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Abstract This study evaluated whether growing rats

were appropriate animal models of glucocorticoid-induced

osteoporosis. The 3-month-old male rats were treated with

either vehicle or prednisone acetate at 1.5, 3.0, and 6.0 mg/

kg/day by oral gavage, respectively. All rats were injected

with tetracycline and calcein before sacrificed for the

purpose of double in vivo labeling. Biochemistry, histo-

morphometry, mechanical test, densitometry, micro-CT,

histology, and component analysis were performed. We

found that prednisone treatments dose dependently

decreased body weight, serum biomarkers, biomechanical

markers, bone formation, and bone resorption parameters

in both tibial and femoral trabecular bone without trabec-

ular bone loss. We also found that significant bone loss

happened in femoral cortical bone in the glucocorticoid-

treated rats. The results suggested that prednisone not only

inhibited bone formation, but also inhibited bone resorption

which resulted in poor bone strength but with no cancellous

bone loss in growing rats. These data also suggested that

the effects of glucocorticoid on bone metabolism were

different between cortical bone and trabecular bone, and

different between tibia and femur. Growing rats may be a

glucocorticoid-induced osteoporosis animal model when

evaluated the effects of drugs upon juvenile patients

exposed to GC for a long time.

Keywords Osteoporosis � Glucocorticoid � Animal
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Introduction

Synthetic glucocorticoids (GCs) are widely used for the

treatment of autoimmune diseases, rheumatism, gastroin-

testinal diseases, tumors, and organ transplantation in

clinical practice for decades. Although the therapeutic

effects of GC have been fully confirmed, it inevitably

produced many side effects by long-term use. Glucocorti-

coid-induced osteoporosis (GIO) is one of the serious side

effects which have become the most common secondary

osteoporosis in adults. Early data reported that 30 % of

patients with long-term (over 6 months) use of GC
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acquired osteoporosis [1]. Due to a rapid, dose-dependent

bone loss, adult patients with GIO are usually suffering

from back pain, height lost, humpback, and even fracture.

GC-induced fractures may cause disability, bringing a

heavy economic burden to families and society.

Decreased bone mineral density (BMD) was also doc-

umented in various GC-treated pediatric diseases, includ-

ing asthma, rheumatoid arthritis, systemic lupus

erythematosus, and organ transplantation [2]. A popula-

tion-based study demonstrated that fracture risk was

increased in the children who received over four courses of

glucocorticoids [2]. GIO was related to the decreased

osteogenesis and increased osteoblast apoptosis which

reduced bone formation [3]. Since children have high bone

growth rate, we believed that the growing skeleton could

be highly vulnerable to adverse effects of glucocorticoid on

bone formation.

Appropriate animal models are essential for research

and development of new drugs. Sheep, rabbit, and minipig

have been developed as large animal model of GIO in

previous studies [4–6]. However, small animal models

should be considered because of lower cost and easier

handling. Rat is the most commonly used model for oste-

oporosis, based on which, histomorphometry, biomechan-

ics, and imaging methodologies have been well

established. Recently, our team has found that adult rats at

the age of 6 months were appropriate animal models of

GIO models [7]. We found significant decrease in BMD,

bone strength, trabecular bone mass, and poor architecture

in GC-treated rats. However, there is still no report on the

changes in bone metabolism and bone architecture of

growing rats when treated with GC. Furthermore, whether

growing rats will be good candidates for GIO models for

juvenile patients is not well validated. It is believed that

endogenous GC is essential for the proliferation and dif-

ferentiation of osteoblast in skeleton development, while

long-term use of external GC inhibits bone formation. We

hypothesize that the dosages of external GC may be a key

factor in the development of GIO models. The current

study was designed to evaluate the effects of three different

doses of GC on bone of growing rats using methods of

biochemistry, cytophotometry, mechanical testing, densi-

tometry, micro-CT, histology, and components analysis. In

this study, we used prednisone (Pre) which is a widely used

glucocorticoid and can be orally administrated.

Materials and Methods

Animals and Treatments

This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of Guangdong Laboratory Animal

Monitoring Institute under by National Laboratory Animal

Monitoring Institute of China. All experimental protocols

were approved by the Academic Committee on the Ethics

of Animal Experiments of the Guangdong Medical Col-

lege, Zhanjiang, China. Permit Number: SYXK

(GUANGDONG) 2008–0007. The 3-month-old Sprague–

Dawley male rats were acclimated to local vivarium con-

ditions (temperature 24–26 �C, humidity 67 %) and

allowed free access to water and diets containing 1.11 %

calcium and 0.74 % phosphorus. All rats received subcu-

taneous injection of tetracycline (20 mg/kg, Sigma-

Aldrich, St. Louis, MO, USA) on days 14 and 13, and

calcein (10 mg/kg, Sigma-Aldrich, St. Louis, MO, USA)

on days 4 and 3 before sacrifice.

This study was performed on 36 rats which were divided

into four groups with 9 rats per group. The rats were orally

administered either distilled water as vehicle control

(CON), or prednisone acetate (Guangdong Xianju Phar-

macy, Guangdong, China) at doses of 1.5 mg/kg/day

(Pre1.5), 3.0 mg/kg/day (Pre3.0), and 6.0 mg/kg/day

(Pre6.0), respectively, for 90 days. The volume for the oral

gavage was 5 ml/kg/day.

Sample Collection and Applications

Rats were weighted every week. At the endpoint, the rats

were sacrificed by cardiac puncture under anesthesia using

1 mg/kg sodium pentobarbitone. The blood serum was

collected for biochemical assays. The left proximal tibial

metaphysis (PTM), left tibial shaft (TS), and left distal

femoral metaphysis (DFM) were subjected to undecalcified

section for bone histomorphometry. The right PTM was

subjected to decalcified section for fat tissue measurement

in bone marrow. The right femurs and the 5th lumber

vertebrae (LV5) were performed both for bone densitom-

etry and biomechanics measurement. The 6th lumber ver-

tebrae (LV6) were performed micro-CT scanning. After

that, the desiccant right femur was used for examining the

chemical component of calcium (Ca), phosphorus (P), and

hydroxyproline (Hyp).

Serum Markers Assays

Blood was collected in specimens tubes and kept at 25 �C

for 40–50 min in a vertical position for completely clot-

ting. And then the serum was separated by centrifuging at

1,0009g for 10 min and stored at -80 �C for biochemical

markers assays. Tartrate-resistant acid phosphatase-5b

(TRACP-5b, Biomedical technologies, Stoughton, MA,

USA), osteocalcin (Immunodiagnostic System, Tyne and

Wear, UK), and insulin-like growth factor-1 (IGF-1, Boster

bioengineering, Wuhan, Hubei, China) in serum were
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measured with commercial ELISA kit using ELX800

Microplate Reader (Bio-Tek Instruments, Winooski, VT,

USA) according to the protocols attached.

Bone Histomorphometry

The left proximal tibial metaphysis (PTM), left tibial shaft

(TS), and left distal femoral metaphysis (DFM) were

removed and bone marrow cavities were exposed using

IsoMet� precision bone saw (Buehler, Lake Bluff, IL,

USA), then were fixed in 10 % buffered formalin for 24 h,

followed by gradient alcohol dehydration, xylene defatting,

and undecalcification embedded in methyl methacrylate.

The frontal PTM and DFM tissue were cut into 9- and

5-lm thick sections with the RM2155 hard tissue micro-

tome (Leica, Wetzlar, Germany), respectively. The

unstained 9-lm sections were used for dynamic histo-

morphometric analysis. The 5-lm sections were stained

with Von Kossa, and trichrome masson goldner for static

histomorphometric measurements. TS were cut using Iso-

Met� precision bone saw, and sections were mounted on

plastic slides, grounded, and polished for histomorphome-

try. A semi-automatic digitizing image analysis system

(OsteoMetrics, Atlanta, GA, USA) was used for quantita-

tive bone histomorphometric measurements.

The measurement region of PTM or DFM was cancel-

lous bone between 1 and 4 mm distal or proximal to the

growth plate-epiphyseal junction. The left distal femoral

growth plate was also processed for cartilaginous longitu-

dinal growth rate analyses. The quantitative analysis was

performed on each sample, with one section each. The

histomorphometric measurements were done on the can-

cellous (Cn) and cortical (Ct) bone, respectively. The

abbreviations of the bone histomorphometric parameters

used were recommended by the ASBMR Histomorpho-

metric Nomenclature Committee [8]. All measured thick-

nesses (except cortical thickness) were multiplied by p/4.

Structural parameters were tissue volume (TV), bone vol-

ume (BV), marrow volume (Ma.V), bone surface (BS),

cortical thickness (Ct.Th), marrow diameter (Ma.Dm),

periosteal surface (Ps.S), and endocortical surface (Ec.S).

The parameters of microarchitecture (trabecular thickness

[Tb.Th], number [Tb.N], and separation [Tb.Sp]) were

derived from area and perimeter measurements. Dynamic

measurement parameters were inter-label width in the

growth plate (G-Int.Wi), single-labeled surface (sLS),

double-labeled surface (dLS), and label thickness (L.Th).

Bone formation or resorption was assessed with measure-

ments of osteoblast surfaces per bone surface (Ob.S/BS) or

osteoclast surface per bone surface (Oc.S/BS). The mineral

apposition rate (MAR) and the ratio of mineralizing surface

to bone surface (MS/BS, calculated as double plus half of

single-labeled surfaces), bone formation rate per unit of

bone surface (BFR/BS), and bone formation rate per unit of

bone volume (BFR/BV) were analyzed on unstained sec-

tions under ultraviolet light. All histomorphometric

parameters were in accordance with the published studies

[7, 9].

Bone Mineral Density (BMD) Determination

The right femurs and LV5 of rats were wrapped with sal-

ine-saturated gauze to maintain their moisture and stored at

-20 �C. After thawed at room temperature, the bones were

moisturized by soaking them in saline solution with the

residual muscle removed. The whole femoral BMD was

scanned with Prodigy Dual-Energy X-ray Absorptiometry

scanner (GE Healthcare, Little Chalfont, UK) to measure

the bone mineral content (BMC, g/cm2) and bone area

(BA, cm2). The BMD was calculated as BMC/BA.

Biomechanical Test

After measuring BMD, the right femurs and LV5 were

used to determine the bone mechanical properties through

three-point bending or compression test using Material

Testing System (MTS Systems, Eden Prairie, MN, USA),

respectively. The bones were tested with a 1 mm indenter,

at a speed of 0.01 mm/s with a 15 mm span for femur.

Force and deflection were automatically recorded. The

output parameters included elastic load (the force required

to cause bone specimens to deform, N), maximum load (the

maximum force the bone can resist, N), fracture load (the

force required to cause bone fracture, N), and the maxi-

mum deflection (maximum degree of the bone displace-

ment, mm). Bone diameter (B.Dm) and marrow diameter

(Ma.Dm) of the fractured ends of femurs were also mea-

sured. The stiffness coefficient (load–displacement curve

slope, N/mm), Young’s modulus, and area moment of

inertia were also calculated based on the output parameters.

Micro-computed Tomography (micro-CT) Scanning

The specimens (LV6, with 5 samples per group) were scan-

ned using a desktop eXplore Locus SP preclinical specimen

micro-CT (GE Healthcare, Madison, WI, USA) at an isotro-

pic spatial resolution of 14 lm and a peak voltage of 80 kV.

Four projections were performed for each scan angle in each

slice. These projections had an exposure time of 2960 ms

each and were averaged in order to improve the signal-to-

noise ratio. MicroView ABA 2.1.2 software (GE healthcare,

Madison, WI, USA) was used to analyse the multiplanar

images of LV5 and to calculate the parameters of architecture

for each specimen. A cylinder region of interest (ROI)

(p 9 0.6 mm 9 0.6 mm 9 4 mm) was selected at the centre

of the LV6 and separated from the cortical bone. Then, local
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adaptive threshold algorithms were used during the evaluation

of all specimens. The selected microstructural parameters

included the bone structure model index (SMI), BV/TV and

connective density (Conn. D). A calibration phantom,

including air, saline, and a mineral standard material

(air = 1.22832, water = 3.4134, bone = 4730), allowed

calibration and conversion of X-ray attenuation such that the

mineral content was proportional to greyscale values in

Hounsfield Units (HUs).

Marrow Fat Cells Measurement

The right proximal tibial bone marrow cavity was exposed

and decalcified at room temperature in 10 % buffered

EDTA for 5 weeks. After decalcification, the samples were

dehydrated and paraffin embedded. 5 lm thick sections

were prepared then followed with hematoxylin and eosin

stain (H&E) as previous described [10]. Five fields under a

magnification of 1009 were randomly selected for evalu-

ation; the mean value of all fields measured for each animal

was taken for statistical analysis. Percentage area of bone

marrow fat (fat cells area divided by tissue area in the

examined regions) was evaluated with imaging process

software, Image-Pro-Plus 6.0 (Media Cybernetics Inc.,

Bethesda, MD, USA).

Sample Digestion and Component Analysis

After subjected to biomechanical test, the femurs were

digested and subjected to component analysis as previous

report [11]. Briefly, samples were weighed before and after

placing at 80 �C oven for 72 h. Then the desiccant bones

were digested with 6 mol/l hydrochloric acid in 10-ml

ampoule bottles at 108 �C oven for 24 h. Calcium and

phosphorus in bone samples were determined by Induc-

tively Coupled Plasma emission spectrometer (ICP-IRIS/

AP, Thermo Jarrell Ash, Franklin, MA, USA). Instrument

operating conditions applied for calcium (Ca) and phos-

phorus (P) determined were showed as below: gas (plasma)

24 l/min, gas flow (auxiliary) 0.5 l/min, RF power

1150 W, sample aspiration rate 1.48 ml/min, pressure

30 psi, standard Ca 10 lg/ml (Sigma-Aldrich, St. Louis,

MO, USA) and P 50 lg/ml (Sigma-Aldrich, St. Louis, MO,

USA). Hydroxyproline (Hyp) in bone digestive solution

was determined by colorimetric assays according to man-

ufacturer’s instructions (Nanjing Jiancheng Biological

Bioengineering, Nanjing, Jiangsu, China).

Statistical Analysis

Data were presented as mean ± SD, and analyzed using

SPSS12.0 software for Windows (SPSS, Chicago, IL, US).

The statistical differences among groups were evaluated

using variance (ANOVA) with Fisher’s PLSD test. Prob-

abilities (P) less than 0.05 were considered significant.

Results

Body Weight and Serum Markers

At the endpoint, mean body weights of the rats were

decreased by 11.4 % (P \ 0.01), 14.7 % (P \ 0.01), or

19.2 % (P \ 0.01) after treated with prednisone at 1.5, 3.0,

or 6.0 mg/kg/day (Fig. 1), respectively. The linear rela-

tionship between mean body weights and the dosages of

prednisone (R2 = 0.99) showed a dose-dependent manner.

Prednisone treatment at the highest dose level signifi-

cantly decreased the serum osteocalcin, TRACP-5b, and

IGF-1 level (Fig. 2). Despite a reduction in the osteocalcin

level in the rats treated with prednisone at 3.0 mg/kg/day,

the TRACP-5b and IGF-1 level was not changed at this

lower prednisone dose group (Fig. 2).

Cancellous Bone Histomorphometry

For the tibial cancellous bone, histomorphometric data

showed that there was no significant difference in the static

parameters (BV/TV, Tb.Th, Tb.N, and Tb.Sp) between the

rats treated with vehicle and prednisone at all three dosages

(Fig. 3; Table 1). However, the dynamic parameters

(MAR, BFR/BS, and BFR/BV) of trabecular bone signifi-

cantly decreased at the two higher prednisone dose levels

compared with controls (Fig. 3; Table 2). Furthermore,

parameters of bone cells (Ob.S/BS and Oc.S/BS) signifi-

cantly decreased in the rats treated with prednisone at all

three dose levels compared with that in the vehicle-treated

ones (Fig. 3; Table 1).

Fig. 1 Body weight (g) changes during the experimental period. Body

weight measurements from vehicle-treated controls (CON), prednisone

1.5 mg/kg/day (Pre1.5), prednisone 3.0 mg/kg/day (Pre3.0), and pred-

nisone 6.0 mg/kg/day (Pre6.0) treated rats. *P \ 0.05, **P \ 0.01

versus CON; #P \ 0.05, ##P \ 0.01 versus Pre1.5
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Fig. 2 Endpoint levels of serum biochemical markers (a TRACP-5b, b Osteocalcin, c IGF-1) in the rats treated with vehicle (CON) and various

prednisone (Pre) dose levels. *P \ 0.05, **P \ 0.01 versus CON; ##P \ 0.01 versus Pre1.5

Fig. 3 Effects of vehicle (CON) and various prednisone (Pre) dose

treatments on the proximal tibial metaphyses (PTM) bone structure

and mineral bone formation. Arrows point to the tetracycline and

calcein labeling. Quantitative measurements of histomorphometric

parameters of DFM are showed in Tables 1 and 2. (Upper panel

Goldner’s Trichrome stain, middle panel Von Kossa stain, lower

panel fluorescence images of undecalcified sections)

Table 1 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on proximal tibial metaphysis cancellous bone structure

histomorphometry, osteoblast, and osteoclast surface

Group BV/TV (%) Tb.Th (lm) Tb.N (#/mm) Tb.Sp (lm) Ob.S/BS (%) Oc.S/BS (%)

CON 14.1 ± 3.2 58.1 ± 6.4 2.4 ± 0.5 369.6 ± 91.8 9.4 ± 3.2 0.67 ± 0.28

Pre1.5 17.1 ± 5.0 60.4 ± 4.4 2.8 ± 0.7 319.9 ± 112.0 4.8 ± 1.6** 0.16 ± 0.05**

Pre3.0 15.9 ± 4.8 58.8 ± 7.0 2.7 ± 0.6 334.0 ± 91.7 4.2 ± 1.0** 0.17 ± 0.07**

Pre6.0 13.9 ± 5.2 52.0 ± 8.1#,4 2.6 ± 0.7 366.5 ± 166.4 4.1 ± 1.5** 0.23 ± 0.11**

Note Value are mean ± SD, ** P \ 0.01 versus CON; # P \ 0.05 versus Pre1.5; 4 P \ 0.05 versus Pre3.0
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For the femoral trabecular bone, as showed by Fig. 4

and Table 3, prednisone treatment at all three dosages did

not decrease the static parameters. As same as that of the

tibial trabecular bone, prednisone treatment at the highest

dose level significantly decreased the dynamic parameters

(MS/BS, MAR, BFR/BS, and BFR/BV) (Fig. 4; Table 4).

Table 2 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on proximal tibial metaphysis cancellous bone dynamic

parameter

Group MS/BS (%) MAR (lm/day) BFR/BS (lm/day 9 100) BFR/BV (%/year)

CON 28.8 ± 8.7 1.7 ± 0.8 48.2 ± 20.6 516.6 ± 239.9

Pre1.5 23.9 ± 4.9 1.3 ± 0.4 30.7 ± 10.1* 314.9 ± 121.8*

Pre3.0 23.8 ± 3.9 0.9 ± 0.4** 22.4 ± 11.0** 233.0 ± 118.7**

Pre6.0 20.9 ± 5.2** 0.7 ± 0.5**,# 16.4 ± 12.4**,# 196.7 ± 162.1**

Note Value are mean ± SD, * P \ 0.05, ** P \ 0.01 versus CON; # P \ 0.05 versus Pre1.5

Fig. 4 Effects of vehicle (CON) and various prednisone (Pre) dose

treatments on the distal femoral metaphyses (DFM) bone structure,

mineral bone formation, and cartilage growth. Arrows point to inter-

labeling distances after double labeling with tetracycline and calcein.

The inter-labeling distance in the growth plate was used to determine

longitudinal growth rate (LGR). Quantitative measurements of

histomorphometric parameters of DFM are showed in Tables 3 and

4. (Upper panel Von Kossa stain, middle and lower panel fluores-

cence images of undecalcified sections)

Table 3 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on distal femoral metaphyses cancellous bone structure

Group BV/TV (%) Tb.Th (lm) Tb.N (#/mm) Tb.Sp (lm)

CON 20.3 ± 4.3 67.0 ± 7.9 3.0 ± 0.5 271.5 ± 52.1

Pre1.5 22.4 ± 4.1 66.8 ± 7.2 3.4 ± 0.6 238.5 ± 51.2

Pre3.0 23.0 ± 3.3 58.9 ± 5.9*,# 3.9 ± 0.5* 200.8 ± 33.4*

Pre6.0 22.4 ± 6.9 62.6 ± 8.5 3.5 ± 0.7 234.0 ± 76.7

Note Value are mean ± SD, * P \ 0.05 versus CON; # P \ 0.05 versus Pre1.5
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Data also showed that prednisone treatment at all three

dosages decreased the femoral LGR (Fig. 4; Table 4).

Cortical Bone Histomorphometry

For the tibial cortical bone, histomorphometric data

showed prednisone treatment at the highest dose level

significantly decreased the periosteal MAR (Ps-MAR)

(Fig. 5; Table 5). While no significant change in static

parameters (Ma.V/TV, Ps.S, and Ec.S) of all the three

doses of prednisone treatment was found (Fig. 5; Table 5).

Furthermore, some resorptive porosities along the endo-

cortical bone with fluorescence were found at the two

higher prednisone dose levels. Moreover, prednisone

treatment at all three dose levels significantly decreased the

femoral cortical bone thickness (Ct.Th), endocortical MS/

BS (Ec-MS/BS), Ec-MAR, and Ec-BFR/BS (Fig. 5;

Table 6).

Table 4 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on distal femoral metaphyses cancellous bone histomor-

phometry dynamic parameters

Group MS/BS (%) MAR (lm/day) BFR/BS (lm/day 9 100) BFR/BV (%/year) LGR (lm/day)

CON 45.2 ± 7.3 1.1 ± 0.1 52.1 ± 10.1 474.0 ± 79.5 84.4 ± 5.7

Pre1.5 37.7 ± 7.2* 0.9 ± 0.1** 35.0 ± 6.0** 322.0 ± 64.8* 70.7 ± 12.2**

Pre3.0 23.8 ± 3.9**,# 0.8 ± 0.1**,# 26.5 ± 5.1**,# 272.8 ± 43.1** 62.3 ± 11.2**

Pre6.0 20.9 ± 5.2*,4 0.9 ± 0.1**,4 35.4 ± 6.8**,4 353.1 ± 94.3** 74.6 ± 16.3**,4

Note Value are mean ± SD, *P \ 0.05, **P \ 0.01 versus CON; #P \ 0.05 versus Pre1.5; 4P \ 0.05 versus Pre3.0

Fig. 5 Effects vehicle (CON) and various prednisone (Pre) dose

treatments on the tibial shaft (TS) and distal femoral metaphyses

(DFM) cortical bone structure and mineral bone formation. Arrows

point to the porosities along the endocortical bone. Quantitative

measurements of histomorphometric parameters of cortical bone are

shown in Tables 5 and 6. (Fluorescence images of undecalcified

sections)

Table 5 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on cortical bone of tibia shaft (TS) histomorphometry

parameters

Group Ma.V/TV (%) Ps-MS/BS (%) Ps-MAR (lm/day) Ps-BFR/BS (lm/day 9 100) Ps.S (mm) Ec.S (mm)

CON 25.5 ± 4.9 46.4 ± 22.5 0.80 ± 0.25 420.3 ± 285.9 10.8 ± 1.2 5.7 ± 1.0

Pre1.5 25.3 ± 4.6 36.8 ± 16.7 0.83 ± 0.40 344.5 ± 217.7 9.6 ± 1.1 4.9 ± 1.0

Pre3.0 25.0 ± 5.4 26.9 ± 17.7 0.48 ± 0.37* 166.0 ± 136.6*,# 9.6 ± 0.7 5.4 ± 1.6

Pre6.0 27.5 ± 6.4 31.9 ± 16.4 0.59 ± 0.13* 200.6 ± 123.3 10.0 ± 1.2 5.5 ± 1.1

Note Value are mean ± SD, * P \ 0.05 versus CON; # P \ 0.05 versus Pre1.5
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Bone Mineral Density

Prednisone treatment at the highest dose level significantly

decreased the BMD of whole femur (P \ 0.01) (Fig. 6).

While prednisone treatment at all three dose levels did not

decrease the BMD of whole LV5 (Fig. 6).

Bone Biomechanics

At the endpoint, prednisone treatment at the highest dose

level significantly reduced elastic load (P \ 0.01), maxi-

mum load (P \ 0.01), stiffness (P \ 0.01), and area

moment of inertia (P \ 0.01) of femur and significantly

decreased the maximum load (P \ 0.01) and elastic mod-

ulus (P \ 0.05) of LV5 (Fig. 7).

Microarchitecture of Cancellous Bone

Trabecular microarchitecture of LV6 was analyzed by

micro-CT, and the representative 3D images were shown in

Fig. 8. No significant change of bone volume and mic-

roarchitecture (BV/TV, SMI, and Conn.D) of all the three

doses of prednisone treatment was found (Fig. 8).

Marrow Fat Tissue Deposition

Histological data of decalcified tibia showed prednisone

treatment at all three dose levels significantly increased the

fat tissue area in the bone marrow cavity (Fig. 9).

Chemical Compositions of Bone

As showed by Table 7, except for a significant decrease in

level of phosphorus was observed in the lowest dose of

prednisone treatment level, no significant difference in Ca

or Hyp was found in all of the three prednisone levels

compared with vehicle-treated controls (Table 7).

Discussion

The results indicated that prednisone significantly

reduced body weight and the longitudinal bone growth in

the rats treated with prednisone. The secretion of

endogenous GC was regulated by hypothalamus–

hypophysis–adrenal cortex system. Previous data showed

that long-term steroid treatment inhibited the secretion of

growth hormone (GH), and caused growth retardation in

children suffering nephrotic syndrome [12]. Similar to

GH, IGF-1 promotes longitudinal bone growth by aug-

menting chondrocyte hypertrophy [13]. A reduction of

serum IGF-1 caused by long-term use of glucocorticoid

may inhibit the process of endochondral ossification, then

subsequently impaired the longitudinal growth [14]. Our

data also showed that both serum IGF-1 level and LGR

were significantly decreased in the rats treated with

prednisone at the highest dose level, which was consis-

tent with the previous results [14].

Long-term use of glucocorticoid may cause osteoporosis

or osteonecrosis in human [10]. Our previous study found a

significant cancellous bone loss in 6-month-old GC-treated

rats which was different from the result of this study [7].

Although there was no comparable data to show the dif-

ferent effects of GC on bone architecture of rats at different

ages, we believed it may be due to the changes in bone

metabolism of rats at different ages. In cancellous bone,

there was a gradual transition from the predominance of

modeling activity in rapidly growing bones to the pre-

dominance of remodeling in slowly growing or nongrow-

ing bones [15]. In physiological conditions, bone modeling

predominantly occurred in the growing rats while bone

remodeling happened in the adult or aged rats [15].

Table 6 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on cortical bone of distal femoral metaphyses histomorphometry

parameters

Group Ct.Th (lm) Ec-MS/BS (%) Ec-MAR (lm/day) Ec-BFR/BS (lm/day 9 100)

CON 352.0 ± 37.7 90.3 ± 5.9 2.8 ± 0.6 258.8 ± 69.8

Pre1.5 274.0 ± 36.8** 82.7 ± 5.0* 1.9 ± 0.4** 160.6 ± 39.4**

Pre3.0 290.2 ± 60.0** 85.0 ± 5.9* 1.8 ± 0.2** 157.0 ± 20.2**

Pre6.0 247.2 ± 45.3** 82.0 ± 9.0* 2.1 ± 0.3** 172.9 ± 31.2**

Note Value are mean ± SD, * P \ 0.05, ** P \ 0.01 versus CON

Fig. 6 Effects of vehicle (CON) and various prednisone (Pre) dose

treatments on BMD of whole femur or LV5. *P \ 0.05 versus CON
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Our data indicated the effects of prednisone on cortical

bone differed from trabecular bone. For the femoral cortical

bone, a significant bone loss determined by BMD mea-

surement, with a reduction in the cortical bone thickness and

a markedly reduction in the biomechanical properties at the

highest prednisone dose level were investigated. Some

resorptive porosities in the endocortical bone were also

found at the two higher prednisone dose levels. However,

both histomophometric data and micro-CT data indicated

there was no glucorcorticoid-induced bone loss in the tra-

becular bone area in this study. No significant change was

found in the trabecular microarchitechture (SMI and

Conn.D) as indicated by the micro-CT results, neither.

Although there were significant decreases in bone formation

parameters (MS/BS, MAR, BFR/BS, BFR/BV, and Ob.S/

BS) in the trabecular bone area, bone resorption (Oc.S/BS)

also decreased at the highest prednisone dose level. The

decreased serum osteocalcin and TRACP-5b level were

consistent with the histomophometric data. All these sug-

gested that an inhibitory effect of prednisone on both bone

formation and bone resorption might be responsible for the

maintaining of trabecular bone volume.

Our data also showed that prednisone treatment signif-

icantly increased fat tissue in bone marrow, which implied

there might be a increase in adipogenesis and decrease in

osteogenesis of mesenchymal stem cells in bone marrow of

the rats treated with prednisone (data not showed). Previ-

ous study found that Ob.S/BS and Oc.S/BS were decreased

after GC treatment, with a reduction or maintaining of the

trabecular bone volume [16]. But a reduction of cortical

bone volume was always observed [16]. Previous data also

demonstrated that bone loss in femoral cortical bone with

no bone loss in the trabecular bone after GC treatment in

adult mice [17]. It was believed that increased apoptosis of

osteoblasts in trabecular bone and apoptosis of osteocytes

in the metaphyseal cortical bone in the mice treated with

GC [17]. Furthermore, decreased production of osteoclasts

and osteoblasts may also contribute to the diminished bone

formation and bone turnover caused by GC [17]. In addi-

tion, a paper recently showed that osteocyte autophagy was

increased at the distal femur cortical bone region but not at

trabecular region after low dose GC treatment while

osteocytes apoptosis increased at the same region after high

dose GC treatment for 1 month in growing mice [3].

Fig. 7 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on biomechanics of femurs (a–f) and LV5 (g, h). *P \ 0.05,

**P \ 0.01 versus CON; #P \ 0.05, ##P \ 0.01 versus Pre1.5
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Therefore, we suggested that the effect of GC on bone

metabolism is different between cortical bone and trabec-

ular bone. Indeed, recent data indicated that GC at phar-

macological dosage may have divergent effects on cortical

and trabecular bone [18, 19]. Despite there was no direct

evidence in our study to explain the different function of

bone cells between cortical bone and trabecular bone,

recent studies revealing a large cohort of functionally dis-

tinct glucocorticoid receptor subtypes that control specific

sets of genes and/or differentially regulate common sets

Fig. 8 Effects of vehicle

(CON) and various prednisone

(Pre) dose treatments on the

trabecular microarchitecture of

LV6. The representative 3D

images (a) and the parameters

(b BV/TV, c SMI, d Conn.D)

were presented, showing no

statistical difference

Fig. 9 Effects of vehicle (CON) and various prednisone (Pre) dose treatments on adipocyte distribution in bone marrow of PTM. **P \ 0.01

versus CON
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provided enormous potential for signaling diversity, further

contributed to the tissue- and cell-specific effects of glu-

cocorticoids [20]. It also revealed that, not only there were

some differences in bone architecture between cortical

bone and trabecular bone after GC treatment, but there

were also some differences between endosteal bone surface

and periosteal bone surface [21].

The ability of bone to provide mechanical support and

resist fracture depends on both bone mass and material

properties of bone, both of which must be actively main-

tained to respond to changing force condition [22]. Given

the clinical interest in material properties of bone, it refers

to the influence of factors that affect fracture but are not

accounted for by bone mass [23]. Interestingly, GC usage

is associated with fragility fractures, which occur often

with higher BMD levels than those of postmenopausal

women with osteoporotic fractures [24, 25]. Bone mass and

the chemical compositions of bone cannot be recognized as

predictors of material properties of bone in this study,

which suggested that material properties may be deterio-

rated by exogenous GC without bone mass changed. Low

bone formation and resorption in the prednisone-treated

rats in this study may partially contribute to the higher

fracture risk. It was reported that the amount of bone

turnover in the skeleton has been identified as a predictor of

fracture risk independent of areal BMD and was increas-

ingly cited as an explanation for discrepancies between

areal BMD and fracture risk [26]. It was also speculated

that the increased bone fragility observed with GC treat-

ment partially results from localized changes within the

bone around the osteocyte [27]. In GC-treated mice, bone

matrix mineralization and material properties are most

profoundly affected in the perilacunar regions, suggesting

an important role for osteocytes in bone metabolism [28].

In our future study, it is valuable to explore the relationship

between osteocytes and GC and the underlying mechanism.

In conclusion, after 3 months of GC treatment, despite

no bone loss and no microarchitechture change in the tra-

becular bone, decreased longitudinal growth and cortical

bone mass accompanied with deteriorated mechanical

competence, low bone formation, and low bone resorption

were found in the growing rats, which were similar to that

of the juvenile patients exposed to GC for a long time.

Trabecular bone loss which usually found in GIO patients

was not found in the current models. Growing rats may be

used as a glucocorticoid-induced osteoporosis animal

model when evaluated the effects of drugs upon juvenile

patients.
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