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Abstract 
 

Differences in molecular structure of pro-insulin-like growth factor-ΠE in hepatitis-C 

associated osteosclerosis (elevated levels of pro-insulin-like growth factor-ΠE[68-104]) 

and non-islet-cell tumor induced hypoglycemia (elevated levels of pro-insulin-like 

growth factor-ΠE[68-88]), without osteosclerosis, suggest that pro-insulin-like growth 

factor-ΠE[68-104] can stimulate osteoblasts to bone formation. Treating bone deficits is a 

major topic in orthopedic surgery. The aim of our study was to investigate the biological 

significance of the E-domain of pro-insulin-like growth factor-Π in relation to bone 

formation, by means of critical-sized bone defects in rats. After insulin-like growth 

factor-Π/pro-insulin-like growth factor-ΠE[68-104] treatment, bone volumes in the 

defects were quantified using micro-computed tomography. In addition, parameters as 

structure model index and connectivity of the newly formed bone in the defect as well as 

trabecular thickness, total tissue volume, the ratio of bone volume over total tissue 

volume and connectivity density in control regions were measured. Administration of 

both insulin-like growth factor-ΠE[68-104]/insulin-like growth factor binding protein-2 

and insulin-like growth factor-Π/insulin-like growth factor binding protein-2 did not 

result in stimulation of bone formation in the defects. Although not significant, placebo 

treated rats appeared to have formed the largest amount of bone volume. The parameters 

measured at control regions also did not show significant differences. Continuous 

infusion of insulin-like growth factor-ΠE[68-104]/insulin-like growth factor binding 

protein-2 and insulin-like growth factor-ΠE/insulin-like growth factor binding protein-2 

did not stimulate bone healing in a rat critical-sized bone defect model and did not have 

any significant effect in control regions. 
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Introduction 

The insulin-like growth factor (IGF) system consists of two ligands, IGF-Ι and IGF-Π 

(also called somatomedins), IGF receptors (IGF-Ι receptor, insulin receptor, and the IGF-

Π mannose-6-phosphate[(M-6-P) receptor]), six IGF binding proteins (IGFBP-1 to 

IGFBP-6) and IGFBP proteases. These substances are called insulin-like, because of their 

ability to stimulate glucose uptake into fat- and muscle cells. (18) Insulin like growth 

factors (IGFs) are peptides that are primarily produced by the liver. In addition, IGF-Ι is 

produced in the brain, bone, cartilage, muscle and other tissues. (23) Less is known about 

the production and functions of IGF-Π, especially about it’s role in bone. The production 

process of IGFs is induced by growth hormone (GH) in most mammals. Figure 1 shows 

the somatomedin pathway. It shows various routes by which bone growth is regulated.  

 

Figure 1. The somatomedin hypothesis. (Le Roith et al. 2001)                          

The term somatomedin  reflects the ability of the substance to mediate the effects of 

GH (also referred to as “somatotropin”). Bone growth is regulated in a GH-

dependent and GH-independent manner. In addition, GH can stimulate bone growth 

in a direct manner. In the liver,  IGF-Ι production is stimulated in an endocrine 

manner by GH. GH-dependent IGF-Ι actions can also be regulated by bone tissue in 

an autocrine/paracrine fashion. GH-independent IGF-Ι-mediated  bone growth also 

acts in an autocrine/paracrine fashion.  

 

The insulin like growth factors, especially IGF-Π, could 

play an important role in bone formation since they are 

the most abundant growth factors found in bone and are 

produced by osteoblasts. (1,7) The paracrine and 

autocrine actions of IGFs (e.g. effects on the 

proliferation, differentiation and apoptosis of 

osteoblasts) are modulated by the six structurally related 

insulin like growth factor binding proteins: the IGFBPs.  

Just like IGFs, these IGFBPs can also be synthesized by 

osteoblasts, (9) and can modulate IGF effects by 

stimulating or inhibiting their action.  
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Other functions of IGFBP are transporting IGFs, extending the half lives of IGFs, 

preventing insulin-like activity and controlling the bioavailability of IGFs. (9, 13, 16, 18, 

20) Some IGFBPs can also inhibit or potentiate cellular functions, including those of 

osteoblasts, independently of IGFs. (22) Govoni et al. (2005) mentioned that in general, 

IGFBP-1,-2,-4 and -6 inhibit and IGFBP-3 and -5 stimulate osteoblast function, but that 

the exact physiological functions and the mechanisms by which they act are not 

completely understood. (9)  

 

Both IGF-Ι and IGF-Π primarily act in bone by binding to the IGF-Ι receptor. The IGF-

Π/M-6-P receptor does not play a major role in IGF signal transduction. It is primarily 

responsible for clearing and thereby reducing the levels of IGF-Π during fetal 

development. (18) IGFBPs have an equal or even greater affinity for the IGF-Ι receptors 

than IGFs and induce both proliferation and differentiation of osteoblasts through this 

receptor. (9) 

 

The IGFs cannot act when bound to IGFBPs. Therefore, IGFBPs must also be regulated. 

IGFBPs are regulated by specific proteases which cleave IGFBPs. After cleavage, IGFBP 

affinity for IGF is reduced. The IGF is then released and is able to bind to its receptor. 

Therefore, the pleiotropic nature of the IGF system allows an organism to accurately 

regulate IGF actions depending on the systemic and local needs. (9)  

 

In the circulation, IGFs circulate in ternary (~150 kDa) or binary (~50 kDa) complexes 

with IGFBPs, which are able to cross endothelial barriers, depending on their size. IGF-Π 

circulates in association with IGFBP-2 in ~50 kDa binary complexes, which can cross 

capillary barriers and in this way can access osteoblasts. (14) IGFBP-2, at nearly 

equimolar concentration as IGF-Π, plays a potentiating role in IGF-Π action on rat tibial 

osteoblasts differentiation in vivo. (20) In addition to this, subcutaneous administration of 

7,5 kDa rhIGF-Π/IGFBP-2 complexes stimulates bone formation and prevents loss of 

bone mineral density in a rat model of disuse osteoporosis. (4)  
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In short, IGF-Π can have potent anabolic effects on bone. Modifications in the IGFs 

and/or IGFBPs could be responsible for the increase in bone formation found in a rare 

disease called hepatitis C-associated osteosclerosis (HCAO).  

 

Hepatitis C-associated osteosclerosis (HCAO) 

Humans suffering from this disease, are infected with the hepatitis C virus and develop a 

marked increase in skeletal mass. (4, 14, 24) Osseous tissue, obtained from these HCAO 

patients appears to be of good quality, including intact lamellar patterns. (15) Serum 

levels of IGF-Ι and -Π appear to be normal in HCAO patients, but levels of pro-IGF-ΠE 

[68-104] are elevated. These patients also show an increase in IGFBP-2. IGFBP-2 may 

facilitate the targeting of IGFs, in particular pro-IGF-ΠE, to skeletal tissue in HCAO 

patients, with a subsequent stimulation by IGFs of osteoblast function. (15) Khosla et al. 

(2002) postulated that the pro-IGF-ΠE/IGFBP-2 complex accumulated in bone in the 

HCAO patients and that the local release of pro-IGF-ΠE stimulated bone formation and 

osteosclerosis in these patients. (14) 

  

Non islet cell tumor induced hypoglycemia (NICTH) 

In contrast to HCAO patients, blood samples obtained from patients suffering from ‘non-

islet cell tumor induced hypoglycemia’ (NICTH) show high levels of differently 

glycosylated tumor-derived pro-IGF-ΠE[68-88] and IGFBP-2. Pro-IGF-ΠE[68-88] 

seems to have properties leading to an enhanced bioavailability and insulin like action on 

various tissues. (27) In vitro experiments measuring autophosphorylation of the IGF-Ι 

receptor or the insulin receptor suggest that semi-purified preparations of pro-IGF-

ΠE[68-88] are more potent than mature 7,5 kDa IGF-Π. (11, 21)  

 

HCAO patients do not show hypoglycemia and NICTH patients do not show 

osteosclerosis. The difference in clinical manifestations of pro-IGF-ΠE and IGFBP-2 

over-production in these two syndromes may be explained on basis of differences in 

biological activities and/or targeting properties between pro-IGF-ΠE[68-88] and pro-

IGF-ΠE[68-104].  

 



-Stimulation of osteogenesis with pro-IGF-ΠE and IGFBP-2 in a critical-sized bone defect in the rat- 
 

 
Department of Clinical Science of Companion Animals, Faculty of Veterinary Medicine, Utrecht University         6 

 

Buchanan et al. (2001) and Cornish et al. (2007), found that preptin (which is co-secreted 

in pancreatic beta-cells with amylin and insulin, and corresponds to Asp69-Leu102 of 

pro-IGF-Π) circulates in complexes with IGFBP-2 as well, and is found in the large bone 

mass phenotype observed in patients with chronic hepatitis C infection. Preptin also 

stimulates proliferation (cell number and DNA synthesis) of primary fetal rat osteoblasts 

and osteoblast-like cell lines. At the same time, preptin reduces osteoblast apoptosis 

induced by serum deprivation, reducing the number of apoptotic cells by > 20%. In vivo 

administration of preptin increases bone mineralizing surface in adult mice. (3, 5)  

 

The aim of this study was to investigate the biological significance of the E-domain of 

pro-IGF-Π in relation to bone formation. More insight into the molecular basis of the 

biological actions of the E region of pro-IGF-Π may have great implications for a better 

understanding of bone growth and healing. In addition, stimulation of bone formation 

using growth factors could find an application in dealing with compound fractures, bone 

deficits and arthrodeses in orthopedic surgery.   

 

Gielkens et al. (2008) found that the micro-CT technique seems to be a promising 

technique for the quantification of bone formation inside bony defects. (8)  We analyzed 

critical-sized bone defects in the ulna and control regions in the radius of Wistar rats, 

with micro-computed tomography. Three dimensional reconstructions, volumetric 

measurements and specific changes in bone microstructure were obtained from these 

images. Various parameters e.g. structure model index (SMI), connectivity and trabecular 

thickness (Tb.Th.), to investigate the biological actions of IGF-Π and pro-IGF-ΠE on 

bone were measured.  
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Materials and methods 

Peptides and antibodies 

Recombinant human pro-IGF-ΠE[68-104] was produced in C6293Tcells (Novozymes 

Gropep, Adelaide, Australia). Recombinant bovine IGFBP-2 was also obtained from 

Novozymes Gropep, Adelaide, Australia. Mature 7,5 kDa hIGF-Π and rhIGF-Π was 

purified from Cohn fraction IV from normal human plasma. (12, 26) Antibodies directed 

against synthetic peptides which correspond to several parts of the E-domain of mouse 

pro-IGF-Π, were produced using the method described by van Doorn et al. (2002). (27)  

 

Animals  

Twelve white male Wistar rats, approximately three months of age (body mass: 365,25 ± 

23,39 g SD, range 311-387) were obtained from Harlan laboratories (Harlan, Horst, The 

Netherlands). Each rat was kept in an individual cage under inspected animal facilities 

and housed at room temperature on a 12-h light and 12-h dark cycle.  

 

Surgical procedures and euthanasia 

In each animal a critical-sized bone defect (CSBD) was created in both front limbs 

according to surgical procedures described below. Anesthesia was induced using 

Medetomidine (Domitor®, Pfizer Animal Health B.V., Capelle a/d Ijssel, The 

Netherlands; 250 µg/kg bw) and Ketamine (Narketan®, Pfizer Animal Health B.V., 

Capelle a/d Ijssel, The Netherlands; 20 mg/kg bw) and maintained using inhalation 

anesthesia with isoflurane. Under general anesthesia, a three mm-long bone segment was 

removed from the left and right ulna. A CSBD was created by a bone punch using the 

method described by Leisner et al. (2002). (17) The periosteum was closed with 

absorbable suture material. At the time of surgery, 28-day AlzetR osmotic pumps (Alza 

Corporation, Pala Alto, California, USA) containing either vehicle 0,15 M NaCl (n=4); or 

2 µg rhIGF-Π + 8 µg rbIGFBP-2/100 g body weight/day (n=4); or 2 µg pro-IGF-ΠE[68-

104] + 8 µg rbIGFBP-2/100 g body weight/day (n=4) were implanted subcutaneously in 

the neck region. The subcutis and skin were closed in a routine manner. Full loading of 

the legs was permitted immediately after surgery. Each animal received a subcutaneous 
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injection of buprenorphine (0.08 mg/kg bw) every 8 h for the first three days, for post-

operative analgesia. 

 

The rats were euthanasized using CO2 after four weeks of treatment and the radius and 

ulna (from both the left and right sides) were harvested for CT analysis. The bone 

biopsies were fixed in 70% ethanol.  

 

Micro-Computed Tomography (micro-CT) 

Micro-CT analysis provided a means of quantitatively measuring the amount of bone 

formation in the defect region. All 24 samples were scanned using a Skyscan 1072 micro-

CT imaging system (Skyscan, Aartselaar, Belgium). With the use of this system it was 

possible to make a non-restrictive three-dimensional reconstruction of the object’s inner 

structure from two-dimensional X-ray shadow projections. The defect region of the ulna 

and the corresponding region and distal metaphyse of the radius were scanned. The latter 

was used as a control area. The scanner voxel size was 13.67 µm. A X-ray tube voltage of 

80 kV was chosen and the current was set on 100 µA; a 1 mm aluminum filter was used. 

The exposure time was 5.7 seconds. X-ray projections were obtained at 1.13° intervals 

with a scanning rotation of 180°. In figure 2a a CT-scan of the radius and ulna of a rat 

treated with pro-IGF-ΠE is displayed.  

 

Software 

Reconstructions of the CT-scans were made with NRecon (Skyscan). After this, change 

to greyscale (Jasc Image Robot by Jasc software) was used to assign the appropriate grey-

value information needed for the following steps. 3D Calculator (Skyscan) was used to 

reslice the scans in the horizontal direction (figure 2b). After this, the scans were rotated 

by CTRotate (Skyscan; figure 2c) and resliced in the longitudinal direction (figure 2d), in 

which only the radius and ulna were selected as a region of interest (figure 2e; the latter 

was also done with 3D Calculator). The program 3D Calculator was again used to reslice 

in the horizontal direction and to do the segmentation of the scans (figure 2f, g, h). After 

this, Matlab 7.1 (The Mathworks) was used to enlarge the region of interest which should 
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consist of a multiple of 8 pixels. Again, 3D Calculator was used to set the resolution of 

the scans and to calculate the parameters.  

 

In order to calculate the amount of trabeculae in the radius, which was done after 

selection of a Volume of interest (CTan, Skyscan; figure 2f), the trabeculae were first 

separated from the total bone with PrStackBot-New (in-house developed software, 

Orthopaedic Research Laboratory, ErasmusMC, Rotterdam; figure 2i). After this, 3D 

Calculator was used to calculate the amount of trabeculae.  

 

Figure 2. The procedures used to calculate bone parameters of the radius and ulna.   

   
Fig. 2a. CT-scan of the ulna (left) and the  Fig 2b. After reconstruction and changing  
radius (right).     to greyscale, horizontal cross sections were    
     made of the radius and ulna. After horizontal  
     reslicing a longitudinal cross section is created.  
 

 

   

Fig. 2c. CTRotate (Skyscan) was used  Fig. 2d. Longitudinal cross section of the radius and ulna. The  
to put the radius and ulna in a vertical  radius and ulna are positioned in the same line. The lower is the 
position. This cross section shows the  radius and the upper two are cross sections of the defect 
defect region of the ulna.    region of the ulna. 
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Fig. 2e. Region of interest of the  Fig. 2f. Segmentation   Fig. 2g. Cross  Fig. 2h. Selection 
radius and ulna. A smaller region  of the ulna (left) and    section of the of the defect region 
was selected from the cross    radius (right). The upper radius (lower) and of the ulna.  
sections of figure 2d. The lower is   square represents the   and ulna (upper). 
the radius, the upper two are cross defect region. The square  
sections of the defect region of  in the middle represents 
the ulna.    the cortex region and the  
    lower represents the control 
    region.  
 

           Fig. 2i. Section of the control region in the radius. The cortex is shown in  

black. Trabeculae are shown in grey.  

 

Volume of interest 

After scanning, reconstruction and segmentation, a 

constant cubical volume of interest (VOI) centered over 

the defect site, was selected for analysis of all samples. 

This VOI had a thickness of 200 slices, corresponding 

to 2,7 mm and a height of 8 mm.   

 

For the defect region (figure 2f), the bone volume (BV) in the VOI, was calculated. The 

structure model index (SMI) was also measured. This parameter describes the 

characteristic form of three-dimensional structures in terms of the amount of plates and 

rods composing the structure. Three-dimensional image analysis based on a differential 

analysis of the triangulated bone surface is used to calculate the SMI. A value of 0 

indicates a plate-like structure, while a value of 3 indicates a rod-like structure. A value 

between 0 and 3 indicates a structure with both plates and rods. (10) Connectivity was 

also measured. This parameter is defined by Odgaard et al. (1993), as a measure of the 

degree to which a structure is multipely connected. For a network, it reports the maximal 

number of branches that can be broken before the structure is separated into two parts. 



-Stimulation of osteogenesis with pro-IGF-ΠE and IGFBP-2 in a critical-sized bone defect in the rat- 
 

 
Department of Clinical Science of Companion Animals, Faculty of Veterinary Medicine, Utrecht University         11 

 

Figure 3 illustrates the connectivity. In figure 3a it is possible to separate the structure by 

breaking one branch. In contrast, if we break one branch in figure 3b the structure will 

not fall apart into isolated parts. (19)  

 

Figure 3. Connectivity. (Odgaard et al. 1993) 

 

   

 
a) ‘ Tree’: a simply connected node and branche network. There is one path between any two nodes (e.g., from P to Q).  
b) A multipely connected network. This figure is made from a) by addition of one single branch. Now, there are two paths between 

point P to Q.  
 

 

The potential effect of IGF-Π and/or pro-IGF-ΠE on bone in general was controlled by 

analyzing a distal part of the radius (figure 2f). After scanning, reconstruction and 

segmentation, a VOI of all samples was made for the control area in the radius. This area 

contained trabecular bone, but did not contain growth-plate tissue. Anatomical landmarks 

were used to select the area and this VOI had a thickness of 20 slices, corresponding to 

0,27 mm.  

 

For this control region, the bone volume of the trabecular region was calculated and 

corrected for the trabecular tissue volume (TV) containing trabeculae and marrow space. 

This results in the bone volume fraction (BV/TV). As well as in the defect region, the 

structure model index (SMI) and the connectivity were measured. In addition, we 

measured the three dimensional thickness (Tb.Th.) of the trabecular bone. Also the 

connectivity density (ConnD.), which is an indication of the number of trabeculae per 

volume, was calculated.  
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To measure the thickness of the cortex of the radius, another area of the radius (more 

proximal than the control region; figure 2f) was selected. This VOI was also selected by 

using anatomical landmarks and contained 200 slices, corresponding to 2,7 mm. To 

measure this, we calculated the bone volume (BV) which corresponds to the cortical 

volume, and the cortical thickness.  

 

To visualize the defect region in the ulna, we made three dimensional reconstructions of 

the scans. This was done with a program called Ant (Skyscan).  

 

Statistics 

The one-way ANOVA was used for statistical analysis using SPSS software version 16.0 

for Windows. Because of the small group sizes the Kruskall-Wallis non-parametric test 

was also used. The level of significance was determined as P<0,05. Data are given as 

mean ± SD.  

 

 

Results  

Realistic visualizations of defect regions 

We made realistic visualizations of the defect regions of the ulna. Figure 4 shows some of 

these visualizations. Figures 4a-e show defect regions of rats treated with the placebo 

solution. Especially in figures 4d and 4e the bone volume increased substantially. Figure 

4f shows the defect region of a rat treated with IGF-Π and IGFBP-2. Note the periostal 

reaction at the radius in this figure. Periostal reactions were seen in 3 of the 8 ulnas of 

rats treated with IGF-Π and IGFBP-2. Figures 4g and 4h show defect regions of rats 

treated with pro-IGF-ΠE and IGFBP-2. Figure 4g shows a bow-like bone volume and in 

figure 4h there appeared to be a union. However, thorough analysis of the three-

dimensional data-set of this ulna showed that there was still a gap between the two bone 

ends, but this gap is sloped. Therefore this gap was not clearly visible in the visualization. 

Only figure 4e displays a real union. This means that 1 of the 24 defect regions has 

formed a complete union.   
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Figure 4. Realistic visualization of some defect regions. Shown are ulnas, and one radius, of rats from 

different groups.  

     
Fig. 4a. Defect region of the   Fig. 4b. Defect region of  Fig. 4c. Defect region of 

left ulna of a rat treated with  the left ulna of a rat treated  the right ulna of a rat treated  

the placebo solution.     with the placebo solution.  Note   with the placebo solution. Hardly 

    the bone forming on the left.  any new bone has formed.  

 

 

 

   
Fig. 4d. Defect region of the left ulna  Fig. 4e. Defect region of the left ulna 

of a rat treated with the placebo solution.  of a rat treated with the placebo solution. 

A lot of bone has formed.    There was lots of bone formation. This  

     rat formed a union in the defect  

     region. 
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Fig. 4f. Left radius and ulna of   Fig. 4g. Left ulna of a rat treated with  Fig. 4h. Right ulna of  a rat of 

a rat treated with IGF-Π/ IGFBP-2.  pro-IGF-ΠE/ IGFBP-2. Note the bow-like  the pro-IGF-ΠE treated group. 

There appeared to be a periostal  bone formation on the right.     A union in the defect region   

reaction at the radius.         appeared to have formed. 

 

 

Comparisons in defect region ulna 

 

The measured bone volumes in the defects are shown in table 1. Although not 

significantly different, the rats treated with the placebo solution appeared to have created 

the most bone volume (BV) in the defect region in comparison to the other groups. The 

smallest amount of bone was formed in rats treated with IGF-Π/IGFBP-2. Rats treated 

with IGF-Π/IGFBP-2 had 26% less bone volume in the defect region in comparison to 

rats treated with the placebo solution. Rats treated with pro-IGF-ΠE/IGFBP-2 had 22% 

less bone volume in this defect region in comparison to the control group. Figure 5 shows 

the results of the bone volume measured in the defect region.  
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Table 1. Data of the defect region. Data are shown as mean ± SD. 

Treatment  BV (mm3)  SMI (-)   Connectivity (-) 

Placebo  9.01 ± 4.30  -1.25 ± 0.67  937.38 ± 992.10 

IGF-Π   6.62 ± 1.15  -1.10 ± 0.42  297.13 ± 174.34 

Pro-IGF-ΠE  7.01 ± 1.54  -0.81 ± 0.37  550.19 ± 474.81 

Abbreviations: BV= bone volume; SMI= structure model index. 

 

 

The measured SMI values are shown in table 1. The structure model index (SMI) is 

higher in the rats treated with pro-IGF-ΠE/IGFBP-2 and IGF-Π/IGFBP-2 in comparison 

to the placebo solution treated rats. The negative SMI values indicate that pores have 

formed in the bone structures. There were no significant differences between the three 

groups. In figure 6, these SMI values are shown. 

 

Connectivity results are also shown in table 1. The smallest number of connections is 

seen in rats treated with IGF-Π/IGFBP-2. Most connections are found in rats treated with 

the placebo solution; note the high standard deviation in this group. Again, there were no 

significant results. Figure 7 shows the connectivity results.  

 

 

Comparisons in control region radius 

 

As shown in table 2 and 3, BV, SMI, Tb.Th., TV and BV/TV in all three groups are in 

the same range. Only connectivity and connectivity density showed slight differences, but 

results were not significant. The most connections were found in rats treated with IGF-

Π/IGFBP-2. The connectivity density is also highest in these rats. 
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Table 2.  Data of the control region radius. Data are shown as mean ± SD. 

Treatment  BV (mm3)  SMI (-)   Connectivity (-) 

Placebo  0.43 ± 0.10  1.10 ± 0.15  149.69 ± 80.13 

IGF-Π   0.46 ± 0.07  1.11 ± 0.21  180.06 ± 59.54 

Pro-IGF-ΠE  0.43 ± 0.05  1.04 ± 0.31  137 ± 30.65 

Abbreviations: BV = bone volume; SMI = structure model index. 

 

Table 3.  Data of the control region radius. Data are shown as mean ± SD. 

Treatment Tb.Th.   TV  BV/TV ConnD. 
                        (µm)   (mm3)  (%)  (1/ mm3) 

Placebo 107.03 ± 9.57  1.03 ± 0.23 0.41 ± 0.03 136.39± 47.69 

IGF-Π  102.54 ± 8.45  1.12 ± 0.17 0.41 ± 0.03 156.80± 31.81 

Pro-IGF-ΠE 108.75 ± 11.12 1.04 ± 0.07 0.41 ± 0.03 131.52± 24.40 

Abbreviations: Tb.Th. = trabecular thickness; TV = Total tissue volume; BV/TV = ratio of bone volume over total tissue volume; 

ConnD. = connectivity density.  

 

Figures 8-14 also show the data given in table 2 and 3.  

 

 

Comparisons in cortex region radius 

 

Measured bone volumes and cortical thickness, are shown in table 4. Overall, the 

differences in cortical volume (BV) and cortical thickness were small. There were no 

significant differences between groups. Figure 15 and 16 show cortical volume (BV) and 

cortical thickness measured at the cortex region.  

 

Table 4. Data of the cortex region. Data are shown as mean ± SD. 

Treatment   BV (mm3)   Cortical thickness (µm) 

Placebo   5.19 ± 0.48   604.67 ± 52.84 

IGF-Π    5.32 ± 0.58   606.14 ± 62.59 

Pro-IGF-ΠE   4.96 ± 0.55   597.55 ± 62.89 

Abbreviations: BV= bone volume.  
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Fig.5. Bone volume defect region. Ctrl=Control group.   Fig.6. SMI at defect region. Ctrl=Control group 
IGF2=Insulin-like growth factor-Π group. IGF2E=  IGF2=Insulin-like growth factor-Π group. IGF2E= 
Insulin-like growth factor-ΠE group. The error bar shows  Insulin-like growth factor-ΠE group. The error bar shows 
the SD.       the SD. 
 
 
 

Connectivity defect region

0

500

1000

1500

2000

2500

Ctrl IGF2 IGF2E

Treatment

C
o

nn
ec

tiv
ity

 (
-)

 

Bone volume control region 

0

0,1

0,2

0,3

0,4

0,5

0,6

Ctrl IGF2 IGF2E

Treatment

B
o

ne
 v

o
lu

m
e 

(m
m

3
)

 
Fig. 7. Connectivity at defect region. Ctrl=Control group. Fig.8. Bone volume at control region. Ctrl=Control group. 
IGF2=Insulin-like growth factor-Π group. IGF2E=  IGF2=Insulin-like growth factor-Π group. IGF2E= 
Insulin-like growth factor-ΠE group. The error bar shows Insulin-like growth factor-ΠE group. The error bar shows 
the SD.      the SD. 
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Fig. 9. SMI at control region. Ctrl=Control group.  Fig. 10. Connectivity at control region. Ctrl=Control group. 
IGF2=Insulin-like growth factor-Π group. IGF2E=  IGF2=Insulin-like growth factor-Π group. IGF2E= 
Insulin-like growth factor-ΠE group. The error bar shows Insulin-like growth factor-ΠE group. The error bar shows  
the SD.       the SD. 
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Fig.11. Trabecular thickness at control region. Ctrl=Control  Fig. 12. Total tissue volume at control region. Ctrl=Control 
group. IGF2=Insulin-like growth factor-Π group. IGF2E= group. IGF2=Insulin-like growth factor-Π group. IGF2E= 
Insulin-like growth factor-ΠE group. The error bar shows Insulin-like growth factor-ΠE group. The error bar shows 
the SD.      the SD. 
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Fig. 13. Ratio of bone volume over total tissue volume at  Fig. 14. Connectivity density at control region. Ctrl=Control  
control region. Ctrl=Control group. IGF2=Insulin-like  group. IGF2=Insulin-like growth factor-Π group. IGF2E= 
growth factor-Π group. IGF2E= Insulin-like growth factor-  Insulin-like growth factor-ΠE group. The error bar shows  
ΠE group. The error bar shows the SD.   the SD.  
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Fig. 15. Bone volume at cortex region. Ctrl=Control group.  Fig. 16. Cortical thickness. Ctrl=Control group. IGF2= 
IGF2=Insulin-like growth factor-Π group. IGF2E= Insulin-like  Insulin-like growth factor-Π group. IGF2E= Insulin- 
growth factor-ΠE group. The error bar shows the SD.  like growth factor-ΠE group. The error bar shows the SD.  
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Discussion 

In this study we have measured the amount of bone volume formed in de defect region of 

the ulna, in order to investigate if IGF-Π and/or pro-IGF-ΠE stimulate osteogenesis and 

bone healing. We have shown that continuous low dose administration of IGF-Π/IGFBP-

2 and pro-IGF-ΠE/IGFBP-2 did not have a stimulating effect on fracture healing. 

Although results were not significant, the rats treated with the placebo solution appeared 

to have formed the largest bone volume in the defect. The absence of effect in the IGF 

treated rats could be a consequence of the concentration of the administered IGF-Π/pro-

IGF-ΠE and IGFBP-2. Maybe a higher dose than 2 microgram IGF-Π or pro-IGF-ΠE is 

necessary to stimulate osteoblasts to form bone.  

 

Another reason for this result could be the continuous infusion of the growth factors. 

Maybe not a continuous low dose, but a periodically pulsatile delivery is necessary to 

stimulate osteoblasts. Cornish et al. (2007) treated their mice daily with a subcutaneous 

injection with preptin. (5) In this way they created a periodically pulsatile delivery and 

found a stimulation of the proliferation of osteoblasts. 

 

Our rats were treated for 28 days while Cornish et al. (2007) treated their mice for 5 

successive days. (5) In contrast to our results, they found a stimulation of the proliferation 

of the osteoblasts. In addition, Conover et al. (2002), treated their rats for 14 days with 

the same concentration of IGF-Π and IGFBP-2 used in our experiment. (4) They found 

increases in endocortical and cancellous bone formation rates and in trabecular thickness, 

suggesting that the treatment period in our experiment was not too short.  

 

Although not significant, in our study we measured the largest amount of bone volume in 

the defect region in the rats treated with the placebo solution. Govoni et al. (2005) and 

Theyse et al. (2006), mentioned that IGFBP-2 inhibit osteoblast function. (9, 25) This 

inhibitory action of IGFBP-2 has also been demonstrated in vivo by Eckstein et al. (2002) 

in transgenic mice that over express IGFBP-2. (6) Normal and GH-stimulated bone 

growth are inhibited by excess IGFBP-2, but there appeared to be no difference in bone 
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mineral density in these mice. Khosla et al. (1998) mentioned that the definition of an 

excess is a 10 fold or greater molar excess of IGFBP-2 relative to IGF-Ι. If we compare 

this with our concentrations of pro-IGF-ΠE/IGFBP-2 or IGF-Π/IGFBP-2, there is no 10 

fold over-expression of IGFBP-2 in our experiment. (15) However, it can still be possible 

that IGFBP-2 in our study has inhibited osteogenesis and bone healing. Rats treated with 

the placebo solution did not receive IGFBP-2 and thus received no possible inhibitory 

effect of IGFBP-2. This could explain the larger bone volumes found in these rats.  

 

In our study we used critical-sized bone defects. Other in vivo studies, Conover et al. 

(2002) and Cornish et al. (2007), reported an anabolic role for IGF-Π or preptin in bone, 

but they did not use critical-sized bone defects (CSBD). It is possible that this CSBD is 

too large to be a representative model for measuring a stimulation of bone healing. In 

contrast, Theyse et al. (2006), used critical-sized bone defects as well. (25) Although they 

used another substrate (growth hormone) to stimulate osteogenesis and bone healing, a 

critical-sized bone defect appears to be a good model to show stimulation of bone 

regeneration.  

  

In human bone, IGF-Π is the major produced IGF, whereas in rodents IGF-Ι is primarily 

synthesized by bone cells. Bone formation in rats is mainly regulated by IGF-Ι. (2) 

Cornish et al. (2007), however, found that preptin increased bone area and mineralizing 

surface in adult mice. They also found that it stimulates the proliferation of primary rat 

osteoblasts and that it reduce osteoblast apoptosis. (5) In addition, Palermo et al. (2004), 

stated that IGFBP-2 was able to potentiate endogenous and exogenous IGF-Π-dependent 

stimulation of alkaline phosphatase activity, an early marker of osteoblast formation. (20) 

They used osteoblasts from tibial diaphyses of Wistar rats, so it seems possible to 

stimulate osteoblast proliferation with IGF-Π in rats.   

 

Preptin corresponds to Asp69-Leu102 of pro-IGF-Π, while pro-IGF-ΠE in the present 

study corresponds to pro-IGF-ΠE [68-104]. (3,5) This means that the product of these 

two parts of pro-IGF-Π differs in structure and, because of this difference, could have 

different receptor characteristics. It could well be that the pro-IGF-ΠE used in this study 
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is unable to match with the IGF-Ι receptor, that it cannot stimulate osteoblast proliferation 

and that it is unable to reduce osteoblast apoptosis.  

 

Khosla et al. (1998), found that administration of IGF-Π/IGFBP-2 stimulates human 

osteoblasts to produce extracellular matrix and to form mineralized nodules. Both IGF-Π 

alone or in combination with IGFBP-2 markedly stimulated osteoblast proliferation. (15) 

In our study we did not find that osteoblasts formed more mineralized nodules or more 

bone. This means, that we did not detect it on the CT-scans, but we have to keep in mind 

that a CT-scanner only shows calcified structures. It is possible that there is some callus 

formation, but that it was not yet calcified and therefore not visible on the scans.  

 

In order to investigate whether IGF-Π/IGFBP-2 or pro-IGF-ΠE/IGFBP-2 influences bone 

structure in other parts of bone, we examined a control region in the radius. The results 

showed that BV, SMI, Tb.Th., TV and BV/TV in the IGF-Π/ IGFBP-2 and pro-IGF-ΠE/ 

IGFBP-2 treated rats were in the same range as the placebo treated rats. In addition, 

connectivity and connectivity density only shows slight differences between all three 

groups. So it is tempting to speculate that the growth hormones did not have any effect in 

this region. The same reasons as stated above could explain the results for these 

parameters.  

 

Tanaka et al. (2006) found in a case report of a HCAO patient that the cortex was 

generally thickened (24), but in our study we didn’t find a thickened cortex. The same 

reasons as stated above could explain this result.  

 

In rats, treated with IGF-Π and IGFBP-2, we found that 3 of the 8 rats showed a periostal 

reaction at the radius. This could be a consequence of the surgical procedures while 

making the critical-sized bone defects. Damage of the interosseous membrane during 

surgery could be responsible for these periostal reactions, which in turn were visible on 

the CT-scans.  
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Conclusions and suggestions for future research 

In summary, we can conclude that continuous low dose infusion of IGF-Π/IGFBP-2 and 

pro-IGF-ΠE/IGFBP-2 did not show any significant effect on bone healing in defect 

regions and bone structure in control regions. Further research is needed to evaluate if the 

E-domain of pro-IGF-Π is able to stimulate osteogenesis and bone healing.  

 

In further experiments it will be possible to use an in vivo scanner. An advantage of the 

in vivo scanner is that the defect regions can be compared immediately after the CSBD 

has been made, to see if all the defects are of the same size. In addition, it is possible to 

compare bone growth at different moments, so we can investigate if IGF-Π/pro-IGF-ΠE 

in combination with IGFBP-2, stimulates bone growth only in the beginning of the 

process of bone healing (for example only in the first two weeks). Another advantage of 

the in vivo scanner is that follow-ups of one rat can be done, and as a consequence, the 

variation in the groups can be reduced. In the present experiment it could be possible to 

measure the brittleness of the newly formed bone, for example by means of mechanical 

loading or compression tests, as a parameter for bone quality.  

 

Higher doses of the IGF-Π/pro-IGF-ΠE and a longer treatment period may be necessary 

to stimulate bone healing.    
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