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Abstract

Growth hormone (GH) and insulin like growth factor-I (IGF-I) are key bone trophic hormones, 

whose rising levels during puberty are critical for pubertal bone accrual. Conditions of GH 

deficiency and genetic resistance impact cortical and trabecular bone deleteriously with reduced 

estimates of bone strength. In humans, conditions of undernutrition (as in anorexia nervosa (AN), 

or subsequent to chronic illnesses) are associated with low IGF-I levels, which correlate with 

disease severity, and also with lower bone mineral density (BMD), impaired bone structure and 

lower strength estimates. In adolescents and adults with AN, studies have demonstrated a 

nutritionally acquired GH resistance with low IGF-I levels despite high concentrations of GH. 

IGF-I levels go up with increasing body weight, and are associated with rising levels of bone 

turnover markers. In short-term studies lasting 6–10 days, recombinant human IGF-I (rhIGF-I) 

administration in physiologic replacement doses normalized IGF-I levels and increased levels of 

bone formation markers in both adults and adolescents with AN. In a randomized controlled trial 

in adults with AN in which participants were randomized to one of four arms: (i) rhIGF-I with oral 

estrogen-progesterone (EP), (ii) rhIGF-I alone, (iii) EP alone, or (iv) neither for 9 months, a 

significant increase in bone formation markers was noted in the groups that received rhIGF-I, and 

a significant decrease in bone resorption markers in the groups that received EP. The group that 

received both rhIGF-I and EP had a significant increase in bone density at the spine and hip 

compared to the group that received neither. Side effects were minimal, with no documented 

fingerstick glucose of < 50 mg/dl. These data thus suggest a potential role for rhIGF-I 

administration in optimizing bone accrual in states of undernutrition associated with low IGF-I.

Introduction

Growth hormone (GH) and insulin like growth factor-I (IGF-I) are key bone trophic 

hormones, whose rising levels during puberty are critical for pubertal bone accrual. In 
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humans, conditionsof GH deficiency and genetic resistance impact cortical and trabecular 

bone deleteriously with reduced estimates of bone strength. Conditions of undernutrition 

(such as anorexia nervosa) are associated with low levels of IGF-I from an acquired state of 

GH resistance; these conditions are also associated with reduced bone density and an 

increased risk of fracture. This review discusses in detail the impact of GH and IGF-I 

deficiency and resistance on bone, and the potential role of IGF-I in improving bone 

outcomes.

Bone Trophic Effects of Growth Hormone (GH) and Insulin Like Growth 

Factor-I (IGF-I)

Growth hormone (GH) and insulin like growth factor-I (IGF-I) are key bone trophic 

hormones. In addition to promoting statural growth at the growth plate, both hormones 

increase muscle mass (which impacts bone favorably as the pull of muscle on bone has bone 

anabolic effects), and impact osteoblast and osteoclast differentiation and activity [1, 2]. GH, 

acting via IGF-I, stabilizes the canonical wnt signaling pathway in osteoblasts, thus resulting 

in osteoblast proliferation, differentiation and increased functional activity [3]. Whether or 

not GH has a direct (IGF-I independent) effect on this pathway is less clear. It does appear to 

have an IGF-I independent effect on periosteal bone apposition and diaphyseal bone growth 

[4].

GH increases osteoprotegerin secretion from osteoblasts, which in turn inhibits osteoclast 

differentiation and action. In contrast, IGF-I increases secretion of receptor activator of 

nuclear factor-κB ligand (RANKL) from osteoblasts, which increase differentiation and 

activation of osteoclasts [3]. One study demonstrated that the effect of IGF-I on osteoclasts 

is more rapid than its effect on osteoblasts, which may reflect its role in bone remodeling, 

where bone resorption is followed by bone formation [3]. Overall, GH is believed to impact 

both modeling and remodeling, while IGF-I likely has a greater impact on bone remodeling 

[5, 6]. Overall, the net effect of GH and IGF-I on bone is bone anabolic with a net increase 

in bone formation.

Further, IGF-I increases 1-α hydroxylase activity, leading to increased intestinal absorption 

of calcium and phosphorus, and also increases renal tubular absorption of phosphorus. Local 

IGF-I production may be necessary for the mechanosensor function of osteocytes [7, 8]. The 

increasein GH and IGF-I levels during puberty (in addition to rising levels of gonadal 

hormones) correlates with increased bone accrual during this time of life [9, 10]. Complex 

mouse models of GH and IGF-I deficiency and excess have clarified the effects of these 

hormones on bone outcomes and are detailed in reviews [4, 11]. Some data from these 

reviews are included in this paper.
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Impact of GH Deficiency and Genetic Forms of GH Resistance Involving the 

GH Receptor and its Signaling Pathway on Bone Outcomes

Mouse Models:

Mouse models provide clues to the impact of systemic IGF-I deficiency on bone outcomes 

[11–15]. The mouse model of Prop1−/− (dt/dt Ames mouse) has GH and IGF-I deficiency 

with marked growth retardation. This mouse demonstrates reduced bone area and reduced 

bone mineral content. However, because this mouse also has reductions in prolactin and 

TSH levels, observed bone effects cannot be attributed entirely to GH [16].

The liver specific Igf-I −/− (LID) mouse has an 80% reduction in serum IGF-I levels with a 

3-fold increase in GH, a 7-fold increase in acid labile subunit (ALS), and a 50% decrease in 

IGFBP-3. Despite the marked reduction in circulating IGF-I, length is not significantly 

compromised. Yet, these mice have a 10% reduction in trabecular number and volumetric 

BMD, a 5% decrease in cortical thickness and volumetric BMD and a decrease in polar 

moment of inertia (a strength estimate) [15]. These data suggest a key role for systemic IGF-

I in optimizing bone density and bone strength, even when longitudinal growth is not 

significantly affected.

Similarly, the ALS knockout (ALSKO) mouse has a 60% reduction in circulating IGF-I with 

normal levels of GH, low levels of ALS and a 90% reduction in IGFBP-3 levels. These mice 

have an 8% reduction in length, a 20% reduction in trabecular vBMD, a 5% reduction in 

cortical thickness and volumetric BMD, and a decrease in strength estimates; again 

demonstrating a greater impact on trabecular bone density and bone strength than on 

longitudinal growth [15].

In contrast, the IGFBP-3 knockout (BP3KO) mouse has mixed effects on bone. These mice 

have a 40% reduction in systemic IGF-I, normal GH, a 3-fold increase in ALS and low 

IGFBP-3. They have a 5% increase in body length, and while these mice demonstrate a 30% 

reduction in trabecular vBMD, their trabecular thickness is increased. Cortical thickness, 

cortical volumetric BMD, and strength estimates are not impacted [15]. Interestingly, 

overexpression of various IGF binding proteins can impact bone by reducing IGF-I 

bioavailability (despite normal IGF-I levels). Overexpression of Igfbp-1 results in poor 

growth and delay in mineralization in several bones [17]. Igfbp2 transgenics have reduced 

whole body, femoral and tibial bone mineral content and femoral volume [18], and Igfbp3 
transgenics have decreased body weight, and reduced cortical BMD, bone volume and 

thickness [19] (similar changes have been reported in Igfbp-5 transgenics [20]).

Finally, the LID/ALSKO/BP3KO (LAB) mice have a 97.5% reduction in serum IGF-I, with 

a 6-fold increase in GH concentrations, and low ALS and IGFBP-3. These mice have a 6% 

reduction in body length, 10% reduction in trabecular and cortical vBMD, and significant 

reduction in strength estimates [15].

Rodent models overall suggest that systemic IGF-I may be less important than autocrine/

paracrine IGF-I for linear growth, however, both systemic and autocrine/paracrine IGF-I 

Bahamonde and Misra Page 3

Growth Horm IGF Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(with intact direct effects of GH) appear to be necessary for optimizing bone mineral density 

(BMD), and bone structure and strength [11–14].

For human data, we know that adults with childhood onset acquired GH deficiency, in whom 

GH replacement was discontinued after completion of statural growth, have lower total 

cortical and trabecular volumetric BMD, lower cortical area, and lower cortical and 

trabecular thickness at both the distal radius and tibia than controls (assessed using high 

resolution peripheral quantitative computed tomography (HRpQCT)), leading to reduced 

strength estimates at both sites (after adjusting for height) [21]. They also have lower muscle 

strength. Most bone parameters are reported to be associated positively with IGF-I levels. 

Patients with GH receptor mutations have reduced trabecular connectivity (as assessed using 

dynamic bone histomorphometry), though height adjusted BMD measures at the spine and 

femoral neck (bone mineral apparent density, a surrogate for volumetric bone density) are 

not decreased [22]. Both adults and children with GH receptor mutations demonstrate low 

levels of the surrogate markers of bone turnover, which increase following IGF-I 

replacement [23].

Impact of Mutations in the IGF-I Gene or its Receptor on Bone Outcomes

The mouse model of IGF-I gene deletion or haploinsufficiency has a 24% reduction in 

cortical bone size, reduced cortical thickness and volumetric BMD, but increased trabecular 

elements and trabecular volumetric BMD [11, 24]. Human patients with IGF-I gene 

deletions exhibit growth retardation and reduced BMD but mainly because of reduced bone 

volume. Consistent with this, IGF-I replacement therapy has a greater effect on bone volume 

than on bone density [25].

The mouse model of IGF-I receptor haploinsufficiency has low BMD [11]. One human case 

report of IGF-I receptor haploinsufficiency indicated reduced cortical, but increased 

trabecular volumetric BMD (but normal DXA measures of areal BMD), associated with 

reduced polar moment of inertia (an estimate of bone strength) [26].

GH levels are typically high with normal direct GH effects in patients with IGF-I gene 

deletions and IGF-I receptor haploinsufficiency- this brings up the possibility that lower 

cortical but higher trabecular volumetric BMD in these patients may be explained by IGF-I 

deficiency/resistance versus higher GH concentrations (with normal direct effects of GH) 

respectively.

Spontaneous mutations have been reported in mice in the Irs1 gene resulting in failure to 

translate relevant proteins resulting in growth retardation, low BMD, reduced cortical and 

trabecular thickness and low bone-formation rates [27]. The human phenotype is very 

similar [28].
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Conditions of Undernutrition: Effects on the GH-IGF-I Axis and Bone 

(Anorexia Nervosa as a Model of Undernutrition)

In humans, conditions of undernutrition [as in anorexia nervosa (AN) [29, 30], or subsequent 

to chronic illnesses such as inflammatory bowel disorders [31], celiac disease [32, 33], 

cystic fibrosis [34], liver disease [35], uncontrolled diabetes [36–38] and cerebral palsy [39]] 

are associated with low IGF-I levels, which correlate with disease severity, and also with 

lower areal BMD [29, 30, 40]. AN, in particular, has been studied extensively as a model of 

chronic undernutrition and will be described in detail here. Compared to normal-weight 

controls, in addition to lower DXA measures of areal BMD, young women with AN are at 

risk for reduced volumetric BMD (vBMD) and impaired bone structure [as assessed using 

high resolution peripheral quantitative computed tomography (HRpQCT)], and reduced 

bone strength estimates [assessed using microfinite element analysis (FEA)] [40–44].

Specifically, at the distal radius (non-weight bearing site), adolescent girls with AN have 

lower total and trabecular vBMD, lower cortical area and thickness, and higher cortical 

porosity and trabecular separation compared with controls [41]. Failure load and stiffness 

(by FEA), were 15% and 16% lower in AN, indicating reduced bone strength. In addition to 

these changes, adults with AN have lower cortical thickness, trabecular number and/or 

thickness than controls [43, 44]. At the distal tibia (weight-bearing site), adolescents with 

AN have been reported to have greater cortical porosity, lower total and cortical vBMD, and 

lower cortical area, thickness, trabecular number and strength estimates than controls [40]. A 

study in adults found lower cortical thickness and estimated failure load in AN, more 

pronounced at the tibia than the radius [45]. Estimated vertebral strength (assessed using 

QCT scanning) has been noted to be lower in low-weight women with AN than in normal-

weight controls, and intermediate in atypical AN [46]. Another study assessed vertebral 

bone texture using a low-dose single-section quantitative CT of the L4 vertebral body, and 

reported altered bone texture in adult women with AN [47]. Changes in bone density, 

geometry and structure, in turn, are associated with a higher risk of fracture [48, 49].

GH concentrations, as assessed by frequent sampling overnight or over 24-hours, are higher 

in AN compared to controls [50–53]. Further, following an oral glucose load, GH 

concentrations suppress appropriately in normal-weight controls, but mean levels of nadir 

GH are significantly higher in girls with AN [54]. Low systemic IGF-I levels despite these 

high GH concentrations indicate a hepatic resistance to GH that is nutritionally acquired 

[50–53], believed to be consequent to reduced expression of the GH receptor, as evidenced 

by lower circulating levels of GH binding protein (the cleaved extracellular component of 

the GH receptor) [55]. FGF21 may also mediate the resistance to GH observed in states of 

undernutrition [56]. Consistent with this ‘resistance’ being nutritionally acquired, IGF-I 

levels increase with increasing body weight [29].

In addition to a hepatic resistance to GH in AN, there appears to be resistance to GH effects 

at the level of bone. In healthy controls, increasing levels of GH are associated with 

increasing levels of markers of bone formation and resorption [50]. However, this 

association of GH concentrations with bone turnover markers is lost in girls with AN.
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A positive association of systemic IGF-I levels with bone density has been reported in 

adolescents and adults with AN [29, 30, 57]. Similarly, a positive association of IGF-I levels 

with radial trabecular parameters (bone trabecular volume, trabecular number and thickness) 

has been demonstrated in adults with AN [44].

Resolution of the state of GH resistance with weight gain is associated with an increase in 

markers of bone formation and resorption (associated with increases in IGF-I) [29]. 

Importantly, in this study in adolescents with AN, an increase in bone turnover markers in 

the first six months following weight gain predicted an increase in BMD in the subsequent 

six months [29]. Weight gain also results in improvement in total and trabecular vBMD and 

cortical thickness at the distal radius in adults with AN [42].

In recent years, there has been an increasing interest in the bone-fat connection, which refers 

to the common mesenchymal stem cell origin of adipocytes and osteoblasts in bone marrow. 

Increased differentiation along the adipocyte lineage may be associated with decreased 

differentiation along the osteoblast lineage, and, in fact, marrow adiposity is higher in AN 

than in controls, with lower bone density being associated with greater marrow adiposity 

[58].

Importantly, inverse associations of marrow fat with IGF-I levels have been reported in both 

AN and obesity [57, 59].

Impact of Supraphysiological GH Doses on Levels of IGF-I and Bone 

Turnover Markers in Anorexia Nervosa

One study has examined whether the state of GH resistance in AN can be overcome by 

administration of supraphysiological doses of recombinant human GH (rhGH) [60]. In a 

three-month randomized controlled trial of supraphysiological doses of rhGH vs. placebo in 

adult women with AN, administration of rhGH at 5–6 times physiological doses failed to 

cause a significant increase in levels of IGF-I or bone turnover markers [60]. Interestingly, 

this study did demonstrate a decrease in fat mass in the rhGH arm compared to placebo, 

indicating that direct GH effects on adipocytes are preserved in AN. These data are 

consistent with those from a cross-sectional study in adolescents with AN, in which girls 

with higher overnight GH concentrations had lower trunk fat [61]. Yet another study has 

reported an increase in statural growth following administration of rhGH in teenage girls 

with AN in whom height was impacted by restricted eating [62]. These data suggest that the 

growth plate prechondrocytes and chondrocytes in AN may remain somewhat responsive to 

GH vs. a profound resistance to GH at the level of osteoblasts and osteoclasts.

Impact of IGF-I Administration on Levels of Bone Turnover Markers and 

Bone Mineral Density in Anorexia Nervosa

In short-term studies, administration of recombinant human IGF-I (rhIGF-I) has been 

demonstrated to normalize IGF-I levels and increase levels of bone formation markers in 

adults and adolescents with AN [63, 64]. In a six-day study of rhIGF-I given at a high dose 

(100 mcg/kg twice daily) vs. a more physiologic dose (30 mcg/kg twice daily) vs. placebo to 
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adult women with AN, the high dose led to a marked increase in IGF-I levels (to 

supraphysiologic levels), and an increase in markers of both bone formation and resorption 

[63]. In contrast, the lower dose or rhIGF-I led to a normalization of IGF-I levels and an 

increase in C-terminal propeptide of type 1 procollagen (P1CP) only (a marker of bone 

formation), with no increase in markers of bone resorption. These data suggested that the 

lower dose of rhIGF-I may avoid the coupled increase in bone turnover, and therefore, may 

have a greater impact on bone health long-term than the higher dose of rhIGF-I.

Similarly, a study of adolescent girls with AN administered rhIGF-I at a dose of 30–40 

mcg/kg twice daily (depending on pubertal stage) for a period of 7–10 days. Compared to 

girls with AN followed without intervention, the group that received rhIGF-I had an increase 

in IGF-I levels to the upper half of the normal range, and levels of N-terminal propeptide of 

type 1 procollagen (P1NP: a bone formation marker) increased significantly, while levels of 

carboxy-terminal collagen crosslinks (CTX: a bone resorption marker) did not [64]. The 

increase in IGF-I level was strongly and positively correlated with changes in P1NP, but not 

CTX.

Pilot studies of rhIGF-I were followed by a nine-month randomized controlled trial in adults 

with AN in which participants were randomized to one of four arms: (i) rhIGF-I with oral 

estrogen-progesterone (EP), (ii) rhIGF-I alone, (iii) EP alone, or (iv) neither for 9 months 

[65]. A significant increase in bone formation markers was noted in the groups that received 

rhIGF-I, and a significant decrease in bone resorption markers in the groups that received EP 

(consistent with the anti-resorptive effects of estrogen). The group that received both rhIGF-I 

and EP had a significant increase in bone density at the spine and hip compared to the group 

that received neither, with the other two groups demonstrating intermediate changes in 

BMD. RhIGF-I administration led to a significant decrease in circulating levels of IGFBP-3 

and an increase in levels of IGFBP-2 [66]. Side effects were minimal, with no documented 

fingerstick glucose of < 50 mg/dl [65].

Conclusion

GH and IGF-I are bone trophic hormones, and reduced GH/IGF-I secretion or action results 

in impaired bone health. Conditions of nutritional deficiency are associated with an acquired 

state of GH resistance and low IGF-I levels, associated with lower levels of bone formation 

markers and lower BMD. This has been extensively studied in low-weight young women 

with anorexia nervosa, in whom weight gain results in an increase in IGF-I levels, associated 

with an increase in levels of bone turnover markers. RhIGF-I administration in physiologic 

doses increases levels of bone formation markers in adults and adolescents with anorexia 

nervosa, and when given with a combined estrogen-progesterone contraceptive pill, 

increases areal BMD in adults. Available data thus suggest a potential role for rhIGF-I in 

optimizing bone accrual in states of undernutrition.

Grant Support:

This work was supported by the NIH K24 HD071843 and R01 DK062249-10

Bahamonde and Misra Page 7

Growth Horm IGF Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

[1]. Xu L, Wang Q, Lyytikainen A, et al., Concerted actions of insulin-like growth factor 1, 
testosterone, and estradiol on peripubertal bone growth: a 7-year longitudinal study, J Bone 
Miner Res 26(9) (2011) 2204–11. [PubMed: 21590732] 

[2]. Nordstrom SM, Tran JL, Sos BC, Wagner KU, Weiss EJ, Liver-derived IGF-I contributes to GH-
dependent increases in lean mass and bone mineral density in mice with comparable levels of 
circulating GH, Mol Endocrinol 25(7) (2011) 1223–30. [PubMed: 21527499] 

[3]. Bosetti M, Sabbatini M, Nicoli E, Fusaro L, Cannas M, Effects and differentiation activity of IGF-
I, IGF-II, insulin and preptin on human primary bone cells, Growth Factors 31(2) (2013) 57–65. 
[PubMed: 23410103] 

[4]. Yakar S, Isaksson O, Regulation of skeletal growth and mineral acquisition by the GH/IGF-1 axis: 
Lessons from mouse models, Growth Horm IGF Res 28 (2016) 26–42. [PubMed: 26432542] 

[5]. Canalis E, Growth factor control of bone mass, J Cell Biochem 108(4) (2009) 769–77. [PubMed: 
19718659] 

[6]. Iglesias L, Yeh JK, Castro-Magana M, Aloia JF, Effects of growth hormone on bone modeling and 
remodeling in hypophysectomized young female rats: a bone histomorphometric study, J Bone 
Miner Metab 29(2) (2011) 159–67. [PubMed: 20652717] 

[7]. Lau KH, Baylink DJ, Zhou XD, et al., Osteocyte-derived insulin-like growth factor I is essential 
for determining bone mechanosensitivity, Am J Physiol Endocrinol Metab 305(2) (2013) E271–
81. [PubMed: 23715728] 

[8]. Kesavan C, Wergedal JE, Lau KH, Mohan S, Conditional disruption of IGF-I gene in type 1alpha 
collagen-expressing cells shows an essential role of IGF-I in skeletal anabolic response to 
loading, Am J Physiol Endocrinol Metab 301(6) (2011) E1191–7. [PubMed: 21878662] 

[9]. Matar M, Al-Shaar L, Maalouf J, et al., The Relationship Between Calciotropic Hormones, IGF-1, 
and Bone Mass Across Pubertal Stages, J Clin Endocrinol Metab 101(12) (2016) 4860–4870. 
[PubMed: 27676398] 

[10]. Breen ME, Laing EM, Hall DB, et al., 25-hydroxyvitamin D, insulin-like growth factor-I, and 
bone mineral accrual during growth, J Clin Endocrinol Metab 96(1) (2011) E89–98. [PubMed: 
20962027] 

[11]. Yakar S, Courtland HW, Clemmons D, IGF-1 and bone: New discoveries from mouse models, J 
Bone Miner Res 25(12) (2010) 2543–52. [PubMed: 20836088] 

[12]. Wang J, Zhou J, Cheng CM, Kopchick JJ, Bondy CA, Evidence supporting dual, IGFI-
independent and IGF-I-dependent, roles for GH in promoting longitudinal bone growth, J 
Endocrinol 180(2) (2004) 247–55. [PubMed: 14765976] 

[13]. Yakar S, Rosen CJ, Beamer WG, et al., Circulating levels of IGF-1 directly regulate bone growth 
and density, J Clin Invest 110(6) (2002) 771–81. [PubMed: 12235108] 

[14]. LeRoith D, Clinical relevance of systemic and local IGF-I: lessons from animal models, Pediatr 
Endocrinol Rev 5 Suppl 2 (2008) 739–43. [PubMed: 18317445] 

[15]. Yakar S, Rosen CJ, Bouxsein ML, et al., Serum complexes of insulin-like growth factor-1 
modulate skeletal integrity and carbohydrate metabolism, FASEB J 23(3) (2009) 709–19. 
[PubMed: 18952711] 

[16]. Heiman ML, Tinsley FC, Mattison JA, Hauck S, Bartke A, Body composition of prolactin-, 
growth hormone, and thyrotropin-deficient Ames dwarf mice, Endocrine 20(1–2) (2003) 149–54. 
[PubMed: 12668880] 

[17]. Ben Lagha N, Seurin D, Le Bouc Y, et al., Insulin-like growth factor binding protein (IGFBP-1) 
involvement in intrauterine growth retardation: study on IGFBP-1 overexpressing transgenic 
mice, Endocrinology 147(10) (2006) 4730–7. [PubMed: 16809446] 

[18]. Eckstein F, Pavicic T, Nedbal S, et al., Insulin-like growth factor-binding protein-2 (IGFBP-2) 
overexpression negatively regulates bone size and mass, but not density, in the absence and 
presence of growth hormone/IGF-I excess in transgenic mice, Anat Embryol (Berl) 206(1–2) 
(2002) 139–48. [PubMed: 12478375] 

Bahamonde and Misra Page 8

Growth Horm IGF Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[19]. Silha JV, Mishra S, Rosen CJ, et al., Perturbations in bone formation and resorption in insulin-
like growth factor binding protein-3 transgenic mice, J Bone Miner Res 18(10) (2003) 1834–41. 
[PubMed: 14584894] 

[20]. Salih DA, Mohan S, Kasukawa Y, et al., Insulin-like growth factor-binding protein-5 induces a 
gender-related decrease in bone mineral density in transgenic mice, Endocrinology 146(2) (2005) 
931–40. [PubMed: 15550514] 

[21]. Yang H, Yan K, Yuping X, et al., Bone microarchitecture and volumetric bone density 
impairment in young male adults with childhood-onset growth hormone deficiency, Eur J 
Endocrinol 180(2) (2019) 145–153. [PubMed: 30481154] 

[22]. Bachrach LK, Marcus R, Ott SM, et al., Bone mineral, histomorphometry, and body composition 
in adults with growth hormone receptor deficiency, J Bone Miner Res 13(3) (1998) 415–21. 
[PubMed: 9525342] 

[23]. Klinger B, Jensen LT, Silbergeld A, Laron Z, Insulin-like growth factor-I raises serum 
procollagen levels in children and adults with Laron syndrome, Clin Endocrinol (Oxf) 45(4) 
(1996) 423–9. [PubMed: 8959080] 

[24]. Bikle D, Majumdar S, Laib A, et al., The skeletal structure of insulin-like growth factor I-
deficient mice, J Bone Miner Res 16(12) (2001) 2320–9. [PubMed: 11760848] 

[25]. Woods KA, Camacho-Hubner C, Bergman RN, Barter D, Clark AJ, Savage MO, Effects of 
insulin-like growth factor I (IGF-I) therapy on body composition and insulin resistance in IGF-I 
gene deletion, J Clin Endocrinol Metab 85(4) (2000) 1407–11. [PubMed: 10770174] 

[26]. Pelosi P, Lapi E, Cavalli L, et al., Bone Status in a Patient with Insulin-Like Growth Factor-1 
Receptor Deletion Syndrome: Bone Quality and Structure Evaluation Using Dual-Energy X-Ray 
Absorptiometry, Peripheral Quantitative Computed Tomography, and Quantitative 
Ultrasonography, Front Endocrinol (Lausanne) 8 (2017) 227. [PubMed: 28936199] 

[27]. DeMambro VE, Kawai M, Clemens TL, et al., A novel spontaneous mutation of Irs1 in mice 
results in hyperinsulinemia, reduced growth, low bone mass and impaired adipogenesis, J 
Endocrinol 204(3) (2010) 241–53. [PubMed: 20032200] 

[28]. Simonska-Cichocka E, Gumprecht J, Zychma M, et al., The polymorphism in insulin receptor 
substrate-1 gene and birth weight in neonates at term, Endokrynol Pol 59(3) (2008) 212–6. 
[PubMed: 18615395] 

[29]. Soyka LA, Misra M, Frenchman A, et al., Abnormal bone mineral accrual in adolescent girls 
with anorexia nervosa, J Clin Endocrinol Metab 87(9) (2002) 4177–85. [PubMed: 12213868] 

[30]. Grinspoon S, Miller K, Coyle C, et al., Severity of osteopenia in estrogen-deficient women with 
anorexia nervosa and hypothalamic amenorrhea, J Clin Endocrinol Metab 84(6) (1999) 2049–55. 
[PubMed: 10372709] 

[31]. DeBoer MD, Lee AM, Herbert K, et al., Increases in IGF-1 After Anti-TNF-alpha Therapy Are 
Associated With Bone and Muscle Accrual in Pediatric Crohn Disease, J Clin Endocrinol Metab 
103(3) (2018) 936–945. [PubMed: 29329430] 

[32]. Street ME, Volta C, Ziveri MA, et al., Changes and relationships of IGFS and IGFBPS and 
cytokines in coeliac disease at diagnosis and on gluten-free diet, Clin Endocrinol (Oxf) 68(1) 
(2008) 22–8. [PubMed: 17681027] 

[33]. Locuratolo N, Pugliese G, Pricci F, et al., The circulating insulin-like growth factor system in 
children with coeliac disease: an additional marker for disease activity, Diabetes Metab Res Rev 
15(4) (1999) 254–60. [PubMed: 10495474] 

[34]. Street ME, Spaggiari C, Ziveri MA, et al., Analysis of bone mineral density and turnover in 
patients with cystic fibrosis: associations between the IGF system and inflammatory cytokines, 
Horm Res 66(4) (2006) 162–8. [PubMed: 16804317] 

[35]. Liu Z, Han T, Werner H, Rosen CJ, Schaffler MB, Yakar S, Reduced Serum IGF-1 Associated 
With Hepatic Osteodystrophy Is a Main Determinant of Low Cortical but Not Trabecular Bone 
Mass, J Bone Miner Res 33(1) (2018) 123–136. [PubMed: 28902430] 

[36]. Kanazawa I, Notsu M, Miyake H, Tanaka K, Sugimoto T, Assessment using serum insulin-like 
growth factor-I and bone mineral density is useful for detecting prevalent vertebral fractures in 
patients with type 2 diabetes mellitus, Osteoporos Int 29(11) (2018) 2527–2535. [PubMed: 
30030585] 

Bahamonde and Misra Page 9

Growth Horm IGF Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[37]. Jehle PM, Jehle DR, Mohan S, Bohm BO, Serum levels of insulin-like growth factor system 
components and relationship to bone metabolism in Type 1 and Type 2 diabetes mellitus patients, 
J Endocrinol 159(2) (1998) 297–306. [PubMed: 9795371] 

[38]. Raisingani M, Preneet B, Kohn B, Yakar S, Skeletal growth and bone mineral acquisition in type 
1 diabetic children; abnormalities of the GH/IGF-1 axis, Growth Horm IGF Res 34 (2017) 13–
21. [PubMed: 28482269] 

[39]. Nazif H, Shatla R, Elsayed R, et al., Bone mineral density and insulin-like growth factor-1 in 
children with spastic cerebral palsy, Childs Nerv Syst 33(4) (2017) 625–630. [PubMed: 
28236062] 

[40]. Singhal V, Tulsiani S, Campoverde KJ, et al., Impaired bone strength estimates at the distal tibia 
and its determinants in adolescents with anorexia nervosa, Bone 106 (2018) 61–68. [PubMed: 
28694162] 

[41]. Faje AT, Karim L, Taylor A, et al., Adolescent girls with anorexia nervosa have impaired cortical 
and trabecular microarchitecture and lower estimated bone strength at the distal radius, J Clin 
Endocrinol Metab 98(5) (2013) 1923–9. [PubMed: 23509107] 

[42]. Milos G, Spindler A, Ruegsegger P, et al., Does weight gain induce cortical and trabecular bone 
regain in anorexia nervosa? A two-year prospective study, Bone 41(5) (2007) 869–74. [PubMed: 
17825636] 

[43]. Milos G, Spindler A, Ruegsegger P, et al., Cortical and trabecular bone density and structure in 
anorexia nervosa, Osteoporos Int 16(7) (2005) 783–90. [PubMed: 15452690] 

[44]. Lawson EA, Miller KK, Bredella MA, et al., Hormone predictors of abnormal bone 
microarchitecture in women with anorexia nervosa, Bone 46(2) (2010) 458–63. [PubMed: 
19747572] 

[45]. Frolich J, Hansen S, Winkler LA, Andresen AK, Hermann AP, Stoving RK, The Role of Body 
Weight on Bone in Anorexia Nervosa: A HR-pQCT Study, Calcif Tissue Int 101(1) (2017) 24–
33. [PubMed: 28224178] 

[46]. Bachmann KN, Fazeli PK, Lawson EA, et al., Comparison of hip geometry, strength, and 
estimated fracture risk in women with anorexia nervosa and overweight/obese women, J Clin 
Endocrinol Metab 99(12) (2014) 4664–73. [PubMed: 25062461] 

[47]. Tabari A, Torriani M, Miller KK, Klibanski A, Kalra MK, Bredella MA, Anorexia Nervosa: 
Analysis of Trabecular Texture with CT, Radiology 283(1) (2017) 178–185. [PubMed: 
27797678] 

[48]. Faje AT, Fazeli PK, Miller KK, et al., Fracture risk and areal bone mineral density in adolescent 
females with anorexia nervosa, Int J Eat Disord 47(5) (2014) 458–66. [PubMed: 24430890] 

[49]. Vestergaard P, Emborg C, Stoving RK, Hagen C, Mosekilde L, Brixen K, Fractures in patients 
with anorexia nervosa, bulimia nervosa, and other eating disorders--a nationwide register study, 
Int J Eat Disord 32(3) (2002) 301–8. [PubMed: 12210644] 

[50]. Misra M, Miller KK, Bjornson J, et al., Alterations in growth hormone secretory dynamics in 
adolescent girls with anorexia nervosa and effects on bone metabolism, J Clin Endocrinol Metab 
88(12) (2003) 5615–23. [PubMed: 14671143] 

[51]. Stoving RK, Veldhuis JD, Flyvbjerg A, et al., Jointly amplified basal and pulsatile growth 
hormone (GH) secretion and increased process irregularity in women with anorexia nervosa: 
indirect evidence for disruption of feedback regulation within the GH-insulin-like growth factor I 
axis, J Clin Endocrinol Metab 84(6) (1999) 2056–63. [PubMed: 10372710] 

[52]. Argente J, Caballo N, Barrios V, et al., Multiple endocrine abnormalities of the growth hormone 
and insulin-like growth factor axis in patients with anorexia nervosa: effect of short- and long-
term weight recuperation, J Clin Endocrinol Metab 82(7) (1997) 2084–92. [PubMed: 9215276] 

[53]. Scacchi M, Pincelli AI, Caumo A, et al., Spontaneous nocturnal growth hormone secretion in 
anorexia nervosa, J Clin Endocrinol Metab 82(10) (1997) 3225–9. [PubMed: 9329343] 

[54]. Misra M, Miller KK, Herzog DB, et al., Growth hormone and ghrelin responses to an oral 
glucose load in adolescent girls with anorexia nervosa and controls, J Clin Endocrinol Metab 
89(4) (2004) 1605–12. [PubMed: 15070919] 

Bahamonde and Misra Page 10

Growth Horm IGF Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[55]. Counts DR, Gwirtsman H, Carlsson LM, Lesem M, Cutler GB Jr., The effect of anorexia nervosa 
and refeeding on growth hormone-binding protein, the insulin-like growth factors (IGFs), and the 
IGF-binding proteins, J Clin Endocrinol Metab 75(3) (1992) 762–7. [PubMed: 1381372] 

[56]. Fazeli PK, Misra M, Goldstein M, Miller KK, Klibanski A, Fibroblast growth factor-21 may 
mediate growth hormone resistance in anorexia nervosa, J Clin Endocrinol Metab 95(1) (2010) 
369–74. [PubMed: 19926712] 

[57]. Fazeli PK, Bredella MA, Misra M, et al., Preadipocyte factor-1 is associated with marrow 
adiposity and bone mineral density in women with anorexia nervosa, J Clin Endocrinol Metab 
95(1) (2010) 407–13. [PubMed: 19850693] 

[58]. Bredella MA, Fazeli PK, Miller KK, et al., Increased bone marrow fat in anorexia nervosa, J Clin 
Endocrinol Metab 94(6) (2009) 2129–36. [PubMed: 19318450] 

[59]. Bredella MA, Torriani M, Ghomi RH, et al., Vertebral bone marrow fat is positively associated 
with visceral fat and inversely associated with IGF-1 in obese women, Obesity (Silver Spring) 
19(1) (2011) 49–53. [PubMed: 20467419] 

[60]. Fazeli PK, Lawson EA, Prabhakaran R, et al., Effects of recombinant human growth hormone in 
anorexia nervosa: a randomized, placebo-controlled study, J Clin Endocrinol Metab 95(11) 
(2010) 4889–97. [PubMed: 20668047] 

[61]. Misra M, Miller KK, Almazan C, Worley M, Herzog DB, Klibanski A, Hormonal determinants 
of regional body composition in adolescent girls with anorexia nervosa and controls, J Clin 
Endocrinol Metab 90(5) (2005) 2580–7. [PubMed: 15713709] 

[62]. Leger J, Fjellestad-Paulsen A, Bargiacchi A, et al., Can growth hormone treatment improve 
growth in children with severe growth failure due to anorexia nervosa? A preliminary pilot study, 
Endocr Connect 6(8) (2017) 839–846. [PubMed: 29038330] 

[63]. Grinspoon S, Baum H, Lee K, Anderson E, Herzog D, Klibanski A, Effects of short-term 
recombinant human insulin-like growth factor I administration on bone turnover in osteopenic 
women with anorexia nervosa, J Clin Endocrinol Metab 81(11) (1996) 3864–70. [PubMed: 
8923830] 

[64]. Misra M, McGrane J, Miller KK, et al., Effects of rhIGF-1 administration on surrogate markers 
of bone turnover in adolescents with anorexia nervosa, Bone 45(3) (2009) 493–8. [PubMed: 
19523548] 

[65]. Grinspoon S, Thomas L, Miller K, Herzog D, Klibanski A, Effects of recombinant human IGF-I 
and oral contraceptive administration on bone density in anorexia nervosa, J Clin Endocrinol 
Metab 87(6) (2002) 2883–91. [PubMed: 12050268] 

[66]. Grinspoon S, Miller K, Herzog D, Clemmons D, Klibanski A, Effects of recombinant human 
insulin-like growth factor (IGF)-I and estrogen administration on IGF-I, IGF binding protein 
(IGFBP)-2, and IGFBP-3 in anorexia nervosa: a randomized-controlled study, J Clin Endocrinol 
Metab 88(3) (2003) 1142–9. [PubMed: 12629097] 

Bahamonde and Misra Page 11

Growth Horm IGF Res. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Growth hormone (GH) and insulin like growth factor-I (IGF-I) are bone 

trophic hormones that are critical for pubertal bone accrual

• GH deficiency impacts cortical and trabecular bone deleteriously with 

reduced estimates of bone strength

• Genetic resistance to GH is associated with reduced trabecular connectivity; 

however, height adjusted measures of bone density are not deleteriously 

impacted

• Anorexia nervosa (AN) is associated with a nutritionally acquired GH 

resistance

• Administration of recombinant human (rh) IGF-I to individuals with AN 

results in increased markers of bone formation

• In adult women with AN, rhIGF-I with estrogen results in a significant 

increase in bone density
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