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Abstract

To examine the effects of growth hormone (GH) on the expression of the mRNAs of bone matrix proteins, three experiments
were carried out with 3-month-old female Sprague–Dawley rats. In the first experiment rats were given a single subcutaneous
injection of recombinant human GH (8 mg rhGH/kg b. wt.), sacrificed 15 min, 1 h, 2 h, 4 h, 8 h, 16 h and 24 h later, and RNA
isolated from cancellous bone from the distal femoral metaphysis. Growth hormone increased the level of type I collagen mRNA
by 187, 417, and 509% over the control level at 15 min, 1 h and 2 h, respectively; the mRNA levels declined to 119 and 99% at
4 and 8 h, respectively, and then rose again to 351 and 423% over the control level at 16 and 24 h, respectively. Osteocalcin
mRNA transcript increased by 89, 90, 325, 342, 361, and 407% over the control level at 15 min, 1 h, 2 h, 4 h, 8 h and 16 h,
respectively, and fell to 66% at 24 h. The level of IGF-I mRNA increased by 45, 83, 120, 140, and 175% over the control level
at 2, 4, 8, 16, and 24 h, respectively. In the second experiment, following the administration of rhGH (8 mg/kg b. wt.) bone
osteocalcin mRNA increased by 127, 177, 361, and 413% over the control level at 30 min, 1 h, 2 h and 4 h, respectively; IGF-I
mRNAs increased by 38, 33, 87, and 437 at 30 min, 1 h, 2 h and 4 h, respectively, but the levels did not become significant until
2 h; c-fos mRNA increased significantly at 30 min, and c-jun and c-myc mRNAs did not increase until 4 h. In the third
experiment, animals were given a single injection of rhGH (8 mg/kg b. wt.) and the animals were bled at timed intervals and acid
ethanol-extractable serum IGF-I determined. Serum IGF-I increased significantly only at 12 h following rhGH administration.
Our data indicate that GH stimulates a rapid increase in the expression of mRNAs for the bone matrix proteins, type I collagen
and osteocalcin, by a mechanism that appears to be independent of IGF-I, the early response oncogenes or an increase in
osteoblast number. © 1999 Published by Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Growth hormone (GH) has important bone anabolic
properties. It stimulates both longitudinal and circum-
ferential growth of bone (Sontag et al., 1980; Sontag,
1986; Isaksson et al., 1987; Andreassen et al., 1995).
However, the mechanism of action of GH on bone is
not well understood. It is generally considered that GH
enhances linear bone growth by stimulating hepatic
production of IGF-I and the differentiation of chon-

drocytes which also produce IGF-I. The latter then acts
in the classical hormonal fashion and/or in a paracrine-
autocrine fashion to increase chondrocyte proliferation
and activity (Salmon and Daughaday, 1957; Daughday,
1981; Isaksson et al., 1982; Hochberg et al., 1989).
Growth hormone continues to stimulate bone forma-
tion after linear growth has ceased. Some observations
indicate that GH increases the proliferation and activity
of osteoblasts which are the bone forming cells (Stracke
et al., 1984; Ernst and Froesch, 1988; Slootweg et al.,
1988; Martin and Waters, 1991; Nishida et al., 1992;
Kassem et al., 1993). It is uncertain whether, in vivo,* Corresponding author.
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the latter actions are mediated directly or via IGF-I,
and it is equally unclear whether the stimulatory effects
of GH on osteoblast proliferation and activity are
tightly linked or are dissociable. Although GH has been
shown to modulate the expression of mRNAs of
proteins that are involved in osteoblastic bone forma-
tion (Bikle et al., 1995; Monsonego et al., 1995; Turner,
1995), its mechanism of action on the gene expression
of bone matrix proteins in vivo has received little
attention. Recent observations that GH-receptor inter-
action leads to the activation of cytoplasmic signalling
systems that are involved in the regulation of gene
transcription (Carter-Su et al., 1996) have yet to be
incorporated into the mechanism of the bone anabolic
action of GH.

The exploration of the mechanism of action of GH is
complicated by many factors including, the heterogene-
ity of the GH receptor, the presence of soluble receptor-
related GH binding proteins in plasma, and the lack of
suitable models for studying the actions of GH both in
vitro and in vivo (Herington, 1994). In vitro actions of
GH may not always faithfully reflect events occurring
in vivo, and in vivo effects of GH administered long
term to animals may not necessarily be mediated di-
rectly by GH. Therefore, the following studies were
undertaken to examine the acute in vivo actions of GH
on the expression of the mRNAs for the bone matrix
proteins, type I collagen and osteocalcin, and to exam-
ine whether the effects of GH are mediated directly,
through IGF-I, or through the expression of the early
response oncogenes, c-fos, c-myc and c-jun.

2. Materials and methods

2.1. Animals:

Ninety-day-old female Sprague–Dawley rats were
purchased from Harlan (Indianapolis, IN) and used for
the following studies when they were 95 days old. On
arrival at our institution the rats were housed in a room
maintained at 26°C on 14 h light, 10 h dark cycles.
During the experimental period they were fed a Teklad
diet (Madison, Wl) that contained 0.93% calcium,
0.65% phosphorus and 3.0 units of vitamin D/g and
allowed free access to drinking water. rhGH (soma-
totropin) was kindly provided by Genetech, (San Fran-
cisco, CA) in a lyophilized powder form that had the
following composition per vial: somatotropin (5.0 mg),
mannitol (45.0 mg), glycine (1.7 mg), sodium phosphate
(1.75 mg). The pH of the hormone solution was ad-
justed to 7.4 before it was freeze-dried. The hormone
powder was reconstituted in sterile water just before
use. To investigate the in vivo actions of GH on the
gene expression of bone matrix proteins, three experi-

ments were carried out. In experiment 1, rats were
divided into eight groups of nine animals per group.
Each rat received a single injection of rhGH (8 mg/kg
b. wt.), subcutaneously, and the animals were sacrificed
15 min, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h later. In
experiment 2, rats were divided into four groups of nine
animals per group and the animals received similar
injections of rhGH (8 mg/kg b. wt.) as in experiment 1
and were sacrificed 30 min, 1 h, 2 h and 4 h later. In
experiment 3, rats were divided into nine groups of six
animals per group and animals received similar injec-
tions of rhGH as in experiments 1 and 2 (8 mg/kg b.
wt.) and were decapitated and blood collected 15 min,
30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h later. In all
experiments, control animals were given solvent vehicle
(with the same chemical composition as in the hormone
powder) and sacrificed immediately 0 h). To avoid the
complicating effects of circadian rhythms, rhGH was
administered such that all animals were sacrificed at
11:00 h The short-term nature of these studies was
designed to preclude the complicating effect of changes
in cell numbers or composition that can result from
long term GH therapy. The dose of rhGH used is based
on an earlier report that doses in that range are re-
quired to elicit the skeletal effects of rhGH in rats
(Jorgensen et al., 1995). All animals were treated in
accordance with the guidelines of our Institutional Ani-
mal Care and Use Committee and the NIH Guide for
the Care and Use of Laboratory Animals.

2.2. Extraction of RNA from femoral cancellous bone

The procedure used for isolating RNA from cancel-
lous bone is basically as we described previously (Salih
et al., 1993). Briefly, each femur was removed quickly
following sacrifice, cleaned of soft tissues and cut at the
mid-diaphysis with a dental-drill fitted with a saw. Bone
marrow was flushed out repeatedly from the distal half
of the femur with ice-cold alpha minimum essential
medium (a-MEM) (Sigma, St. Louis, MO) and the
marrow discarded. The bone was then cut longitudi-
nally with the saw and the interior of the bone flushed
out again several times with ice-cold a-MEM to remove
any remaining, removable marrow and the marrow
discarded. Cancellous bone tissue which had been rid of
most of its marrow was scraped from the secondary
spongiosa about 1–2 mm from the growth plate and
towards the mid-diaphysis. Pooled cancellous bone tis-
sue was homogenized in a 4.0 M solution of guani-
dinium isothiocyanate and RNA was precipitated by
ultra-centrifugation in a 5.7 M solution of cesium chlo-
ride (Chirgwin et al., 1979). The pelleted RNA was
resuspended in a resuspension buffer (10 mM Tris, 10
mM EDTA and 0.5% SDS), ethanol precipitated and
dissolved in DEPC-treated water and stored at −80°C
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until needed for analysis. The integrity of isolated RNA
was examined by spectrophotometric determination of
the concentration ratios of its nucleic acid to protein
ratios and by examining the intactness of the 28S and
18S rRNA bands following formaldehyde denatured
agarose gel electrophoresis.

2.3. Probes:

Rat 363 bp of osteocalcin cDNA insert that con-
tained the complete reading frame for rat osteocalcin
was a gift from Dr Lydia C. Pan (Central Research
Division, Pfizer, Groton, CT) (Pan and Price, 1985).
We subcloned the cDNA into the expression vector,
pSKII (Stratagene, La Jolla, CA). Antisense RNA was
prepared from the latter and used as probe to examine
cancellous bone RNA extracts for osteocalcin mRNA
transcripts by Northern blot analysis. Riboprobes for
type I collagen, IGF-I, c-fos, c-jun, c-myc and beta
actin, were generated using the following plasmids:(a)
pGEM3 containing the full-length cDNA for rat type-l
alpha collagen, a gift from Dr Barbara Smith (Boston
University, Boston, MA) (Fine et al., 1990); (b) pGEM
3-z containing the full length cDNA for IGF-I, a gift
from Dr L. Murphy (University of Manitoba, Canada)
(Murphy et al., 1987); (c) DNA templates for pTRI-
c-fos/exon2-mouse, pTRI-jun A, pTRI-c-myc and
pTRI-beta actin which were purchased from Ambion
(Austin, TX). Plasmids containing the appropriate in-
serts were linearized and mRNA transcripts were gener-
ated using an in vitro transcription system from
Promega (Madison, Wisconsin) according to the manu-
facturer’s instructions.

2.4. Northern blot analysis

The mRNAs for osteocalcin, type I collagen, IGF-I
and c-fos were determined by Northern blot analysis
using standard procedures as we described previously
(Sambrook et al., 1989; Salih et al., 1993). Briefly, 20 mg
of RNA were fractionated on formaldehyde denatured
agarose gel and transferred by capillary absorption to a
pre-soaked nitrocellulose membrane filter as described
by Thomas, (1980). An RNA ladder (BRL, Gaithers-
burg, MD) was prestained with ethidium bromide (1
mg/ml) and used as molecular weight markers. RNA on
filter was fixed by UV irradiation for 1 min, baked at
80°C under vacuum for 2 h and stored under vacuum
until required for analysis. Filters were prehybridized
for 24 h at 60°C in a solution containing 50% for-
mamide, 5×SSP, 0.1% SDS, 2×Denhardt’s solution
and 100 mg/ml yeast tRNA. Labelled riboprobes were
added to the prehybridization solution and hybridiza-
tion continued for 48 h. Following hybridization, the
filters were washed extensively with 2×SSPE contain-

ing 0.5% SDS at 68°C. They were then washed twice
with a solution of 0.1×SSPE containing 0.5% SDS at
68°C for 20 min per washing. The washed filters were
incubated in Phospholmage cassettes (Sunnyvale, CA)
in order to visualize radioactive mRNA riboprobe hy-
brids. mRNA hybrids were corrected for any differ-
ences in sample loading using 28S rRNA or b-actin as
internal standards.

2.5. RNA protection assay

The mRNAs for c-jun, c-myc and the internal stan-
dard, b-actin were determined by RNA protection
assay using standard procedures (Sambrook et al.,
1989). Briefly, 20 mg of RNA were added to a premixed
solution of 32P-labelled antisense probes for c-jun, c-
myc and b-actin (20 000 cpm/probe). For positive and
negative controls, 50 mg of yeast tRNA were added.
The mixture of RNAs and probes was pelleted, dena-
tured at 95°C for 2 min and hybridized at 68°C for 10
min. Following hybridization, the mixture was treated
with RNase A/T for 30 min at 37°C in order to digest
unprotected single-stranded RNA fragments. Protected
RNA fragments were recovered by ethanol precipita-
tion and size fractionated by electrophoresis using a 5%
urea-denatured polyacrylamide gel. 32P-labelled RNA
molecular size markers were prepared and run on out-
side lanes as described by the manufacturers (Ambion,
Austin, TX). At the termination of electrophoresis, the
polyacrylamide gel was dried (BioRad, Hercules’ CA)
and incubated in Phosphorimage cassettes in order to
visualize the radioactive protected mRNA-probe frag-
ments.

2.6. Serum IGF-I assay

Serum IGF-I was determined as in our previous
studies (Kalu et al., 1994). Briefly, IGF-I was extracted
from serum with the acid ethanol extraction procedure,
and immunoreactive IGF-I was measured on diluted
serum extracts with an RIA assay kit obtained from
Nichols Institute (San Juan Capistrano, CA).

2.7. Statistics

Data analysis involved estimation of means, standard
errors and analysis of variance (ANOVA) (Fisher,
1935). ANOVA was performed using Statview Statisti-
cal package (Abacus Concepts, Berkeley, CA) on a
Macintosh Ilsi computer. When the ANOVA indicated
significant differences among means, the differences
between the groups were evaluated by Fisher’s pro-
tected least-significant difference multiple comparison
procedure (Snedecor and Cochran, 1967). P50.05 was
considered statistically significant.
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3. Results

3.1. Experiment 1.

Female Sprague–Dawley rats were given a single
injection of rhGH (8 mg/kg b. wt.) and sacrificed 15
min, 1 h, 2 h, 4 h, 8 h, 16 h and 24 h after the hormone
was administered. Control animals received solvent ve-
hicle and were killed immediately (0 h). RNA was

Fig. 2. Northern blot analysis of the effects of rhGH on the expres-
sion of type I collagen mRNA in cancellous bone cell in the distal
metaphysis of the femur of 3-month-old female Sprague–Dawley
rats. Twenty micrograms of femoral RNA (experiment 1) were frac-
tionated by denatured gel electrophoresis, transferred to a membrane
filter and hybridized with a 32P-labeled antisense riboprobe for type I
collagen. The probe recognized the expected 5.2 kb collagen mRNA
transcripts (top panel) The intensity of the 5.2 kb band was quantified
with the aid of a Phospholmager using an Image Quant program
(Molecular Dynamics, Sunnyvale, CA). Each point (bottom panel) is
a mean of data from three pools of samples and each pool consisted
of RNA isolated from the right and left femurs of three animals.
Vertical bars are SEs. The agarose gel (middle panel) was stained with
ethidium bromide and the 28S rRNA was used to normalize for equal
loading.

Fig. 1. Northern blot analysis of the effects of rhGH on the expres-
sion of osteocalcin mRNA in cancellous bone cells in the distal
metaphysis of the femur of 3-month-old female Sprague–Dawley
rats. Twenty micrograms of femoral RNA (experiment 1) were frac-
tionated by denatured gel electrophoresis, transferred to a membrane
filter and hybridized with a 32P-labeled antisense riboprobe for os-
teocalcin. The top panel shows two bands with molecular sizes of 4.4
and 0.7 kb. The 0.7 kb osteocalcin mRNA transcript was quantified
with the aid of a phospholmager using an Image Quant program
(Molecular Dynamics, Sunnyvale, CA). Each time point (bottom
panel) is a mean of data from three pools of samples and each pool
consisted of femoral cancellous RNA isolated from three animals.
Vertical bars are standard errors. The agarose gel (middle panel) was
stained with ethidium bromide and the intensity of 28S rRNA was
used to normalize for equal loading.

isolated from cancellous bone from the secondary spon-
giosa of the femoral distal metaphysis and the mRNAs
for osteocalcin, type I collagen and IGF-I determined.

3.1.1. Osteocalcin mRNA
Osteocalcin antisense riboprobe recognized osteocal-

cin mRNA transcripts 4.4 and 0.7 kb in size (Fig. 1).
rhGH caused a progressive and significant increase in
the level of the 0.7 kb mRNA transcript by 89, 90, 325,
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343, 361, 407% over the control level 15 min, 1 h, 2 h,
4 h, 8 h and 16 h, respectively, following the adminis-
tration of the hormone, and by 24 h the level of the 0.7
kb mRNA transcript had declined to 66% (Fig. 1).

3.1.2. Type I collagen mRNA
Type I collagen antisense riboprobe recognized the

expected 5.2 kb mRNA transcript for type I alpha
collagen (Fig. 2). Growth hormone administration had
a biphasic effect on the expression of type I collagen
mRNA. The level of the mRNA increased by 187, 417,
and 509% at 15 min, 1 h and 2 h, respectively above the
control level, and then declined to 119 and 99% at 4.0
and 8 h, respectively. The mRNA level then rose again
to 351 and 423% at 16 and 24 h, respectively, following
the injection of rhGH.

3.1.3. IGF-I mRNA
32P-labelled antisense riboprobe for IGF-I recognized

both the large (7.5 and 4.7 kb) and the small (1.8 and
1.0 kb) isoforms of IGF-I mRNA transcripts (Thissen
and Underwood, 1992) (Fig. 3). GH increased the levels
of the IGF-I mRNA transcripts by 45, 83, 120, 140,
and 175% above the control level 2, 4, 8, 16, and 24 h,
respectively, following the administration of the hor-
mone. Note that 2 h was the earliest time point at
which IGF-I mRNA was analyzed in this study. Earlier
samples were inadvertently missed. It was in part for
this reason that the next experiment was performed to
obtain additional information on the time course of the
effects of rhGH on the expression of IGF-I mRNAs at
earlier time periods.

3.2. Experiment 2.

Female Sprague–Dawley rats were given a single
injection of rhGH (8mg/kg b. wt.) and sacrificed 30
min, 1 h, 2 h and 4 h after the hormone was adminis-
tered. Control animals received solvent vehicle and
were killed immediately (0 h). RNA was isolated from
cancellous bone from the secondary spongiosa of the
femoral distal metaphysis as in experiment 1, and the
mRNAs for IGF-I, osteocalcin and the early response
oncogenes, c-fos, c-myc and c-jun, determined.

3.2.1. Osteocalcin mRNA
32P-labeled antisense riboprobe for osteocalcin hy-

bridized intensely with the 0.7 kb osteocalcin transcript
and faintly with the 2.7 and 4.4 kb transcripts (Fig. 4).
Similar to the findings in experiment 1, rhGH caused a
progressive increase in the level of the 0.7 kb osteocal-
cin mRNA transcript from 127% at 30 min to 177, 361,
and 413% at 1, 2 and 4 h, respectively following the
administration of the hormone. The non specific
mRNA transcript in the 4.4 kb band was only faintly

expressed. The reason is unclear but may relate to
differences in the lots of animals used for the different
experiments since variations in the number of bands
hybridizable to osteocalcin RNA probes have been
linked to variations in the lots of animals used in the
studies (Rahman et al., 1993).

Fig. 3. Northern blot analysis of the effects of rhGH on the expres-
sion of IGF-I mRNA in cancellous bone cells in the distal metaphysis
of the femur of 3-month-old female Sprague–Dawley rats. Twenty
micrograms of femoral RNA (experiment 1) were fractionated by
denatured gel electrophoresis, transferred to a membrane filter and
hybridized with a 32P-labeled antisense riboprobe for IGF-I. The
probe recognized the low (1.8 kb) and high molecular weight (7.5 kb)
mRNAs transcripts for IGF-I (top panel). The intensities of all bands
were quantified with the aid of a Phospholmager using an Image
Quant program (Molecular Dynamics, Sunnyvale, CA). Each point
(bottom panel) is a mean of data from three pools and each pool
consisted of RNA isolated from the right and left femurs of three
animals. Vertical bars are SEs. The agarose gel (middle panel) was
stained with ethidium bromide and 28S rRNA was used to normalize
for equal loading.
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Fig. 4. Northern blot analysis of the effects of rhGH on the expres-
sion of osteocalcin MRNA in cancellous bone cells in the distal
metaphysis of the femur of 3-month-old female Sprague–Dawley
rats. Twenty micrograms of femoral RNA (experiment 2) were frac-
tionated by denatured gel electrophoresis, transferred to a membrane
filter and hybridized with a 32P-labeled antisense riboprobe for os-
teocalcin. The top panel shows a band of hybridized mRNA tran-
script (0.7 kb) which was quantified with the aid of a phospholmager
using an Image Quant program (Molecular Dynamics, Sunnyvale,
CA). Each time point (bottom panel) is a mean of data from three
pools of samples and each pool consisted of femoral cancellous RNA
isolated from three animals. Vertical bars are standard errors. The
agarose gel (middle panel) was stained with ethidium bromide and
28S rRNA was used to normalize for equal loading.

Northern analysis (Fig. 6). rhGH administration in-
creased c-fos mRNA over 5-fold 30 min following the
injection of the hormone, and the level of the mRNA
declined towards the control level with time. c-jun and
c-myc mRNAs were investigated with RNA protection
assay. RNase digestion of preformed hybrids between
bone RNA and 32P-labeled antisense riboprobes for
c-jun and c-myc gave protected fragments with the
expected molecular sizes of 205 and 326 nucleotides,
respectively (Fig. 7). The levels of these protected frag-
ments for c-jun and c-myc did not increase over base-
line levels until 4 h following rhGH administration.

Fig. 5. Northern blot analysis of the effects of rhGH on the expres-
sion of IGF-I mRNA in cancellous bone cells from the distal metaph-
ysis of the femur of 3-month-old female Sprague–Dawley rats.
Twenty micrograms of femoral RNA (experiment 2) were fraction-
ated by denatured gel electrophoresis, transferred to a membrane
filter and hybridized with a 32P-labeled antisense riboprobe for IGF-I.
The probe recognized two transcripts (top panel), the predominant
7.5 kb transcript and a second 4.7 kb transcript. The intensities of the
predominant 7.5 kb bands were quantified with the aid of a Phospho-
lmager using an Image Quant program (Molecular Dynamics, Sunny-
vale, CA). Each point (bottom panel) is a mean of data from three
pools of samples and each pool consisted of RNA isolated from the
right and left femurs of three animals. Vertical bars are SEs. The
agarose gel (middle panel) was stained with ethidium bromide and
28S rRNA was used to normalize for equal loading.

3.2.2. IGF-I mRNA
Similar to the findings in experiment 1, rhGH admin-

istration increased the expression of cancellous bone
IGF-I mRNA. The increase was 38, 33, 87, and 437%
at 30 min, 1 h, 2 h and 4 h, respectively above the
control level, but did not reach statistical significance
until 2 h following the injection of the hormone (Fig.
5).

3.2.3. mRNAs of the early response oncogenes
32P-labeled antisense riboprobe for c-fos recognized

the expected 2.2 kb mRNA transcript for c-fos in
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Fig. 6. Northern blot analysis of the effects of rhGH on the expres-
sion of c-fos mRNA in cancellous bone cells from the distal metaph-
ysis of the femur of 3-month-old female Sprague–Dawley rats.
Twenty micrograms of femoral RNA (experiment 2) were fraction-
ated by denatured gel electrophoresis, transferred to a membrane
filter and hybridized with a 32P-labelled antisense riboprobe for c-fos.
The probe recognized the expected 2.2 kb mRNA transcript for c-fos
(top panel). The intensities of the 2.2 kb bands were quantified with
the aid of a Phospholmager using an Image Quant program (Molecu-
lar Dynamics, Sunnyvale, CA). Each point (bottom panel) is a mean
of data from three pools of samples and each pool consisted of RNA
isolated from three animals. Vertical bars are SEs. The agarose gel
(middle panel) was stained with ethidium bromide and 28S rRNA
was used to normalize for equal loading.

3.3. Experiment 3.

Female Sprague–Dawley rats were given a single
injection of rhGH (8 mg/kg b. wt.), decapitated and
bled 15 min. 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h
after the hormone was administered. Control animals
received solvent vehicle and were sacrificed immediately
(0 h).

3.3.1. Serum IGF-I
Two to 4 h following rhGH administration serum

IGF-I levels were decreased by about 10% (Fig. 9).
Subsequently, serum IGF-I increased but the levels
were significantly higher than that of controls only at
12 h following hormone administration (PB0.002).
Although the levels of serum IGF-I appear high for
humans, these levels are normal for the rat as we and
others have previously reported (Sontag et al., 1980;
Kalu et al., 1994).

4. Discussion

Studies designed to examine the mechanism of action
of GH have employed both short term in vitro and long
term in vivo approaches (D’Ercode et al., 1984;
Schlechter et al., 1986; Maor et al., 1989; Bichell et al.,
1992; Izumi et al., 1995). Both approaches have short-
comings. In vitro effects of GH on transformed cell
lines may not always faithfully reflect its in vivo actions
on normal cells, and in vivo effects of long term admin-
istration of GH to animals may not necessarily be

Fig. 7. Analysis of total RNA from cancellous bone of the distal
metaphysis of the femur for mRNAs of c-myc and c-jun using RNA
protection assays. Twenty micrograms of femoral RNA (experiment
2) were hybridized with 32P-labelled probes for c-myc, c-jun, and
b-actin, and fractionated by urea denatured polyacrylamide gel elec-
trophoresis. The protected fragments for c-myc, c-jun and b-actin
had the expected molecular sizes of 205, 316 and 125 nucleotides,
respectively.

3.2.4. Summary of the induction kinetics of bone
mRNAs:

In Fig. 8 we compared the induction times of the
various bone mRNAs. Growth hormone administration
caused a rapid increase (15–30 min) in the induction of
the mRNAs for osteocalcin and type I collagen. The
mRNA for c-fos also increased significantly within 30
min, while the induction of the mRNAs for IGF-I and
the rest of the early response oncogenes lagged behind
those of the bone matrix proteins.
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Fig. 8. A summary figure showing that following rhGH administra-
tion the increase in bone osteocalcin mRNA and bone type I collagen
mRNA preceded the increase in the mRNAs for bone IGF-I and the
early response oncogenes, c-fos, c-jun and c-myc. This is a composite
of data from Figs. 2, 3 and 6–8.

The short term nature of our study precludes complica-
tions due to alterations in cell number or composition.
However, although we rigorously washed out marrow
from cancellous bone, we cannot completely rule out
the possibility that our cancellous bone preparations
contained small amounts of trapped marrow or stromal
cells.

We previously reported that RNA extracted from
femoral cancellous bone contains osteocalcin mRNA
transcripts with molecular sizes of 4.4, 2.7 and 0.7 kb
(Salih et al., 1993). Regardless of the type of osteocalcin
cDNA probe we used for mRNA hybridization, the
condition of hybridization, or the stringency of washing
of filters employed, the three transcripts were always
detected in RNA we isolated from cancellous bone
(Salih et al., 1993). As in our previous report with
osteocalcin cDNA probe (Salih et al., 1993), osteocalcin
antisense riboprobe used in the current study recog-
nized osteocalcin mRNA transcripts other than the 0.7
kb transcript. Since the latter transcript is reported to
be the authentic osteocalcin transcript (Pan and Price,
1985), our current investigation of the mechanism of
the effect of rhGH on bone osteocalcin was restricted
to the evaluation of the 0.7 kb mRNA transcript using
antisense osteocalcin riboprobe.

The molecular mechanism by which GH mediates its
bone anabolic actions is uncertain. At least three modes
of action have been proposed. First, GH stimulates the
production of IGF-I which in turn mediates the action
of GH on bone either by acting as a classical hormone
through the circulation or by acting in a paracrine/au-
tocrine fashion (Daughday, 1981; Izumi et al., 1995). In
this study rhGH caused a significant increase in cancel-
lous bone IGF-I mRNA 2 h following the administra-
tion of the hormone. In contrast, the induction of the
mRNAs for the bone matrix proteins, osteocalcin and
type I collagen, occurred within 15–30 min and pre-
ceded the induction of bone IGF-I mRNA. Therefore,
it is unlikely that an increase in bone IGF-I is responsi-

Fig. 9. Effects of rhGH administration on serum IGF-I levels in
intact female Sprague–Dawley rats. Each point is a mean of data
from six animals. Vertical bars are SEs. PB0.05, con versus 2 h,
PB0.01, con versus 12 h.

mediated directly by the hormone. Furthermore, long
term GH therapy may lead to changes in cell number
and/or composition and complicate the interpretation
of findings. In this study, we used an in vivo model that
allowed us to examine in intact normal rats the kinetics
of acute effects of rhGH on the expression of the
mRNAs of bone matrix proteins and other proteins
that have been implicated in the mediation of GH
action. We specifically studied cancellous bone rather
than whole bone because bone is a heterogeneous tissue
and different bone envelopes may respond differently to
various challenges (Kalu, 1991; Turner et al., 1992).
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ble for GH induced increase in the mRNAs for bone
matrix proteins which occurred earlier. Plasma IGF-I is
not likely to be the mediator of the early (15–30 min)
action of rhGH on the expression of the mRNAs for
bone matrix proteins. Our view is supported by two
previous studies in which the level of serum IGF-I did
not increase significantly until 3–12 h following GH
administration to rats (Schlechter et al., 1986; Murphy
et al., 1987). Similarly, in our current study the level of
serum IGF-I did not increase significantly until 12 h
following GH administration to rats. Furthermore, in
rats IGF-I mRNA in liver, which is the main source of
circulating IGF-I, did not increase significantly until 2 h
following rhGH administration (D’Ercode et al., 1984).
Therefore, it appears that rhGH stimulates, at least, the
early expression of mRNAs for bone matrix proteins by
a mechanism that appears to be independent of its
action on the expression of IGF-I. In situ hybridization
studies are required to confirm our conclusions.

An alternative mechanism by which GH may medi-
ate its actions is through the expression of the early
response oncogenes, c-fos, c-jun and c-myc (Muller,
1986; Murphy et al., 1987; Gurland et al., 1990;
Rotwein et al., 1994). The products of these early
response oncogenes were shown to regulate the tran-
scription of a variety of genes by acting either as
individual proteins or complexed with each other
(Spiegelman et al., 1988; Slootweg et al., 1991;
Sumantran et al., 1992). It has been proposed that the
induction of these early response oncogenes is a compo-
nent of the mechanism by which GH mediates some of
its actions (Berczi et al., 1987; Murphy et al., 1987).
However, in our study, it is unlikely that the early
(15–30 min) stimulatory effect of rhGH on the expres-
sion of the bone matrix protein mRNAs studied is
mediated through oncoproteins for at least two reasons.
First, rhGH administration caused a rapid increase
(15–30 min) in the induction of the mRNAs for os-
teocalcin and type I collagen. Second, although c-fos
mRNA increased significantly within 30 min, the induc-
tion of the mRNAs for the rest of the early response
oncogenes studied lagged well behind those of the bone
matrix proteins.

Having excluded the possibility that the early in-
crease in bone matrix mRNAs for osteocalcin and type
I collagen following rhGH administration is secondary
to increased expression of IGF-I and the early response
oncogenes, c-fos, c-jun and c-myc, a third possibility is
that the effect of rhGH is mediated directly. Support
for the latter includes the rapid induction of the mR-
NAs for the bone matrix proteins, and several previous
reports that GH acts directly to regulate the transcrip-
tion of genes such as those for c-fos, c-jun (Muller,
1986; Gurland et al., 1990; Slootweg et al., 1991), the
serine protease inhibitor, Spi 2.1 (Yoon et al., 1987),
the cytochrome P450 enzyme, 2CI2 (Tollet et al., 1990)

and IGF-I (Roberts et al., 1986; Xu et al., 1995).
Although the mechanism through which GH may me-
diate its direct actions is still debatable, there is suffi-
cient evidence to suggest three possible mechanisms.
The first is that GH may mediate its effects directly by
binding to a putative GH response element (Billestrup
et al., 1992). Second, GH may act directly by activating
nuclear transcription factors such as STAT 1, 3 and 5
(Gaisgaard et al., 1996; Silva et al., 1996; Smit et al.,
1996). Third, GH may mediate its direct actions by
binding to some nuclear GH binding proteins to form a
complex that can activate gene transcription directly
(Lobie et al., 1991, 1992). It is clear that additional
studies are required to validate our conclusion that GH
may act directly to stimulate the expression of the
mRNAs for the bone matrix proteins, osteocalcin and
type I collagen.

Finally, our observation that rhGH increased the
expression of type I collagen mRNA in a biphasic
fashion is noteworthy. Growth hormone increased
skeletal type I collagen mRNA within 15 min of its
administration; the increase peaked at 2 h and fell to a
nadir at 4–8 h; a second increase was observed at 16 h
and the increase persisted at 24 h. Although the reason
for the biphasic effect is presently unclear, a plausible
explanation is that rhGH acted directly to stimulate the
initial increase in type I collagen mRNA, while the
second increase was due to the paracrine/autocrine
action of IGF-I whose bone mRNA increased progres-
sively over 24 h following rhGH administration. Sup-
port for this interpretation is that the second peak of
type I collagen mRNA was preceded, for many hours,
by an increase in bone mRNA for IGF-I which has
been reported to increase the expression of type I
collagen mRNA in bone (S57). Whether rhGH-medi-
ated increase in circulating IGF-I or in skeletal onco-
proteins contributed to the second peak of type I
collagen mRNA is unknown. We recognize that the
steady state levels of mRNAs were measured in this
study and that caution should be exercised in extrapo-
lating from steady state mRNA levels to effects on gene
transcription. Furthermore, GH may also act to stimu-
late the transition of precursor cells to mature os-
teoblasts. These uncertainties underline the need for
additional studies on the in vivo mode of action of GH
on bone.

In conclusion, we have demonstrated that a single
administration of rhGH to rats increased the level of
the mRNAs for the bone matrix proteins, osteocalcin
and type I collagen within minutes. This early stimula-
tory effect of rhGH on bone matrix protein mRNAs
appears to be mediated directly rather than through
IGF-I or the early response oncogenes, c-fos, c-jun and
c-myc. Since rhGH also caused a later increase in bone
IGF-I mRNA and augments plasma IGF-I concentra-
tion, rhGH administration may, in addition, have a
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later bone anabolic action that is secondary to its
stimulation of IGF-I synthesis. Because of this pre-
sumed dual action, the use of GH therapy to stimulate
bone formation in osteopenic states is likely to be
superior to the use of IGF-I as a surrogate for growth
hormone.
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