1KO-HIT (female n=13, male n=10) mice. Data presented as
mean+SEM for serum IGF-1 levels and body weight, while for skeletal traits by mCT we
report mean£SD. Statistical difference between sexes was determined by t-test, where
significance accepted at p<0.05.
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Figure 2. Reductions/elevations in serum IGF-1 or inactivation of the GH/IGF-1 axis in
osteocytes do not contribute to SSD

A., E. Serum IGF-1 levels of mice at 16 weeks of age, determined by RIA in control, hepatic
IGF-1 transgenic, HIT mice, GHRKO, GHRKO mice expressing the HIT, GHRKO-HIT
mice, GHR floxed mice, DMP-1-GHRKO mice, IGF-1R floxed mice, DMP-1-IGF-1RKO
mice, IGF-1 floxed mice, and DMP-1-IGF-1KO mice (n>8 per sex in each genotype). B., F.
Body weight of mice at 16 weeks of age; Controls, hepatic IGF-1 transgenic, HIT mice,
GHRKO, GHRKO mice expressing the HIT, GHRKO-HIT mice, GHR floxed mice,
DMP-1-GHRKO mice, IGF-1R floxed mice, DMP-1-IGF-1RKO mice, IGF-1 floxed mice,
and DMP-1-1GF-1KO mice (n>15 per sex in each genotype). C-H. Micro-CT data of femurs
from 16 weeks old mice on C57BI/6 genetic background, acquired using the SkyScan 1172
(Microphotonics) system at 9.7micron voxel resolution. Controls (female n=14, male n=14),
hepatic IGF-1 transgenic, HIT mice (female n=12, male n=12), GHRKO (female n=12, male
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n=12), GHRKO mice expressing the HIT, GHRKO-HIT mice (female n=8, male n=15),
GHR floxed mice (female n=10, male n=13), DMP-1-GHRKO mice (female n=13, male
n=16), IGF-1R floxed mice (female n=7, male n=10), DMP-1-IGF-1RKO mice (female n=7,
male n=7), IGF-1 floxed mice (female n=11, male n=10), and DMP-1-1GF-1KO mice
(female n=12, male n=11). Data presented as mean+SEM for serum IGF-1 levels and body
weight, while for skeletal traits by mCT we report meanSD. Statistical difference between
sexes was determined by t-test, where significance accepted at p<0.05.
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Figure 3. Integrations of signals from the gonadotropic and somatotropic axes regulate radial
bone growth in males and females
Pubertal growth associates with increases in serum sex steroids as well as increases in the

levels of GH and IGF-1. During that period both males and females increase linear and
radial bone growth and accumulate bone mineral that reaches its peak when growth is
ceased. A. During puberty males increase periosteal bone apposition and endosteal bone
resorption leading to overall increase in bone diameter and a more robust skeleton. During
that period both the somatotropic and the gonadotropic axes activate periosteal bone
apposition in males. B. In contrast, during pubertal growth in females, periosteal bone
apposition is slower than in males, while endosteal bone resorption decreases leading to
preservation of the amount of cortical bone. During that period the somatotropic axis
enhances endosteal bone apposition in females, while the gonadotropic axis (estrogen)
inhibits periosteal bone apposition.

Growth Horm IGF Res. Author manuscript; available in PMC 2017 June 28.



Page 21

Liuetal.

T-491 Sp104a1s auoq 1 ymmoub ymoub T-491 S auoq 1 ymoab y (Jau)
w X85 e[Ndagel L [eipey Jeaul wnJss p1oJals e[n2ages L lelpey molb Japow
niss wnJas Xas Jeaul] asNoNl
wn4ss
Ssa[ewa saleIN
1N0x90Uy ausb [eqolo "D
papodal J0N JewIoN |ewIoN [ewloN |ewIoN pawuodal 10N |ewIoN awn|oA auoq uonisodde y16ua| auoq paonpay (ey) (40r0woud
Jejndagel) pasealou| auoq [ealsopua 9'¢TeT[0D) b1-4V-90
paNqIyul yum uonuedxa
auoq [ea)solad
pasueyuad ‘eale
aU0q [eJ11I09 Padnpay
Jew.IoN [ewIoN JewIoN SSBUMDIY} ewIoN Jew.oN ew.IoN Ausuap auoq ‘uopisodde |JewJoN (82)
au0q [ed11I09 pPasealou| Jejndaged) pasealou| |ea)sopua pasealoul (1a30woud TET -|0D)
01 anp QNG pue 61 - aserewoly -g90
SSBUMDIY) BUOq [e21140D
pasealoul Yum ease
1eUO1398s -SS049 [BWION
payodal 10N |ewIoN Ajsuap ang yiBus| auoq paonpay payodal 10N pasealdsp pue Ajisuap auoq (uomisodde yibus| auoq paonpay (L2
auoq Je[naages) [eWwIoN 191109 [BWION "Paseadap 23 pasealou] Jejndagel) pasealou| auoq [e9111020pUd ‘92) (4ayowoud D unbign
eys ay) 1e eale suog BIA) pasealoul Ng uewny) 1 - asejewoly
1911109 pue eaJe [e21110D
3[IYM ‘pasealdsp Yeys
|eloway 8y} Je eale suog
T-491 s auoq 1 ymmoub ymoub T-491 S auoq 1 ymoab y (Jau)
wnJss ploJals e[Ndagel L [eipey Jeaul wnJss p1oJals e[noages lelpey molb Japow
Xas Xas Jeaul] aSNON
wnJas wn4ss
Ssalewsa saleIN
991w d1uabsued ] ‘uoissaldxalano d119ads-118d pue [eqolo ‘g
paseaoul A||euolseddo ‘[ewloN 9|0e19819p Jou Z3 asnouw Jjnpe ul swWnjoA ‘SSaUNOIUY ‘Auagnd Jo Jew.oN 1 paonpay aWIN|OA auoq Jejndage.} 90UBIBJWINAIID JewIoON (sz'€2)
au0q Jendages) paonpay 16911109 ‘BalJe auoq [e213109 BuruuiBaq Jo Anagndaid ul suononpas Juediubis | [esisonsad pue ‘ssauxdIy} XAO (T¥ ‘vZ ‘€2) XH0
paonpai ‘(Ausgndaid Burinp Burinp auop xno 1211109 ‘BaJe 22110
auop J1 Ajuo) sisAydeip 1 paseaoul yimodb Jeaul] pasnpai ‘(Auagnd
-pIW 8y} Je eaJe [euondss 30 BuruuiBaq ye auop 1
-SS019 [eJOW?d) Pasealou] Ajuo) sisAyderp-piw ayy
Je Ba.e [eUOI1I3S -SS01I
|eJoway pasealdsg
T-491 s auoq 1 ymoab ymoab 7-491 S auoq 4 ymouh y (Joa)
wnJas ploals B[N2agRI L [eipey Jeaul] wnJas p1o1a1s B[N23geRI L leipey molb Jopow
Xas X3s Jeaul] asno
wnJas wn4as
XAO sa[ewsad X0 seeN

Awoydapeuos vy

Author Manuscript

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

‘SIxe o1doJjopeuod pasredwi Y1m s|apow asnow JO uoleziisioeleyd [e19|aMs

available in PMC 2017 June 28.

Growth Horm IGF Res. Author manuscript



Page 22

Liuetal.

pauodal 10N pauodal Jo0N |ewIoN SSAUXIIY} |ewIoN pawuodal 10N pauodal 10N JewIoN SSaUXIIY} pauodal 10N (g€) (12r0woud x1d)
auoq [e21109 pasealdng auoq [e213109 pasealdsg —/-ey3 sionusboid go
T-491 s auoq 4 ymoabh y T-491 S auoq 4 ymouh y (Joa)
w plo4als e[noagel L [elpey moub w p1o4als BINJaqel | lelpey moab |apow
nies X3S Jeaul] n1ss PES Jeaul] asnoN
wnJss wnJss
sajewa saleN
1n0320Uy auab ay1dads (190 A
papodal 0N paynodal JoN pauodal 10N panodal 10N pauodal 10N S|an8] pasesldsq 1 Jaquinu DING pUB SSaUNDIY} |ewIoN (z€) —/-ed3/dv
pasealdsp pue pue aWwnjoA auoq aU0q [e211J09 Pasealdap
23 [ewloN Jenaaqel} paysiuiwiq ‘32UBIBJWNAIID [23}SOPUD
pue [eajsoliad paseasdsq
p alodal JoN 23 [ewlou JewioN [ewIoN JewoN papodal JoN 23 [ewou Jaquinu DIAG pUE SSaUX2IY} |ewIoN (zv) -1
‘] paseasdnq ‘] paseaidag pue aWwnjoA auoq auoq [e211109 pasealdsg v 21D paleIpaw -AND
Je[naaqel} paysiuiwiq
papodal JoN 1 pasealdsp JewioN [ewJoN lewoN JewoN 1 Jaquinu DING pue SSauxdIy} |ewIoN (2v ‘T '28) —-/-¥v
pue z3 [ewoN pasealdsp pue pue aWwnjoA auoq au0q [e211109 Pasealdap
23 pasealou] JTe[naagel} paysiuiwiq ‘30UBIBJWINIID
[eaysoniad pasealsaq
S|aAg] [eWION 1Ha JewIoN BaJE 3UOQ [EII1I0D JewIoN [ew.oN 1Ha DJING/AING paanpay ET) |ewIoN (28) —/-T @sernpai -eg
pue | pajeAs|a pasealoul ‘adusIBywNIId ‘1 ‘23 [ewIoN 2U0( [e911109 Pasealdsp
‘23 [ewWION Jeaysoliad [ewloN ‘80UBIBJINIID
[eaisoniad pasesidsq
papodal 0N Aouaidlep usbonse awinjoA "paonpal SsauxIy} auoq JewIoN papodal 0N auo.ns3 awWn|oA auoq ‘paonpai ypbus| suoq paonpay (18) /- aserewoly
Bunsebbns ‘yybram auoq Jejndaqe.} paonpay [e211409 ‘pariodal Jou sem JewLoN Jendages) paonpay SSOUXIIY} BUOQ [€21140D
uLIaIN pasealdsp ©aJE [EUOI}I8S -5S01I-[B10L ‘1 [ewIoN ‘papjodal Jou sem eare
ng ‘auons3 |euo1198s -SS0.9-[e10L
wnJes [ewJou
‘] paseaidu]
[ewoN 1 pue z3 palens|3 ang pue 90UBIaJWNAIID [e3}SOPUd "1 W\ pue —/—®J3 Usamiaq S|ans| pasealdad papodal 10N asnouw }jnpe ay} ul SS9UXOIY) 8UOQ [€211400 yBus| suoq paonpay (08

3WN|OA Ie|NJaqel) Pasesdad

PaoNpaJ UM 32UaJajWNaIID
|ea1sorlad [ewloN ‘QNg pue
eaJe 8UO0q [e2110D Pasealou]

(MGITETE T ENIE]

aWIN|OA auoq Je[ndage.}
u1 aseasoul wbis

pue eaJe |euo11I8s
-§5010 Pasealdap ‘JINGA
191109 pasealnsq

‘1€-62) -/ —qd3/ed3

S|ans] pasealou| panodal J0N aWN|OA Jejndages) JING [221102 Y1Bua| [esoway pasealou| papodal 10N pauodal 10N [ewloN [ewIoN JewIoN (6. ‘6% '62) -/-q43
pasealoul ‘g [ew.IoN pasealoul ‘eale auoq [ea110d
pasealoul ‘aouaIsywuNaIId
|ealsoliad paseaiou]
S|ans| pasealnag 1 pue g3 paiens|3 awinjon 90UBJBJWINJIID [B3ISOPUS yBus| auoq pasnpay S|ans| pasealoaqg 1 pue ding pue DING pUe SSauXoIy} JewlIoN (z€ '62) -/-e¥3
auoq Jejndages) pasealou] paoNpal Y1 32UaJ9JWNaII0 23 pasealou| ‘Jaguinu ‘awnjoA auoq 2u0( [e91109 Pasealosp
|eaisoniad [ewION "@Ng pue JeIndages) pasealou| ‘92UaJ9JWINAIIY
BaJe U0 [B2110D Pasealou] Jes1soniad paseasoaq
T7-491 s auoq 4 ymoabh ymoah 7-491 S auoq 4 ymouh y (Joa)
wn4as ploaals e[Ndagel L [eipey Jeaul wn4as p1o4a1s ’[N2age L leipey molb |apow
X85S PES Jeaul] asNoON
wnJas wn4as
XAO sjewsdd XHO s9eiN

Awo3ospeuos v

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2017 June 28.

Growth Horm IGF Res. Author manuscript



Page 23

Liuetal.

pauodal 10N pauodal 10N |ewION [ewJoN pauodal 10N pawuodal 10N pauodal 10N JewJoN JewJoN pauodal 10N (v¥) (4830woud
wsAT) -/-4v-00
pauodal 10N pauodal JoN pauodal 10N pauodal 10N pauodal 10N pawuodal 10N pauodal 10N (3npe ay1 ur) JewJoN |ewIoN (2¢) (4930woud T -dINQ)
uoneINew [enxas Jaye —/-¥V -314003150
Ajurew awinjoA suoq
Jejndagel) paonpay
pauodal 10N pawodal JoN abe 40 syjuow 9 ye aWn|oA [ewloN |ewIoN pawuodal 10N pauodal 10N abe Jo syuow JewIoN |lewIoN (9v) (4ar0woud
au0q Jendages) paonpay 9 Je aWwn|oA auoq U19[8208150) —/-4V-90O
Je|ndagel) paonpay
pauodal JoN pauodal JoN payodal JoN pauodal 10N payodal JoN payodal JoN |lew.IoN abe Jo syjgam lewIoN lewLIoN (S¥) (yarowoud
€ I31Je aWwnjoA auoq €'2109) —/-dv-d0
Jejndagel) paonpay
payodal 10N pauodal JoN ANg Jendagel) paseasdsg pauodal 10N pauodal 10N payodal JoN payodal 10N awn|oA auoq JewIoN lewLIoN (%) (4ar0woud xud)
Je|ndage.) paonpay —/-dV sionuaboid go
pauodal 10N JewIoN awnjoA ANGA 8911409 pasealdu] pauodal 10N payodal 10N pauodal 10N payodal 10N pauodal 10N pauodal 10N (o) (4ar0woud unsau)

3U0q Je|ndage.) pasealou]

—/—ey3 -8uoInau

pauodal 10N pauodal 10N awinjoA SS3UX2IY} BUOq [€I11409 Ul pauodal 10N pawuodal 10N pauodal 10N |ewIoN JewIoN JewlIoN (p¥ ‘8¢) (4orowoud
au0q Je[ndsges) paseasdaq asealoap ‘pooyynpe Burnp wsAT) -/-e43-00
NG [eIOWa} Ul Sasealdsap
61 Moys ‘ymolb
Bulnp QNG Inwiay [ewloN
JewoN [ewIoN awin|oA auoq [ewIoN JewlIoN Jew.oN JewIoN [ewloN [ewIoN |ewlIoN (2€) (4or0woud 3
Je|noages Ul suononpay uisdayped) -/-e43-00
Jew.IoN [ewIoN JewlIoN [ewIoN pooyy|npe Burinp Jew.oN Jew.IoN [ewIoN [ewIoN JewIoON (6€) (4o30woud TEZ|0D)
y1bus| pasessoul Moys —/-e43- 81A%01pUoyD
‘yimouB Burinp jewloN
payodal 10N |JewIoN |lewLIoN [ewIoN |lew.IoN payodal JoN |lew.IoN aWN|oA auoq lewIoN lewLIoN (9¢) (4ar0woud T-dINQ)
Je|ndagel) paonpay —/-eY3 -81£208)50
payodal 10N |ewIoN SS3UMIY} pUR Jaquinu 301W }NPe Ul 82U3IBJWINIIID |ew.IoN payodal 10N |ew.IoN J3quunu Jendagesy juiod lewLIoN (¢ ‘ve) (Jarowoud
Jejndageli paonpal ‘ad1w Jealsolsad pue ssaudaIy} paonpai ‘aoiw }npe abk auo e 32UBIBJWINIIID U19[8208150) —/—2I3-90
JInpe ul DING/AING padnpal auoq [e91109 padnpal U1 DNg/ang paonpay [e8)SOpuUa Ul UoIINPal
‘DING 211102 Paanpay [[ews e ‘[ewioN
pauodal 10N pauodal 10N |ewloN JewIoN |ewIoN payodal 10N pauodal 10N payodal 10N AINg Inway [ewioN pauodal 10N (e€) (Jarowoud
TeT|0D) —/-e13-90
pauodal 10N pauodal 10N |ewlIoN S90UBIJWINDIID yiBus| suoq paonpay pauodal 10N pauodal 10N payodal 10N pauodal 10N pauodal 10N (e€) (4ar0woud T-XSO
|ea1sopua pue [earsonad —/-ey3 sionusboid go
pasealoap ‘ssauxdIy}
au0( [e91109 pasealdsg
T7-491 s auoq 4 ymoabh ymoah 7-491 S auoq 4 ymouh y (Joa)
wn4as ploaals e[Ndagel L [eipey Jeaul wn4as p1o4a1s ’[N2age L leipey molb |apow
X85S PES Jeaul] asNoON
wnJas wn4as
XAO S8|ews XHO ssleiN

Awo3ospeuos v

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2017 June 28.

Growth Horm IGF Res. Author manuscript



	Abstract
	Introduction
	The contribution of sex steroids to SSD
	The estrogen receptor
	The androgen receptor

	Experimental evidence for the contribution of GH/IGF-1 to SSD
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

