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Abstract Growth hormone (GH) deficiency causes
decreased bone mineral density and osteoporosis, predis-
posing to fractures. We investigated the mechanism of
action of GH on bone modeling and remodeling in
hypophysectomized (HX) female rats. Thirty female
Sprague-Dawley rats at age 2 months were divided into
three groups with 10 rats each: control (CON) group, HX
group, and HX 4+ GH (3 mg/kg daily SC) group, for a
4-week study. Hypophysectomy resulted in cessation of bone
growth and decrease in cancellous bone mass. Periosteal
bone formation decreased and bone turnover rate of
endocortical and trabecular surfaces increased as compared
to the CON group. GH administration for 4 weeks restored
weight gain and bone growth and mitigated decrease in
bone density after hypophysectomy. However, trabecular
bone mass in the proximal tibial metaphysis remained
lower in group HX 4 GH than in group CON. Dynamic
histomorphometric analysis showed that bone modeling of
periosteal bone formation and growth plate elongation was
significantly higher in group HX + GH than in group HX.
New bone formed beneath the growth plate was predomi-
nately woven bone in group CON and group HX + GH.
Bone remodeling and modeling-remodeling mixed modes
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in the endocortical and PTM sites were enhanced by GH
administration; both bone formation and resorption activi-
ties were significantly higher than in group HX. In con-
clusion, GH administration to HX rats reactivated
modeling activities in modeling predominant sites and
increased new bone formation. GH administration also
increases remodeling activities in remodeling predominant
sites, giving limited net gain in the bone mass.

Keywords Growth hormone deficiency - Anabolic -
Bone formation - Bone resorption - Bone density

Introduction

Childhood-onset growth hormone (GH) deficiency (GHD),
as well as adult-onset GHD, exhibits significant reductions
in cortical thickness, cortical cross-sectional area, and
overall cortical content associated with the smaller bone
size [1, 2]. Cancellous bone volume (BV), mineralizing
surface (MS), and trabecular thickness are also decreased
in patients with GHD when compared with sex- and age-
matched healthy controls [1-3]. Histomorphometric anal-
ysis of bone in HX rats and humans with GHD showed
higher eroded bone surface (BS), with decreased bone
formation rate (BFR) and decreased mineralization [4-6],
thus resulting in reduced bone mineral density (BMD) [7]
and increased risk of fractures [8].

Numerous studies have assessed the effect of GH on
bone density and body composition in children and adults
with GHD. Both GH and insulin-like growth factor (IGF)-1
have well-recognized roles in bone elongation and skeletal
maturation in vitro and in vivo [1, 9, 10]. GH replacement
in animals and in the clinical setting suggests a short-term
increase in bone turnover and long-term increase in BMD
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[11-14]. However, a direct role of GH for mineral accrual
and bone density is still not fully understood.

Bone modeling is active in childhood and adolescent
stages, occurring mainly in the primary spongiosa and
periosteal surface of the cortex during growth stages by
independent action of osteoblasts and osteoclasts, whereas
bone remodeling predominates when bone is reaching
maturity stages. Bone remodeling takes place by the
teamed action of osteoclasts and osteoblasts, mainly in
the secondary spongiosa and endocortical surfaces, and the
balance of formation and resorption determines the pres-
ervation or loss of the bone [15, 16]. GH plays an important
role in the whole process of both modeling and remodeling
activities to maintain bone mineral density (BMD) [17-19].
However, the mechanism of action of GH on bone mod-
eling and remodeling at the levels of the cancellous and
cortical bone has not been studied in detail thus far.

The aim of this study was to evaluate the mechanism of
action of GH on bone modeling and remodeling at different
sites in the cortical and trabecular bone.

Understanding this mechanism may be essential for the
application of GH in combined therapies with antiresorp-
tive agents to fully reestablish the bone mineral content
(BMC) and BMD of conditions such as childhood-onset
and adult-onset GHD where GH treatment alone is not able
to restore bone health.

Materials and methods
Treatment of animals

Twenty female Sprague-Dawley rats, hypophysectomized
at 8 weeks of age by the vender (Hilltop Lab Animals,
Scottdale, PA, USA), were shipped to the Animal Facility
of the Winthrop-University Hospital 3 days after the sur-
gery, with 10 additional rats that served as the age-matched
controls (CON). One week after the rats were received and
adapted to the environment, the HX rats were randomized
by stratified weight method into two groups of 10 rats each:
HX and HX + GH. Recombinant human GH, supplied by
Genentech (Vacaville, CA, USA), was administered SC
daily at a dosage of 3 mg/kg (0.666 mg/0.2 ml), 5 days a
week (Monday—Friday). The dose of GH was determined
in accordance with previously published data [20, 21].
Throughout the experiment, all HX rats, with and without
GH, were supplemented daily with hydrocortisone in the
form of sodium succinate (100 pg/100 g BW) and thy-
roxine at 2 pg/100 g, SC. They were also given 3% sucrose
water ad libitum to maintain their blood glucose levels
whereas all pituitary-intact CON rats were given normal
tap water and a standard pelleted chow diet ad libitum. The
body weight of the rats was monitored weekly; the total
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experimental period was 4 weeks. Whether HX was suc-
cessfully performed was confirmed at the end of the study
by observing no gain in body weight and a significant
reduction in longitudinal growth rate (LGR/day) of the
proximal tibial metaphysis (PTM). The study was carried
out at Winthrop-University Hospital, and the animals were
maintained according to the National Institutes of Health
(NIH) Guidelines for Care and Use of Laboratory Animals.
All the animal protocols were approved by the Laboratory
Animal Care Committee of Winthrop-University Hospital.

Preparation of specimens

All the rats were labeled with 10 mg/kg calcein (Sigma
Chemical, St. Louis, MO, USA) injected intramuscularly
10 days and 3 days before they were killed. The femurs
were used for the measurement of bone area, BMC, and
BMD, as described below. The tibiaec were used for mea-
suring bone length and static and dynamic bone histo-
morphometric analyses. The undecalcified PTM and tibial
diaphysis with the fibular junction were processed and
embedded in methyl methacrylate (EM Science, Gibbs-
town, NJ, USA). Pairs of serial cross sections of the tibial
diaphysis just proximal to the tibia—fibula junction, and
pairs of serial frontal sections of the PTM, were sectioned
at 6-um thickness using a microtome (Leica RM2155;
Leica, Nussloch, Germany). Villanueva stain was used for
static and dynamic histomorphometric and polarized light
analyses. The toluidine blue-stained sections were used to
view cement lines, osteoblasts, and wall thickness, and
Goldner’s trichrome-stained sections were used to measure
tissue area, bone area, osteoid area, osteoclast number
(OcN), and BS.

Bone histomorphometric analysis of the tibia

A digitizing morphometric system was used to measure
bone histomorphometric parameters, as described previ-
ously [21, 22]. The measured parameters for cancellous
bone included total tissue volume (TV), BV, BS, single-
and double-labeled surfaces (sLS and dLS, respectively),
interlabel width, osteoid area, and OcN. These data were
used to calculate percent cancellous bone volume (BV/
TV), MS/BS [(sLS/2 4 dLS)/BS], mineral apposition rate
(MAR), BFR/BS, osteoid/BV, and OcN/BS, in accordance
with the standard nomenclature proposed by Parfitt et al.
[23]. In the present study, the region of cancellous bone
measured was 0-1.0 mm distal to the lower margin of the
growth plate as zone 1 and 1-4.0 mm distal to the lower
margin of the growth plate as zone 2 in the PTM. In
addition to the measurement of these parameters, interlabel
width beneath the growth plate was used to calculate lon-
gitudinal growth rate (LGR/day). The measured parameters
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Fig. 1 Modeling and remodeling-dependent bone gain in proximal
tibial metaphysis (al, a2, a3) and endocortical surface (bI, b2).
Micrographs of metaphysical trabecular (a) and endocortical (b) bone
with Villanueva osteochrome bone staining under epifluorescent light
(al, bl), Goldner trichrome staining (a2), and under polarized light

for cortical bone were total tissue area (Tt Ar), marrow area
(Ma Ar), periosteal and endocortical BS, sLS, dLS, eroded
surface (ES), and interlabel width. These data were used to
calculate cortical area (Ct Ar), Ct Ar (%), and periosteal
and endocortical MS/BS [(sLS/2 + dLS)/BS], MAR, BFR/
BS, and ES/BS (%).

Active bone-forming, calcein-labeled osteons on tra-
becular and endocortical surfaces were studied using
polarized light for collagen orientation and transmitted
light for cement line stains according to the method
described previously [24]. Only those trabecular structural
units containing either calcein label or osteoblast surfaces
as evidence for active bone formation at the time of sac-
rifice were analyzed. Modeling and remodeling analyses
were performed on the trabecular and endocortical areas
containing either calcein label or osteoblast surfaces as
evidence for active bone formation at the time of sacrifice
were analyzed (Fig. 1). The osteons were classified
according to the presence of smooth (modeling) or scal-
loped (remodeling) cement lines as described previously
[24, 25]. A remodeling site was defined by the presence of
a scalloped cement line with interrupted collagen fibers
indicating that formation followed previous bone resorp-
tion or osteoclastic activity [24]. A bone formation site was
also scored as remodeling when fluorochrome labeling
started from an arrest line that was part of an incompletely
filled remodeling unit. A modeling site was defined as the

(a3, b2). White arrows, calcein-labeled surfaces; black arrows,
osteoblast cells; blue-black arrows, cement line with scalloped
surface; red arrows, cement line with smooth surface. Note osteoblast
and osteoprogenitor cells lying on the surface of modeling- and
remodeling-active bone sites

sites with smooth cement lines, showing evidence that no
osteoclastic bone resorption preceded bone formation. The
modeling unit was further assessed under polarized light to
ensure that collagen fibers in the whole unit followed the
same orientation as those of the adjacent bone tissue. Bone-
forming units with the presence of short scalloped and long
smooth cement lines were classified as prolonged remod-
eling sites or mixed remodeling—-modeling (Mixed-M-R)
hemiosteons. The percentage of each type of the hemiost-
eons from the total numbers of formation osteons was
calculated. Those osteons with disoriented collagen fibers
as examined under polarized light were considered as
woven bone whereas the osteons with oriented fibers were
measured as lamellar bone.

Femoral bone area, BMC, and BMD

Bone area, BMC, and BMD of the whole right femur were
determined by dual-energy X-ray absorptiometry (DXA)
using a Hologic QDR-4500 Plus (Hologic, Bedford, MA,
USA). The instrument was adapted for an ultraresolution
mode, with a line spacing of 0.0254 cm, resolution of
0.0127 cm, and collimation of 0.9 cm diameter. BMC and
bone area were measured, and BMD of this area was cal-
culated by dividing BMC by bone area. The coefficient of
variation of these measurements at our laboratory was less
than 1.0% [22].
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Statistical analysis

All the data were expressed as means and standard devia-
tion (SD). Multiple comparisons of data among the groups
were performed by analysis of variance (ANOVA) with the
Turkey—Kramer test. All statistical analyses were per-
formed using the Prism-5.0 program on a Hewlett Packard
computer. A significance level of P < 0.05 was used for all
the comparisons.

Results

Body weight, tibial length, femoral density, and static
histomorphometry of the tibial shaft and proximal tibial
metaphysis

Table 1 shows that although the CON young animals were
growing during the experimental period, HX resulted in a
cessation of weight gain, bone lengthening, and bone size
in area, and a decrease in femoral BMC and BMD. GH
administration resulted in a significant increase in body
weight, tibial bone length, and femoral bone area to levels
not significantly different from those of the age-matched

CON group. Although BMC and BMD of the GH-treated
group were increased as compared to the HX group, the
levels were still lower than that of the CON group. The
total area of the tibial shaft cross section of the GH-treated
group was not different from that of the CON rats, but the
Ma Ar was lower; thus, the Ct Ar in percentage was sig-
nificantly higher than that of the CON and HX groups.

In the metaphysis of the proximal tibia, we measured
0-1 mm and 1-4 mm beneath the growth plate as zone 1 and
zone 2, respectively, in comparison (see Table 1). The BV/
TV (%) of the HX was significantly lower than that of the
CON in both zone 1 and zone 2, respectively. Column A of
Fig. 2 illustrates the distribution of trabecular bone in the
PTM of the CON, HX, and HX + GH rats, respectively.

Under fluorescent and polaroid light, in examination of
the same field (columns B and C of Fig. 2) it is possible to
measure bone mineralized surface and distinguish the
woven and lamellar bone formed. Examining the percent of
lamellar and woven bones of the HX group, 80.8% (5.92%/
7.33%) was lamellar bone, and only 19.2% was woven
bone in zone 1 (see Table 1), whereas in the CON group,
only 31.6% (13.8%/43.61%) of the bone was lamellar
bone, but 68.4% of the bone was woven bone in zone 1.
Although GH treatment resulted in a significant increase in

Table 1 Hypophysectomy and growth hormone (GH) administration effects on body weight, tibial length, femoral density, and static histo-

morphometry of the tibial shaft and proximal tibial metaphysis (PTM)

CON HX HX + GH
Initial body weight (g) 192.0 + 11.7 187.1 + 5.7 180.0 + 10.8
Final body weight (g) 2448 + 18.3 190.2 + 7.6° 2329 + 14.7°
Tibial length (mm) 38.41 + 0.69 36.24 + 0.65 37.95 + 0.83°
Femoral DXA
Femoral area (cm?) 1.374 + 0.085 1.153 + 0.057* 1.321 + 0.069°
Mineral content (mg) 278.5 4+ 24.2 185.0 £+ 13.2% 240.7 + 21.5*°
Bone mineral density (cm*/mg) 2025 + 7.0 160.4 + 5.6 181.9 £+ 7.2%°
Tibial shaft cross section
Total area (mm?) 3.23 £0.15 294 £+ 0.11° 3.22 +0.22°
Marrow area (mm?) 0.572 + 0.062 0.534 + 0.065 0.472 £+ 0.071°
Cortical area (%) 82.3 + 1.77 81.9 4+ 1.93 85.4 &+ 1.89%°
Proximal tibia metaphysis
Zone 1 BV/TV (%) 43.61 + 5.87 733 + 2.08° 23.57 + 4.38*°
Lamellar bone (%) 13.8 +4.14 5.92 + 1.05% 7.00 + 2.68%
Woven bone (%) 20.84 + 4.14 1.41 £ 1.05° 16.56 + 2.68*°
Zone 2 BV/TV (%) 2947 + 4.37 5.74 + 1.95° 9.74 + 3.62°
Lamellar bone (%) 2947 + 4.37 5.74 + 1.95° 9.74 + 3.62°

Data are expressed as mean £ SD. One-way ANOVA with Tukey comparison test was used to compare the data among groups

Zone 1 of the proximal tibia is defined as 0—1.00 mm beneath the growth plate; zone 2 is defined as 1.00—4.00 mm beneath the growth plate

CON control group, HX hypophysectomized group, HX + GH hypophysectomized plus growth hormone group, BV bone volume, TV tissue

volume
4 Significant versus CON
b Significant versus HX
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1
INTACT PTM

HX PTM

3
HX+GH PTM

Fig. 2 Proximal tibial metaphysis and micrographs of the metaphysis
beneath the growth plate from control group (CON) (al, bl, cl),
hypophysectomized (HX) (a2, b2, ¢2), and HX + GH (growth
hormone) (a3, b3, ¢3) animals. al, a2, and a3 were stained with
Krutsay’s Von Kossa method; micrographs of the metaphysis beneath
the growth plate b/, b2, and b3 were stained with Villanueva
Osteochrome bone stain for fluorescent labeling; ¢/, ¢2, and ¢3 were
examined under visible light with a polaroid filter. White arrows,

the BV/TV of zone 1 as compared to the HX group, the
increase was primarily woven bone (16.56%/23.56% =
70.26%). Nevertheless, the total BV/TV of zone 1 in the
HX + GH group was lower than that of the CON group.
The bone in zone 2 of the three experimental groups was
primarily lamellar bone, and the BV/TV of both HX groups
with or without GH treatment (9.74% and 5.74%, respec-
tively) was lower than that of the intact animals (29.47%).
GH treatment resulted in a trend to increase, but not a
statistically significant increase, in the bone mass in zone 2
as compared to the HX group.

Dynamic histomorphometry of trabecular bone in zones
1 and 2 of the proximal tibia metaphysis

As compared to the CON group, HX resulted in a cessation of
the longitudinal growth rate (LGR) and GH administration

growth plate; green arrows, calcein-labeled surfaces; black arrows,
lamellar bones; blue-black arrows, woven bones; PTM, proximal
tibial metaphysis. Note that the trabecular bone density was
significantly lower in the HX than that of the CON group; bone
was predominantly polarized lamellar bone. GH administration
resulted in increased growth plate width and newly woven bone
formation

resulted in a reactivation of the LGR (Table 2). This finding
is also illustrated by the cancellous bone distribution and
double labeling beneath the growth plate in columns A and B
of Fig. 2. As expected, HX resulted in a decrease in the BFR
in both zone 1 and zone 2, and GH administration resulted in
an increase of the BFR in both zone areas. The percentage of
lamellar bone under modeling and remodeling was examined
under polarized light, cement line, and calcein labeling of the
adjacent sections (al, a2, and a3 of Fig. 1 and column C of
Fig. 2). Table 2 shows that there was 78.5% =+ 6.38% of the
lamellar bone under modeling, and 9.35% =+ 2.45% and
12.2% 4 3.07% under remodeling and Mixed-M-R,
respectively, in zone 1 of the CON animals. Hypophysec-
tomy resulted in a decrease in the modeling activity
(8.42% + 1.87% vs. 78.5% + 6.38%), and activity was
relatively high in both remodeling (61.4% =+ 4.24% vs.
9.35% £+ 2.45%) and Mixed-M-R (30.2% =+ 3.55% vs.
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Table 2 Hypophysectomy and GH administration effects on
dynamic histomorphometry of trabecular bone in PTM

Data are expressed as mean = SD. One-way ANOVA with Tukey
comparison test was used to compare the data among groups

Zone 1 of the proximal tibia is defined as 0-1.00 mm beneath the
growth plate; zone 2 is defined as 1.00-4.00 mm beneath the growth
plate

LGR longitudinal growth rate, MS mineralized surface, BS bone
surface, MAR mineral apposition rate, BFR bone formation rate, OcN
osteoclast cell number, Mixed-M-R mixed modeling-remodeling

 Significant versus CON
® Significant versus HX

12.2% =+ 3.07%) percentages as compared to the CON
group. GH administration to the HX rats resulted in a sig-
nificant increase in the percent of modeling (83.7% +
7.93% vs.8.42% =+ 1.87%) and a decrease in the remodeling
(13.7% £ 2.11% vs. 61.4% =+ 4.24%) and Mixed-M-R
(2.61% =+ 1.84% vs. 30.2% =+ 3.55%) percentages in com-
parison with the HX group. Lamellar bone was predominant
in percentage in zone 2 area among the three experimental
groups under remodeling; however, the percentage of bone
under remodeling was significantly higher in the HX group
(91.4% =+ 7.38%) than that of the CON group (63.2% =+
3.98%). Conversely, percent of bone under modeling was
significantly lower in the HX than in the CON groups. GH
administration to the HX rats resulted in an increase in
modeling (8.3% =+ 4.68% vs. 1.425 £+ 1.74%), thereby
decreasing remodeling percentages (76.8% =+ 5.87% vs.
91.4% =+ 7.38%) as compared to the HX group. The per-
centage of stained osteoid bone in zone 2 was decreased to
undetectable in the HX group, and the osteoclast cell surface
(%) was significantly higher than that of the CON group; GH
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Table 3 Hypophysectomy and GH administration effects on
dynamic histomorphometry of tibial shaft proximal to the tibia—fibula
junction

CON HX HX + GH
CON HX HX + GH

Zone 1

LGR (um/day) 269+£22  12+07° 298+3.0° Periosteal surface

MS/BS (%) 3.5 +737 1274457 389 4 583 MS/BS (%) 758 +£97 162 +£9.1° 90.87 £ 3.8%

MAR (um/day) 104 £ 021 0874015 116+ 0.18° MAR (um/day) 278 +£028  1.02+0.19° 3.17 + 0.68

BFR (um*/um?¥day) 33.8 + 428 11.1 + 3.24° 450 + 6.85% BER (um*/um?*day) 210 & 39.3 17.2 + 112* 288 + 64.5%

Modeling (%) 785+ 638 842+ 187" 837 +£793>  Endocortical surface

Remodeling (%) ~ 9.35+245 614 +424* 137 £211*°  MSBS (%) 3834121 626 £169" 563 £116°

Mixed: MR (%) 122 4307 302 4355 261 4 1.84°°  MAR (um/day) 145 £ 021 181 +£025° 1.65 £ 0.34
Zone two BFR (um*/um%day) 567 + 23.1 113.9 + 32.3* 94.6 + 32.9°

MS/BS (%) 17.8 + 603 114+ 3.80° 19.6 + 5.67° Eroded surface (%) 6.5 +2.39 12.1 £3.28° 145+ 525

MAR (uum/day) 101 +£022 1184016 117+ 036 Modeling (%) 047 £1.05 0.00+0.00 2.56 =+ 0.73*

BFR (um¥um?day) 18.1 +3.94 134 4 3.67° 229+ 490*>  Remodeling (%) 9134214 953 +1.84° 892 + 206"

Modeling (%) 2054685 142+ 174° 83 +468°°  MixedMR(%)  819+198 4724184 82+ 147

Remodeling (%) 632 +£3.98 914+ 738" 768+ 587" Data are expressed as mean = SD. One-way ANOVA with Tukey

Mixed-M-R (%) 143 +423 72+427 150 + 5.28° comparison test was used to compare the data among groups

Osteoid/BV (%) 638 + 1.04 033+ 041° 12.4 + 2.65*° MS mineralized surface, BS bone surface, MAR mineral apposition

OcN/BS (#/mm) 031 4 0.14 073 +022° 103 + 028%>  rate. BFR bone formation rate

# Significant versus CON

" Significant versus HX

administration to the HX rats resulted in an increase in both
the osteoid and osteoclast cell-surface percentage in the zone
2 area.

Dynamic histomorphometry of the tibial shaft
at periosteal and endocortical surfaces of the cross
section proximal to the tibia—fibula junction

Table 3 shows the dynamic histomorphometry of the peri-
osteal and endocortical BS. Hypophysectomy resulted in a
significant decrease of the periosteal bone mineral surface
(16.2% + 9.1% vs. 75.8% £ 9.7%), MAR (1.02% =+
0.19% vs. 2.78% =+ 0.28%), and BFR (17.2% + 11.2% vs.
210% + 39.3%), and an increase in the endocortical
bone mineral surface (62.6% £ 16.9% vs. 38.3% +
12.1%), MAR (1.81% =+ 0.25% vs. 1.45% =+ 0.21%), BFR
(113.9% =+ 32.3% vs. 56.7% =+ 23.1%), and the eroded
surface (12.1% = 3.28% vs. 6.5% =+ 2.39%) as compared
to the CON group. As expected, GH administration resulted
in a significant increase in the periosteal bone formation
parameters (288% =+ 64.5% vs. 17.2% + 11.2%) as com-
pared to the HX group. The endocortical BFR and erosion
surface (%) of the HX + GH group remained higher than
that of the CON and was not different from the respective
HX group. Under polaroid and cement line examination,
most of the endocortical surfaces were under remodeling
among the three experimental groups; however, hypophy-
sectomy resulted in a cessation of the modeling and a
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decrease in the mixed modeling and remodeling (%). GH
administration reactivated the modeling activity of the HX
rats, and the increased level was higher than that of the CON

group.

Discussion

The main purpose of this study was to investigate the effect
of GH administration on bone modeling and remodeling on
different sites of the long bones under growth hormone
deficiency using hypophysectomized rats as an animal
model. Our study confirms the previous findings that GH
administration to HX rats activated both bone formation
and resorption [4, 5]. As a result of activation of bone
formation in modeling sites, GH administration increases
bone elongation, new bone formation, and cortical expan-
sion. However, in remodeling sites the activation of both
formation and resorption after GH administration results in
increased bone turnover rat, and therefore the net gain in
bone mass in those sites is limited.

It is well known that GHD subjects have lower BMC
and BMD, as seen in HX rats [20, 21]. The decrease in BV
seen after HX is believed to be caused by suppressed new
bone formation in addition to decreased trabecular number
and thickness, with or without an increase in the bone
resorption. Because intestinal calcium absorption has been
shown to be decreased and serum calcium is lower after
HX as compared to that of intact control animals [26],
calcium in bone acts as a reservoir to be released to
maintain constant serum calcium levels. The finding of
relatively rapid decrease in trabecular BV and trabecular
thickness in the proximal tibia after HX as compared to the
decrease in cortical bone mass in the tibial shaft supports
the fact that bone response to calcium demand is more
rapid in cancellous than in cortical bone. It has been
reported that when individuals go into negative calcium
balance, 40—-60% of trabecular calcium is lost, with much
less lost in the form of cortical bone calcium, and calcium
supplementation alone or in combination with vitamin D
cannot suppress trabecular bone loss sufficiently as com-
pared to the loss in cortical bone [27]. Nevertheless, the
change in microarchitecture of trabecular and cortical bone
results in increased bone vulnerability to fractures.

It is well understood that GH treatment of HX animals is
able to increase serum levels of 1,25-dihydroxyvitamin D,
parathyroid hormone (PTH) sensitivity, and calcium
absorption efficiency [28]. Thereby, the anabolic effect of
GH on calcium metabolism is established. However, GH
treatment causes a different response to bone growth,
modeling, and remodeling in trabecular as compared to
cortical bone, but the mechanism of action has not been
well described. Several studies in animals and humans

postulate that long-term GH treatment to GHD subjects
results in a greater effect on cortical than on trabecular
bone, supporting the suggestion that there is a differential
effect of GH on bone modeling and remodeling activities at
different cortical and trabecular bone sites [20, 29-31].
Typically, bone growth and modeling improve new bone
formation on the chondrocytes beneath the growth plate
and primary spongiosa of the cancellous bone, whereas
cortical bone modeling increases periosteal surface
expansion without prior resorption. Bone remodeling either
conserves or removes the bone in the cancellous bone and
in the endocortical bone in contact with the marrow cavity.
When the subjects are in growth stages, most of the tra-
becular bone in the primary spongiosa is longitudinally
oriented and it contains newly synthesized woven bone,
whereas in secondary spongiosa the majority of trabecular
bone has been remodeled, as evidenced by the fact that the
main content was lamellar bone. Because there is no clear
separation to distinguish primary and secondary spongiosa
areas in PTM, in the current study we arbitrarily separated
PTM into zones 1 and 2 to illustrate the effect of HX and
GH treatment on bone modeling and remodeling and the
effect on primary and secondary bone turnover. Presum-
ably, the majority of the primary spongiosa was covered in
0-1 mm beneath the growth plate as zone 1 and the
majority of secondary spongiosa was covered in 1-4 mm
as zone 2.

Our data for zones 1 and 2 show that the bone mass of
the HX rat was lower than that of the age-matched controls
and that the bone was predominantly lamellar bone over
woven bone, indicating that GHD during the growth stage
not only causes cessation of new bone formation from the
growth plate elongation, but also the remaining bones were
under remodeling with low bone formation relative to a
high resorption activity, thus causing a net decrease in the
bone mass. On the other hand, the new bone beneath the
growth plate after GH treatment visualized in the current
study as woven bone and the lamellar bone with adjacent
smooth cement line under polarized light indicates that GH
treatment restores the modeling activity of the trabecular
bone and causes a net gain in the bone mass in this mod-
eling site.

Conversely, the results of zone 2 showed only a mod-
erate gain in the bone mass in association with a relatively
high bone formation and resorption activities after GH
treatment in comparison to the HX group without the
treatment. This finding demonstrates that even though GH
administration increases bone modeling activity, it also
activates the secondary bone remodeling activity rate. This
result provides evidence and strongly supports the recent
findings of that a longer period of treatment is required to
exhibit the beneficial effect of GH on improving bone mass
and bone density in GHD subjects [11-13].
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As expected, GHD results in cessation of cortical growth
in length and circumferential expansion, increases the
marrow cavity, and decreases BMC and BMD [20, 32], and
GH treatment to the HX rats is able to restore the growth
and periosteal expansion [29, 30]. The current finding that
GH administration increases bone modeling activity in
both periosteal and endocortical sites and increased cortical
thickness with moderate decrease in the marrow cavity
demonstrates that GH increases bone modeling activity on
the remodeling-predominant site of endocortical surface.
This action is particularly important on improving bone
strength because the diameter and the thickness of the
cortex have a dramatic impact on the biomechanical
integrity of the bone [15]. This difference in modeling and
remodeling effects of GH on cortical bone as compared to
trabecular bone could explain why GH has a greater effect
on cortical than on trabecular bone. The current data of
modeling and remodeling suggest that the decrease in
BMD in GHD is not only the result of decrease in mod-
eling-induced new bone formation but also a result of bone
loss from increased imbalance in remodeling activity. On
the other hand, the increase in bone mass after GH
administration is the result of increase in bone modeling
gain in size and mass in periosteal and endocortical sites of
cortical bone.

Hypophysectomy results in deficiency not only of
growth hormone but also of other pituitary hormones that
have a direct effect on gonadal hormones influencing bone
metabolism. It has been demonstrated that the preventive
effect of estrogen on cancellous bone loss in ovariecto-
mized rats is diminished after HX [33, 34]. When GH and/
or estrogen are administered to the HX rats with or without
ovariectomy, the beneficial effects are additive but minimal
[33, 35]. Furthermore, the combined intervention of GH
and testosterone on aged orchioectomized rats also exhib-
ited an additive but not statistically significant effect on
preventing osteopenia [36]. Therefore, it is believed that
the effect of sex steroid hormones on bone metabolism is
pituitary dependent.

Although GH increases cancellous bone modeling and
growth plate new bone formation, it also increases tra-
becular bone remodeling-induced bone turnover and ame-
liorates the net gain in mass. To improve this disadvantage,
a combination therapy of GH with an antiresorptive agent
or with another anabolic agent, such as PTH, has been
recommended. Biermasz et al. [37], Mosekilde et al. [38],
Iwamoto et al. [39], and Guevarra et al. [40] proved that
combined treatment of recombinant human growth hor-
mone (thGH) and alendronate, rhGH and vitamin K, or
rhGH and PTH, respectively, causes positive effects at the
level of cortical but also trabecular bone as compared to
GH treatment alone. Those findings suggest that GH causes
a gain in bone mass mainly at the cortical site of the bones,
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whereas antiresorptive agents or another anabolic agent are
needed to fully reestablish the bone mass at the level of the
trabecular bone [38, 40, 41]. Understanding the mechanism
of GH in modeling and remodeling in the bone will facil-
itate future clinical applications of GH in combination with
other agents to fully reestablish the pathological bone loss
seen in conditions such as childhood- and adult-onset GHD
and to improve BMD by rebuilding more bone, therefore
causing a positive impact in bone health.

In conclusion, GH administration to HX rats activates
bone modeling activities and results in new bone forma-
tion; however, the activation of remodeling results in
increased bone turnover rate and loss in bone mass.
Therefore, the combination of bone modeling and remod-
eling resulted in limited net gain in bone mass. Under-
standing the mechanism and the sites of GH in modeling
and remodeling in the bone will facilitate future clinical
applications of GH with other combined therapies in
improving bone metabolism.
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