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This article details the critical roles that insulin-like growth factor-1 and its receptor insulin-like growth factor-1 receptor

(GFR1) play in maintaining bone homeostasis and how exposure of bone cells to microgravity affects the function of these

growth factors. 
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1. Introduction

All terrestrial forms of life have had millions of years to adapt to Earth’s gravity (9.8 m/sec ). Cytoskeletons constructed

with actin, microfilaments and microtubules resist compressive forces and allow internal load bearing . Adhesive

molecules such as integrins deal with external compressive forces and allow cells to maintain their positions in space .

Mechanosensors shuttling between cytoplasmic membranes and nuclei and matrix clusters of cell extension kinases keep

the cell informed of needed changes in gene expression . Gravisensing organelles inform roots and stems which

direction in space they should occupy . And cells use thermal convection in which heated fluids rise to the top of the

gravity vector and are then exchanged by cooler fluids, establishing a convection current that dissipates heat, renews

nutrient supplies, and removes waste materials .

Nature is the ultimate architect and has done well by its creatures on Earth. But man has thrown nature a curve ball and

ventured into space where all these adaptations are obsolete.

The adverse effects of microgravity are particularly severe on the musculoskeletal system, particularly bone. Astronauts at

are risk of losing 1.0–1.5% of their bone mass for every month they spend in space despite their adherence to high impact

exercise training programs, and diets high in nutrients, potassium, calcium, and vitamin D, all designed to preserve the

skeletal system. And the adverse effects of space travel on the skeletal system may persist for years after returning to

Earth.

In this review, I detail the effects of microgravity on bone homeostasis and review the prominent roles that insulin-like

growth factor-1 and its receptor, IGF-1R, play in the growth and maintenance this vital tissue.

2. IGF-1 and Bone Homeostasis

IGF-1 is the most abundant growth factor in bone matrix  where it is synthesized by osteoblast mesenchymal

precursors, mature osteoblasts, osteoclasts and osteocytes . Osteoblasts also produce all the IGFBPs . Hepatocyte

synthesized IGF-1 is distributed to the matrix via the bone’s nutrient and periosteal arteries located within the Volkmann

and Haversian canals.

In bone, IGF-1 regulates periosteal bone expansion (radial bone growth) by its effects on osteoprogenitors at the

periosteal or endocortical bone surfaces. Linear bone growth is controlled by growth hormone which stimulates

chondrocyte precursors to produce IGF-1 which then acts in an autocrine fashion to induce the production of type II

collagen1a via activation of the phosphatidylinositol 3-kinase/phosphoinositide-dependent kinase-1 pathway. With

progression of chondrocytes to terminal differentiation, IGF1R signaling is terminated . IGF-1 regulates bone

mass by activation of mTOR in mesenchymal stem cell progenitors of osteoblasts .

IGF-1 has pro-differentiating and pro-survival effects on osteoblasts and their mesenchymal precursors and is essential

for the anabolic actions of parathyroid hormone (PTH) on bone . Activation osteoblast IGF1R initiates the expression of

the runt-related transcription factor 2 (Runx2) which stimulates the transition of mesenchymal stem cells into
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osteoprogenitors. Downstream of Runx2 is osterix (osx) which controls the maturation of osteoprogenitors into mature

osteoblasts. Osteoblasts are responsible for the production and secretion of the extracellular matrix and expresses genes

involved in matrix calcification .

Osteoclasts differentiate from mononuclear progenitors in the presence of macrophage colony stimulating factor (M-CSF)

and RANKL. Wang and associates found that mRNA expression of RANKL, RANK, and M-CSF was diminished by 35–

60% in IGF-1 knockout mice and led to a reduction in osteoclastogenesis ; the results confirm the importance of IGF-1

in promoting osteoclast differentiation from hematologic stem cell precursors.

Both animal and human studies have shown that circulating levels and locally produced autocrine/paracrine sources of

IGF-1 each play an important role in achieving peak bone mass and strength .

3. IGF-1 and Mechanical Loading

In vitro experiments of cultured MC3T3-E1 osteoblast-line cells have shown that mechanical loading generated by

interstitial fluid shear stress protects osteoblasts from tumor necrosis factor-α -mediated apoptosis  and that the

protection is mediated by flow-enhanced IGF-1-rceptor signaling . Osteoblast deletion of IGF-1 or IGF1R abates the

osteogenic response to mechanical loading whereas transgenic overexpression of IGF-1 in osteoblasts results in an

enhanced responsiveness to in vivo mechanical loading in mice .

4. IGF-1 and Mechanical Unloading

Studies during spaceflight and in bone unloading experiments on Earth have shown that bone unloading suppresses IGF-

1 production (see Figure 1). Kumei et al. found that spaceflight decreased mRNA levels of IGF-1 in cultures of rat

osteoblasts as compared to ground controls; they also found that microgravity completely suppressed mRNA expression

of the insulin receptor substrate-1, a post-receptor signaling molecule of IGF-1 . Sakata and associates found that

skeletal unloading induces resistance to IGF-1 by inhibiting the activation of IGF-signaling pathways including the

expression of alphaVbeta3 integrin . And Triplett et al. found that mechanical loading by fluid shear stress enhanced

IGF-1R signaling in osteoblasts whereas mechanical unloading inhibited its signaling . Kostenuik and associates found

that skeletal unloading caused resistance of osteoprogenitor cells to parathyroid hormone due to the development of

resistance to IGF-1 .

Figure 1. Bone loading and unloading experiments demonstrate the key role IGF-1 and its receptor IGF1R play in bone

formation. Bone unloading increases IGF-1 resistance and decreases IGF-1 production, signaling, and IGF-1-mediated

bone formation by osteoblasts and enhances IGF-1 and PTH resistance in osteoblast mesenchymal stem cell precursors.

[9]

[13]

[8][14]

[15]

[16]

[17]

[18]

[19]

[16]

[12]



In contrast, bone loading increases IGF-1 production and IGF1R efficiency and decreases TNF-α-mediated apoptosis in

osteoblasts. Deletion of IGF-1 or IGF1R in rodents abrogates osteoblast responses to bone loading and unloading (not

shown).

Hind limb suspension in rats has been shown to inhibit IGF1R signaling pathways with consequent reduction in the

number and differentiation of osteoblast progenitors and reduced bone formation; responsiveness to IGF1R could be

restored with reloading . In contrast, unloading of IGF-1R knockout mice caused a permanent loss of bone

synthesis, indicating that IGF1 signaling is necessary for bone formation following disuse or zero gravity .

5. Conclusions

By tradition bone formation is divided into four phases: 1. Osteoclast differentiation; 2. Osteoclast-mediated bone

resorption; 3. Osteoblast-mediated bone formation/mineralization; and 4. Osteoblast to osteocyte transformation and

establishment of bone homeostasis.

Zero and modeled microgravity adversely affect all four phases of bone formation, increasing the maturation and the

resorptive activities of osteoclasts, decreasing the differentiation, maturation, and bone forming abilities of osteoblasts,

and causing apoptotic-mediated death of osteocytes with consequent dysregulation of bone homeostasis.

Microgravity-associated changes in osteoblast microstructure include extended cell shapes, fragmented and

condensed nuclei, shortened microtubules, smaller and fewer focal adhesions, and even complete collapse of the

cytoskeleton due to microfilament and/or microtubular failure. Osteocyte death is reflected by increases in lacunar

vacancies and volumes and in the production of sclerostin, a mechanosensitive protein that inhibits bone formation and

enhances bone resorption.

IGF-1 and its receptor IGF1R play critical roles in all phases of bone formation, promoting both radial and linear bone

growth. Osteocyte and osteoblast responses to mechanostressors is IGF-1/IGF1R dependent and deletion of IGF-1 or

IGF1R genes abates their responses to mechanical unloading and reloading. Treatment with recombinant IGF-1

(rIGF1) reverses these defects when IGF1R is intact, raising the prospect that rIGF-1 may prove useful in preventing

bone loss associated with space travel or, more likely, in the microgravity of the Moon. Another potential candidate to

prevent bone loss in space or on the Moon is romosozumab, a humanized antibody against sclerostin which has been

approved by the FDA for treatment of osteoporosis.
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