
Does the GH/IGF-1 axis contribute to skeletal sexual 
dimorphism? Evidence from mouse studies

Zhongbo Liu1, Subburaman Mohan2, and Shoshana Yakar1

1David B. Kriser Dental Center, Department of Basic Science and Craniofacial Biology New York 
University College of Dentistry New York, NY 10010-408

2Musculoskeletal Disease Center, Loma Linda VA Healthcare Systems, Loma Linda, CA, 92357

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 gains in bone strength than females, and during aging 

males show lesser declines in 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 
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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, OVX done during prepuberty results in 

significant increases 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/ERb 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/ERb 

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 (Col1a1) 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 Col2a1 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 

Col1a1-3.6 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 C57Bl/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 increase in serum IGF-1 levels in hepatic IGF-1 

transgenic (HIT) mice (on FVB/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 loss 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 C57Bl/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 C57Bl/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 Igfbp5 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 Col2a1 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 Col2a1 

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. 

Liu et al. Page 10

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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-IGF-1KO mice (n>15 per sex in each genotype). C-H. Micro-CT data of femurs 

from 16 weeks old mice on C57Bl/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-IGF-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 mean±SD. 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.
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