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Abstract 
 

Growth hormone plays an important role in bone metabolism. Treating 
bone deficits is a major topic in orthopedic surgery. Our hypothesis was that local 
continuous growth hormone administration stimulates bone healing in a canine 
critical sized bone defect model. Bone formation in the defects was quantified 
using densitometric image analysis and histomorphometry. After growth hormone 
treatment expression levels of insulin-like growth factors-I and -II, and growth 
hormone receptor were determined in the bone regenerate of the original defects. 
Circulating plasma concentrations of insulin-like growth factors-I and -II, and 
insulin-like growth factor binding proteins-4, and -6 were measured during 
treatment. Growth hormone administration resulted in healing of bone defects but 
without an additional effect of local infusion. Expression of insulin-like growth 
factor-I in the bone regenerate was lower in the growth hormone treated dogs, 
whereas insulin-like growth factor-II and growth hormone receptor expression 
were not increased. Growth hormone increased circulating insulin-like growth 
factors-I and -II plasma concentrations. Continuous infusion of growth hormone 
stimulated bone healing in a canine critical-sized bone defect model. Local delivery 
of growth hormone did not additionally enhance bone healing. Increased 
circulating plasma concentrations of insulin-like growth factors-I and -II most 
likely induced bone formation.  
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Introduction 
 

Bone healing is mediated through complex interactions of growth factors, 
hormones, cytokines, and matrix-associated proteins. Bone is under endocrine 
control by several hormones, including growth hormone, parathyroid hormone, 
calcitonin, estrogens, and androgens.6,14-16,40 Growth hormone (GH) and insulin-like 
growth factors-I and -II (IGF-I and IGF-II) play a critical role during bone growth 
and bone accretion.31 The actions of IGF-I and -II are modulated through their six 
high-affinity binding proteins (IGFBPs).26,30 In general, IGFBP-1, -2, -4, and -6 
inhibit and IGFBP-3 and -5 stimulate osteoblast function. .    

Stimulating bone formation, using GH, growth factors, and to a lesser 
extent cytokines, is of major interest in dealing with compound fractures, bone 
deficits, and arthrodeses. Various studies have shown the applicability of these 
factors as osteoinductive agents and as accelerators of bone healing.7,20,29,34,43  The 
actions of GH on bone are twofold. First, GH exerts a direct stimulatory effect on 
longitudinal bone growth and on bone healing.6,21 Second, GH has an indirect 
effect, which is supposed to be mainly mediated through the induction of IGF-
I.6,8,12,14,24,35 Systemic application of GH-stimulated bone healing has been shown in 
several fracture models.9,21,34,44 In a porcine distraction osteogenesis model, 
systemic treatment with GH accelerated bone healing after lengthening.2,3,33 
Although GH enhanced bone formation in these models, they did not use critical-
sized bone defects. As bone loss and defects are major concerns in orthopedic 
surgery, stimulation of bone healing is these cases is critical.  

We hypothesized that continuous GH administration induces bone healing 
in a canine critical-sized bone defect model. We speculated that direct infusion of 
GH into the defect is most effective in enhancing bone healing.21 In addition, we 
hypothesized that GH administration stimulated bone healing by increasing the 
expression of IGF-I, IGF-II, and GH receptor within the bone regenerate of the 
original defect.4,11,19,21,27   
 
 
Materials and Methods 
 
Animals 
 

Eight mature Labrador retrievers were allocated with an even gender 
distribution to one treatment (n = 4) and one control group (n = 4). Four dogs were 
treated with GH and four dogs in the control group received a placebo solution. 
Sample size was determined assuming a difference between means of 50% with a 
common standard deviation for both groups of 20%, a significance level of .05, and 
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a power of 0.80. The equal sample size for both groups was calculated to be 2.97.  
Four females and four males were included, with an age of 32 ± 5 months (mean ± 
SEM), and a body weight of 31 ± 1 kg (mean ± SEM). Bilateral ulnar critical-sized 
bone defect were created.7 A critical sized bone defect is designed not to heal 
spontaneously and thus will develop into a nonunion. In the four GH-treated dogs, 
the bone defect in the right ulna was continuously infused with GH, using an 
osmotic pump with a catheter placed inside the defect. In the control group, the 
defects in the right ulna were infused with placebo solution.  The formation of new 
bone was evaluated, using densitometric image analysis and histomorphometry. To 
assess bone healing in the defects, bone formation was monitored until 6 weeks 
after starting GH treatment. Bone healing in the defects was compared between the 
GH-treated group (eight defects) and control group (eight defects). In addition, 
differences in bone healing within the GH-treated dogs between the right-sided and 
left-sided defects (four each) were determined. Circulating plasma concentrations 
of GH, IGF-I, IGF-II, IGFBP-4, and IGFBP-6 were determined to assess the 
systemic effect of GH treatment. Only IGFBP-4 and –6 were included because 
determining additional IGF-binding proteins in dog plasma was not yet feasible. 
After 6 weeks, segmental bone specimens were collected to measure the expression 
levels of IGF-I, IGF-II, and GH receptor within the original bone defects. Because 
of the lack of proper sequences of canine IGFBP-4 and -6, mRNAs we were not yet 
able to amplify IGFBP mRNA in canine tissue samples. Enhanced bone healing 
was expected to coincide with increased circulating plasma concentrations of IGF-I 
and IGF-II and lower concentrations of inhibiting binding proteins IGFBP-4 and 
IGFBP-6.3,9,21,33,34  
 
Surgery 
 

After sedation with medetomidine (Domitor®, Pfizer Animal Health B.V., 
Capelle a/d IJssel, The Netherlands), anesthesia was induced intravenously with 
propofol (Rapinovet®, Schering-Plough Animal Health N.V., Bruxelles, Belgium), 
and maintained by inhalation anesthesia with isoflurane, nitrous oxide, and oxygen. 
Amoxicillin with clavulanic acid (Augmentin®, SmithKline Beecham Farma B.V., 
Rijswijk, The Netherlands) were administered intravenously (20 mg/kg body 
weight) before surgery. Both front limbs were prepared in a sterile fashion and 
positioned for surgery. A craniolateral approach to the ulna was used, and a 
longitudinal skin incision was made, ending 4 cm proximal of the ulnar styloid 
process. The periosteum was preserved, using a 3-cm longitudinal incision and 
careful periosteal elevation. A 20-mm bone segment was removed 4 cm proximal 
of the ulnar styloid process, using an oscillating saw and ample lavage. In this way 
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a critical-sized bone defect, or a defect that will not heal spontaneously, was 
created.7  

As canine and porcine GH are identical at the protein level, recombinant 
porcine GH provided by Dr. A.F. Parlow of the National Hormone and Pituitary 
Program (NHPP, Torrance, CA), was used in this study.1 Growth hormone was 
dissolved in 0.03 mol/L sodium bicarbonate in 0.15 mol/L NaCl, and after 
adjusting the pH to 9.5, the sterile solution was diluted with 0.15 mol/L NaCl to the 
desired concentration of 30 mg/mL.  Four 2ML4 Alzet® osmotic pumps (Alzet® 
Osmotic pumps, Alza Corporation, Pala Alto, CA) capable of continuous drug 
delivery for 28 days were filled with 2 mL rpGH solution and four pumps with the 
vehicle of the solution (i.e., 0.03 mol/L sodium bicarbonate in 0.15 mol/L NaCl, 
adjusted to pH 9.5). With this GH solution, the pumps delivered 1.8 mg GH per 
day for 4 weeks. The pumps were mounted with a 4-cm long Teflon catheter and 
implanted subcutaneous distally from the critical sized bone defect, on the right 
side only. The tip of the catheter was placed within the critical-sized bone defect. 
The periosteal cylinder was closed with absorbable suture material, while fixing the 
catheter to the periosteum. In this way a concentration gradient was established, 
with the highest amount of GH in the right-sided defect.18,39 Closure of the 
subcutaneous tissues and skin was in a routine fashion. A protective bandage was 
applied for 3 days. The dogs received analgesics (buprenorphine, 4 times per day  
10 µg/kg/ bodyweight subcutaneously) for 3 days postoperatively. Full loading of 
the legs was permitted immediately after surgery. En bloc biopsies, incorporating a 
4-cm segment of the right and left ulnas, including the critical-sized defect, were 
harvested with the dogs under general anesthesia at 6 weeks. These 16 biopsy 
specimens were split longitudinally and ½ was processed for total RNA isolation, 
whereas the other ½ was fixed in 70% alcohol for histomorphometric analysis. The 
dogs were not euthanatized, but nursed until completely recovered from surgery. 
Before the study, new owners were found to adopt the dogs as pets. After recovery, 
all dogs were united with their owners. Throughout the entire study, the dogs were 
fed a standard commercial dog food twice a day and water was available ad 
libitum.  
 
Densitometric image analysis 
  

Standardized mediolateral radiographs of the right and left antebrachium 
were obtained before surgery, immediately after surgery, and once every 2 weeks 
thereafter. The radiographs included a ruler and an aluminum step-wedge, 
consisting of 10, 2-mm thick aluminum slabs mounted in an overlapping manner. 
Early bone formation and bridging of the critical sized bone defects were assessed 
visually, and bone formation was quantified using a densitometric image analysis 
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system. Radiographs were recorded with a black and white CCD camera (Sony 
Corporation, Tokyo, Japan), Type XC-77CE, and digitized for image analysis 
(frame size 752 x 574 pixels; 256 grey levels) with a PC-based system equipped 
with the KS400 version 3.0 software (Carl Zeiss Vision, Oberkochen, Germany). A 
program was developed in KS400 to quantify the amount of regenerated bone. 
Each radiograph was calibrated geometrically and densitometrically, using the 
image of the ruler and the aluminum step-wedge. The densitometric calibration was 
performed by measuring the mean optical density of a square area of 50 x 50 pixels 
in six steps of the aluminum step-wedge (0,2,4,6,8, and 10 mm). The 
measurements were carried out in a median-filtered image to reduce the influence 
of the photographic grains in the film. The optical density values are a polygonal fit 
with the aluminum values to produce a transformation table, which enables 
expression of the amount of newly formed bone in equivalents of cubic mm of 
aluminum. The region of interest (ROI) included the critical sized bone defect and 
all new bone formation within10 mm proximal and distal of the defect.  The ROI 
was delineated on the digitalized mediolateral images, and densitometric analyses 
for bone area and bone amount were performed.  Densitometric image analysis was 
performed using the 4-week and 6-week radiographs, as the 2-week data only 
showed limited mineralization of the newly formed bone. 
 
Histomorphometric analysis 
 

The segmental bone biopsy specimens were fixed in 70% ethanol. After 
dehydration, using increasing concentrations of up to 100% ethanol, the bone 
biopsy specimens were embedded in methylmethacrylate, which was allowed to 
polymerize (polymethylmethacrylate [PMMA]).  Longitudinal sections of the 
PMMA-embedded bone specimens were made, using a Leica SP1600 microtome  
(Leica Microsystems Nussloch GmbH, Nussloch, Germany). The PMMA-
embedded bone was mounted on the microtome, the surface was corroded with 1% 
hydrochloric acid in ethanol, and stained with a 1% methylene blue solution and a 
0.3% basic fuchsine solution. Basic fuchsine preferentially binds to bone, whereas 
fibrous tissue and cartilage is indicated by methylene blue. A cover slip was fixed 
to the PMMA-bone specimen, using light-curing epoxy resin glue. Sections with a 
thickness of 20 µm were sawn. Four longitudinal sections from the center of each 
critical-sized bone defect including two ulnar cortices on either side of the original 
defect were selected and used for histomorphometric analysis. To measure the area 
of trabecular bone in the microscopic sections of the critical-sized defect, a PC-
based image analysis system, equipped with the KS400 version 3.0 software 
package (Carl Zeiss Vision, Oberkochen, Germany), was used. Sections of each 
defect were scanned macroscopically with a black and white CCD camera type 
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XC-77CE (frame size 752 x 574 pixels; 256 grey levels; Sony Corporation). Before 
measurement, the system was calibrated geometrically, and shading correction was 
done. The complete area containing the trabecular bone was outlined manually by 
one observer (LT), followed by a computerized dynamic discrimination (i.e., a 
threshold procedure accounting for the local background values) of the trabecular 
differential staining and morphometric properties. With this technique a distinction 
was established, between trabecular bone opposed to fibrous and cartilaginous 
tissue. The measured areas were expressed in square millimeters. 
 
Gene expression 
 

The bone biopsy specimens were frozen immediately in liquid nitrogen and 
stored at –70° C until required for RNA isolation. Frozen bone tissue was ground 
in liquid nitrogen prefrozen cups of a micro-dismembrator (Micro-Dismembrator 
U, B. Braun Biotech International GmbH, Melsungen, Germany). One to five 
hundred milligrams of milled bone tissue was resuspended in Qiagen lysis buffer 
(Qiagen GmbH, Hilden, Germany) and centrifuged for 10 minutes at 5 g. The 
supernatant was applied to a Qiagen midi-column (Qiagen GmbH, Hilden, 
Germany), and total RNA was isolated according to the manufacturer’s protocol. 
After DNase I treatment (DNAfreeTM kit, Ambion, TX), RNA was ethanol 
precipitated and resuspended in 5 µL of RNase-free water. As much as 1 µg of 
total RNA was used in a 20 µL complementary deoxyribonucleic acid (cDNA) 
synthesis reaction (Reverse Transcription System, Promega Corp, Madison, WI) 
according to the manufacturer’s instructions. The cDNA solution was diluted to an 
equivalent of 10 ng RNA/µL. 

Real-time polymerase chain reaction (PCR), based on the high-affinity 
double-stranded DNA-binding dye SYBR green I, was performed in triplicate in a 
spectrofluorometric thermal cycler (iCycler, BioRad, Hercules, CA). Data were 
collected and analyzed with the provided application software. For each real-time 
PCR reaction, 5 µL of the cDNA dilution was used in a reaction volume of 50 µL, 
containing 1x PCR buffer, 3 mmol/L MgCl2, 1:100,000 dilution of SYBR® green I 
(BMA, Rockland, ME), 10 nmol/L fluorescein calibration dye (BioRad, Hercules, 
CA), 200 µmol/L dNTPs, 20 pmol forward primer, 20 pmol reverse primer, and 
1.25 units of AmpliTaq Gold DNA polymerase (Applied Biosystems, Roche, 
Branchburg, NJ). Cycling conditions were 5 minutes at 95° C, followed by 45 
cycles of 15 seconds at 95° C, 30 seconds at 55° C, and 40 seconds at 72° C. 
Primer pairs were designed, using PrimerSelect software (DNASTAR, Inc, 
Madison, WI) (Table 1).  
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Table 1. Primer Pairs Used in PCR Amplification  
 
Gene Primer (5’ – 3’) Exon Amplicon Length (bp) 

 
β-actin   F: TGGCACCACACCTTCTACAACGAG 

R: AGAGGCATACAGGGACAGGACAGC 
3 
4 

180 

IGF-I F: ATGTCCTCCTCGCATCTCTT 
R: TCCCTCTACTTGCGTTCTTC 

3 
5 

355 

IGF-II F: CGCAGCCGTGGCATCGTTGAGGAG 
R: CTGCGCAGGCGCTGGGTGGACT 

5 
6 

200 

GH receptor F: ACCCATCGGCCTCAACTG 
R: AGGGTCCATCATTTTCCACTG 

6  
6,7  

175    

 
 

Melt curves (iCycler, BioRad, Hercules, CA) and agarose gel 
electrophoresis were used to examine each sample for purity, and standard 
sequencing procedures (ABI PRISMTM 310 Genetic Analyzer, Applied Biosystems, 
Roche) were used to verify the analytical specificity of the PCR products. 
  Standard curves constructed by plotting the log of starting amount versus 
the threshold cycle were generated using serial 10-fold dilutions of known amounts 
of PCR products (from a conventional PCR). The amplification efficiency, E (%) = 
(10(1/-s) –1) x 100 (s = slope), of each standard curve was determined and seemed to 
be greater than 90% over a large dynamic range (6-8 orders of magnitude). Serial 
dilutions of cDNA were also tested resulting in similar E values over 3-4 orders of 
magnitude.  

For each experimental sample, the amount of target (IGF-I, IGF-II, and 
GHR) and β-actin as endogenous reference was determined from the appropriate 
standard curve. To confirm that β-actin levels were not influenced by the 
experimental manipulation and to further rule out interference of β-actin 
pseudogenes, β-actin, using a primer pair that distinguishes cDNA from 
pseudogene DNA, was also tested as an internal standard. The amount of target 
was divided by the amount of endogenous reference to obtain a normalized target 
value.  
 
Biochemical analysis 
 

During the week before surgery, two jugular vein blood samples were 
collected with a 1-hour interval in ice-chilled ethylenediaminetetraacetic acid 
(EDTA) tubes and kept on ice before centrifugation for 15 minutes at 3.000 rpm 
and 4°C, within 60 minutes after collection. Plasma samples were stored at -20°C 
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until analysis of GH, IGF-I, IGF-II, IGFBP-4, and IGFBP-6. During the 6-week 
study, two blood samples, with a 1-hour interval, were collected once a week and 
processed accordingly. To rule out diurnal variations, all blood samples were taken 
at the same time of the day (i.e., 0800 and 0900 hours).  

Plasma GH concentrations were measured in a homologous 
radioimmunoassay as previously described.13 Total plasma IGF-I and IGF-II 
concentrations were measured after acid-ethanol extraction to remove interfering 
IGFBPs.14 In addition, the absence of interfering IGFBPs in the plasma extracts 
was investigated.36 Insulin-like growth factor-I concentrations were measured in a 
heterologous radioimmunoassay validated for the dog.32 Insulin-like growth factor-
I antiserum (UBK 487) was the gift of Doctors Underwood and Van Wyk from the 
University of North Carolina, via the hormone distribution program of The 
National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). 
Insulin-like growth factor-II concentrations were determined with a heterologous 
radioimmunoassay validated for the dog, using monoclonal antibodies against rat 
IGF-II (Amano Enzyme U.S.A. Co., Lombard, IL), as described previously.14  

Plasma IGFBP-4 and IGFBP-6 concentrations were determined by specific 
heterologous radioimmunoassays, using polyclonal antiserum WKZ8209 and 
WKZ6278, respectively.41,42 
 
Statistical analysis 
 

All statistical analyses were performed using the SPSS 10.1 statistical 
package (SPSS Inc, Chicago, IL). Levene’s statistic was used to test homogeneity 
of variance between groups. The bone area and bone amount in the densitometric 
image analysis and the histomorphometric data were evaluated using a Student’s t 
test and a paired samples t test. The gene expression data were evaluated using a 
Student’s t test for statistical analysis of the log-transformed normalized target 
values. The GH, IGF-I, IGF-II, IGFBP-4, and IGFBP-6 data were evaluated using 
a general linear model (GLM) for repeated measures, with the preoperative levels 
of Week 0 as a covariant, and a paired samples t test. Differences were considered 
significant when P < .05.  
 
 
Results 
 

All dogs had the surgical procedures without complications, and soft tissue 
wound healing was uneventful. The dogs were fully loading both front legs the day 
after surgery. After 2 weeks, all dogs showed normal locomotion without signs of 
lameness. 
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Growth hormone treatment induced bone healing in the critical-sized 
defects. New bone formation was visible radiographically in the defects as soon as 
2 weeks after surgery in both the GH-treated group and the controls. Bone 
formation started adjacent to the proximal and distal osteotomy sites. In the GH 
group, bone formation progressed, and at 6 weeks, three of the dogs showed 
advanced bilateral bridging of the bone defect, whereas one dog showed extensive 
new bone formation, but without complete bridging of the right-sided and left-
sided defects (Fig 1A). In the control group, dogs showed very little progression of 
new bone formation and no bridging of defects (Fig 1B).  Densitometric image 
analysis demonstrated an increased bone amount (p = .03 and p = .01) in the GH 
group at 4 and 6 weeks after surgery. The bone area was increased (p = 0.01) at 6 
weeks, but not at 4 weeks (p = .05)(Table 2). Within the GH group, bone amount 
and bone area increased (p = .02 and p = .002) between Week 4 and Week 6. In the 
histologic sections of the GH-treated dogs, bridging of the defects with trabecular 
bone was seen (Fig 2A). The bone defects in the controls showed very little new 
bone formation, and the defects were filled mainly with fibrous tissue (Fig 2B). In 
the GH-treated bone defects, the amount of trabecular bone was greater (p = .008) 
than in the controls with 70.9 ± 15.3 mm2 and 22.4 ± 4.0 mm2, respectively.  
 

 
 
 
 
 
 
 
Fig 1A-B. (A) A radiograph was 
taken of the critical-sized bone 
defect in the ulna after continuous 
infusion with GH. The osmotic 
micropump is located distal to the 
bone defect. Growth hormone 
treatment stimulated bone healing 
with extensive new bone formation 
and bridging of the defect. (B) A 
radiograph was taken of the critical-
sized bone defect in the ulna after 
continuous infusion with vehicle 
solution in the control group. The 
osmotic micropump is located distal 
to the defect. The defect shows 
minimal new bone formation. 
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Local infusion of GH directly into the defects did not additionally enhance 
bone formation in the GH group. The densitometric image analysis and 
histomorphometric analysis demonstrated similar bone healing between the 
contralateral bone defects.  
 

 
 
 
 
 
 
 
 
 
Fig 2A-B. (A) A microscopic section of 
the critical-sized bone defect, obtained 
after continuous infusion with growth 
hormone, shows the bone regenerate in 
the original defect.  Growth hormone 
treatment has induced bone healing, 
filling the defect almost completely with 
trabecular bone. The bar represents 5 
mm.  (B) A microscopic section of the 
critical-sized bone defect, obtained after 
continuous infusion with vehicle solution 
in the control group, shows the defect is 
filled with fibrous tissue and there is 
only minimal formation of trabecular 
bone. The bar represents 5 mm. 

 
 
Table 2. Densitometric Image Analysis of Bilateral Ulnar Critical-sized Bone 
Defects 
 
Densitometric image analysis  Week rpGH Control 
Bone area (mm2) 4 163.8 ± 27.7 86.5 ± 23.9 
Bone amount ( mm3 Al x 103) 4 117.9 ± 20.8* 57.6 ± 16.4 
Bone area (mm2) 6 226.8 ± 35.1*, # 103.7 ± 28.3 
Bone amount ( mm3 Al x 103) 6 164.9 ± 28.8 *, # 66.1 ± 17.7 #

 
Data are presented as mean ± SEM. The bone amount is presented as equivalents of aluminium (Al) 
in mm3 x 103; * significant difference in comparison with the control group (P < .05); # significant 
increase in comparison with Week 4 (P < .01) 
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Six weeks after creation of the bone defects, the expression level of IGF-I 
in the bone regenerate was lower (p = .03) in the GH group than in the controls 
with 2.9 ± 0.6 (mean ± SEM) and 7.3 ± 1.9, respectively. No increase was seen for 
the expression levels of IGF-II in the GH-treated animals compared to the controls, 
with 5.3 ± 1.1 and 2.5 ± 0.7, although the trend was greater for expression of IGF-
II. The expression level of GH receptor was similar in both groups with 4.4 ± 0.8 
and 4.4 ± 0.7, respectively. In the GH group, the expression levels of IGF-I, IGF-II, 
and GH receptor in the bone regenerate of the right and left defects were similar in 
magnitude.  
 
 

 
 
Fig 3A-D. Plasma concentrations are shown for (A) growth hormone (GH), (B) IGF-I, (C) IGF-II, 
and (D) IGFBP-4, and IGFBP-6 in a canine critical sized bone defect model during continuous 
infusion with recombinant porcine GH (rpGH). Data are presented as means ± SEM, before surgery 
(0) and in weeks after surgery. Growth hormone treatment increased IGF-I and IGF-II plasma 
concentrations, but did not decrease the inhibitory binding proteins IGFBP-4 and IGFBP-6. a 

Significant increase in the GH group in comparison with the  controls  (p < .05).  b Significant 
increase in comparison with the level before surgery (p < .05). c Significant decrease in comparison 
with the level before surgery (p < .05). 



Growth Hormone Stimulates Bone Defect Healing  
 
 

 

 

131

 Treatment with recombinant porcine GH at this dosage did not result in an 
increase of GH plasma concentrations (Fig 3A). The IGF-I and IGF-II plasma 
concentrations increased (p = .01 and p = .01) during GH treatment and were 
greater (p = .02 and p = .008) than in the control group (Fig 3B-C). In the GH-
treated group, IGF-I plasma concentrations peaked at 4 weeks  (p = .01) to rapidly 
return to pretreatment levels after the GH infusion had stopped. In contrast, IGF-II 
levels continued to be greater (p = .008) than in the control group for the remainder 
of the study. In the control group, IGF-II (p = .02) and to a lesser extent IGF-I (p = 
.03) plasma concentrations tended to be lower than the preoperative levels. Plasma 
IGFBP-4 and IGFBP-6 concentrations were not decreased in the GH-treated dogs, 
but were similar to the controls. Increases (p = .02) in IGFBP-6 levels were seen in 
the controls at Weeks 1 and 2 (Fig 3D). 
 
 
Discussion 
 

Dealing with bone deficits is a major concern in orthopedic surgery. We 
hypothesized that continuous GH administration induces bone healing in a critical-
sized bone defect model. In addition, we speculated that local administration of GH 
was most effective in enhancing bone healing. The effect of GH was expected to be 
mediated twofold, first by stimulating the expression of IGF-I, IGF-II, and GH 
receptor in the bone regenerate of the original defects and second by altering 
circulating plasma concentrations of IGF-I, IGF-II, IGFBP-4 and IGFBP-6. Results 
of our study indicate that continuous infusion with GH stimulates bone formation 
and bone healing in a critical-sized bone defect. The model reproduced a nonunion 
in all nontreated dogs.7 Local delivery of growth hormone did not additionally 
enhance bone healing. Growth hormone treatment did not increase the expression 
of IGF-I, IGF-II, and GH receptor in the bone regenerate at 6 weeks after creation 
of the defect. Increased circulating plasma concentrations of IGF-I and IGF-II most 
likely induced bone formation during GH treatment. 

The local continuous administration of GH into the right-sided bone defect 
using an osmotic pump and a catheter was limited by the redistribution of GH to 
the circulation. Nevertheless, our interest was to determine whether this route of 
infusion, which is feasible in a clinical setting, could effectively enhance local bone 
regeneration. Another approach could be delivery of GH with a slow-releasing 
carrier, but this route of administration was not readily available and technically 
more demanding.  

Exploring gene-expression levels, including IGF-I, IGF-II, and GH 
receptor, is limited by the fact that mRNA levels can change in a short time. 
Determining transcription levels at more than one time can overcome this problem, 
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but requires substantially more experimental animals as biopsies of the bone 
regenerate will interfere with normal bone healing. Therefore, we decided to limit 
our study to the expression levels during the consolidation phase of the bone 
regenerate at 6 weeks after the creation of the defects.  Another restriction is the 
fact that we only determined the expression of IGF-I, IGF-II, and GH receptor. 
Pursuing additional bone growth factors, including bone morphogenetic proteins, 
transforming growth factor-β, fibroblast growth factors, vascular endothelial 
growth factor, platelet derived growth factor, and stimulatory IGF binding proteins 
is essential to elucidate the interactions between bone growth factors.5,7,18,20,29,43 
Simultaneous determination of these factors is hampered by the amount of bone 
needed for mRNA isolation. 

Although stimulation of bone healing with GH has been reported, our study 
was the first to show the effectiveness of GH on bone regeneration in a critical-
sized bone defect. 2,3,9,21,33,34,44 Hypophyseal GH represents the major constituent of 
GH in the circulation, but GH also is expressed in numerous other tissues, 
including bone.6,28 Expression of growth hormone in healing bone has not been 
reported and local production of GH in the bone regenerate is not expected to play 
an important role. 

A direct effect of GH on bone healing was seen in a rat model.21 This direct 
effect of GH should involve the GH receptor, and although the role of the GH 
receptor in bone growth is slowly being elucidated, little is known regarding its 
part in osteogenesis in the mature animal.27,28 The presence and hormonal control 
of GH receptor were reported in germinal and proliferative cells in the growth plate 
and in maturing chondrocytes.17 In our study, no additional direct effect of local 
GH application was seen. As GH receptor expression levels were equal in GH-
treated dogs and controls, there was no indication that modulation of GH receptor 
expression was responsible for enhanced bone formation. Nevertheless, GH 
receptor expression was consistent with the concept of a potential direct effect of 
GH on bone healing.  We found that this direct effect of GH was less important 
during bone regeneration than the indirect effects of GH infusion. Growth hormone 
plasma concentrations were not greater in the recombinant porcine GH-treated 
dogs, most likely due to the pulsatile release of endogenous GH.14 

The GH-induced increases in IGF-I and IGF-II plasma concentrations in 
the dogs in our study were consistent with the finding of increased circulating IGF-
I and IGF-II concentrations during GH treatment in postmenopausal women.25 The 
stimulation of bone healing through GH-induced IGF-I was shown in several 
models.3,9,21,33,34 In a mouse model, the major part of circulating IGF-I was liver-
derived.35 In our study, we used continuous GH infusion because this was most 
effective in increasing IGF-I plasma concentrations in humans.24 In addition to 
liver-derived IGF-I production, IGF-I also is known to be expressed locally during 
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bone healing.5,11,19 Local IGF-I application stimulated bone healing in a rat model.34 
In our study, IGF-I expression levels were lower during the consolidation phase of 
the GH-stimulated bone regenerate. In theory, this suggests that local IGF-I 
production was not responsible for the progression of bone healing at this stage. 
The decreased expression of IGF-I also can be related to the temporal aspect of 
ceasing GH infusion after 4 weeks, at which time IGF-I plasma concentrations 
peaked, and in determining local IGF-I expression after 6 weeks. Bone accretion 
progressed despite the fact that IGF-I plasma concentrations returned to 
preoperative levels after cessation of GH infusion. These findings could be 
consistent with a role of IGF-I during the early stages of callus formation.5  

Insulin-like growth factor-II is considered to be a major constituent of local 
and systemic growth factors in bone.4 Knowledge about the role of IGF-II in bone 
healing, however, is limited. Insulin-like growth factor -I and IGF-II were shown to 
be important for osteoblast survival and apoptosis.23 In addition, IGF-I and IGF-II 
were proposed to modulate osteoblast-osteoclast interactions, which are critical in 
bone remodeling.22 In our study, IGF-II plasma concentrations remained elevated 
even after cessation of GH infusion. As IGF-II expression did not differ between 
the GH treated defects and the controls, we theorize that IGF-II production by 
skeletal osteoblasts outside the defects is responsible for the enhanced bone 
regeneration. Elevated IGF-II plasma concentrations could account for the increase 
in densitometric bone amount and bone area between Weeks 4 and 6. The increase 
in bone amount, but not bone area, in the controls could be attributed to 
mineralization of the small amount of bone formed at the osteotomy sites. 

Insulin-like growth factor binding protein-4 and IGFBP-6 are reported to 
play an important role in modulating IGF actions in bone, mainly by inhibiting 
osteoblast function.10,26 In our study, IGFBP-4 plasma concentrations were 
comparable with plasma concentrations in humans.41 Continuous infusion with 
rpGH did not result in an increase of IGFBP-4 levels as seen in previous studies 
during GH replacement therapy in humans.25,38 Canine IGFBP-6 plasma 
concentrations tended to be twice as high as in their human counterparts.42 Because 
IGFBP-6 preferentially binds IGF-II, IGFBP-6 could be important in modulating 
IGF-II actions.37,42,45 In our study, IGFBP-4 and IGFBP-6 plasma concentrations 
were not affected by continuous GH infusion and did not seem to play a role during 
enhanced bone regeneration.  

Continuous GH infusion stimulated bone healing in this canine critical-
sized bone defect model. Local delivery of GH did not additionally enhance bone 
healing. Increased plasma concentrations of IGF-I and IGF-II most likely induced 
bone regeneration. Growth hormone could play an important role in stimulating 
bone formation during the surgical treatment of bone defects. 
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