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Supraphysiologic glucocorticoid administration increased
biomechanical bone strength of rats' vertebral body
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The aim of this study is to assess the effects of different glucocorticoid administration protocols on
biomechanical properties of the first lumbar vertebral body in rats. We divided 40 male rats into the
following groups: control, dexamethasone (7 mg/week), dexamethasone (0.7 mg/week), methylprednisolone
(7 mg/kg/week), methylprednisolone (5 mg/kg twice weekly), dexamethasone (7 mg/kg three times per
week), dexamethasone (0.7 mg/kg three times per week, and low-level laser treated rats. Lumbar
vertebrae in rats were exposed to the pulsed laser. We conducted a biomechanical test to examine the
mechanical properties of vertebral body in rats’ lumbar bone. Supraphysiologic glucocorticoid administration
protocols did not impair the biomechanical properties of rats’ vertebral bodies compared to control and
laser-treated rats. Supraphysiologic glucocorticoid administration caused an anabolic effect on the
vertebral bodies.
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Osteoporosis (OP) is a problem which causes bone lost
and fractures which leads to severe pain, deformity; the
secondary complications, and eventually possibility of
death [1]. Glucocorticoids (GCs) are potent anti-
inflammatory and immunosuppressive drugs. Synthetic
GCs have been widely used for many decades to treat
various problems including: autoimmune, pulmonary,
periodontal, and gastrointestinal disorders [2]. In the
other hand, GC-induced osteoporosis (GIOP) in which
constitutes the most frequent secondary OP. To have
better preventions and treatments for debilitating fractures
which occurs predominately in the spine, understanding
the pathology of GC which induces bone lost has a
crucial importance [3].

According to the National Health and Nutrition

Examination (NHANES) from 1999-2008, the prevalence
of GC and anti-osteoporotic medications were approxi-
mately 1.2% in the United States in which the number
is much higher than other countries [4].

To investigate the pathogenesis of OP, different animal
models have been used; also facilitated preclinical
testing, and new treatment options such as anti-resorptive
drugs [5]. In the animal study, histophorphometric
parameters and biochemical markers indicate a decrease
in bone formation and minimal changes in bone resorption.
These parameters are less important with regards to OP-
associated fractures and investigations in orthopedic
surgery. Histological and biomechanical studies do not
give direct information about the mechanical strength in
bone. The most important outcome in bone fracture which
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occurs by a simple trauma is reduction in mechanical
strength [6]. Although bone densitometry is often used as
a surrogate to evaluate bone fragility, direct biomechanical
testing surly provides more information about mechanical
integrity of bone [7]. Small animal models, in particular
GIOP rat models are reported to be relatively resistant to
corticosteroid-induced bone damage [8-10]. However,
many studies in vivo have shown GC administration to
rats both histologically and histomorphometrically inhibits
bone formation in the trabecular bone; particularly in the
vertebrae [11-22]. In the other hand, it would reduce
bone strength [12,15,21,22] and bone mineral density
(BMD) as shown by BMD and other radiologic imaging
techniques [11,13,16,19,21,23-25]. In addition, It would
cause a decrease in biomarkers in the serum [13,15-17,
24.25]. Eventual, GCs cause decrease in the molecular
elements of bones as shown by the molecular biology
techniques [14,17,18,20,22,25].

The term low-level laser therapy (LLLT) is broadly
applied to the therapeutic effects of low-level lasers.
Professor Mester was the first researcher who reported
clinical application of LLLT in 1968. Previous studies
have shown the positive effects of LLLT both on intact
bone and the bone healing process [26]. LLLT also acts
as a proposed anabolic therapeutic agent on bony tissues.

The most common fractures are those of the vertebrae,
proximal femur, and distal forearm (wrist) [27]. Approxi-
mately 80 per cent of the total skeleton is composed of
cortical bone, the rest is trabecular bone. Certain regions
of the skeleton are rich in trabecular bone; including
vertebrae, femoral neck, and distal radius [28].

The aim of this study was to assess the effects of GCs
(methylprednisolone and dexamethasone) administration
protocols on the biomechanical properties in the first
lumbar vertebral body. The Analyses indicate bending
stiffhess (Young’s modulus of elasticity), maximum force,
stress high load, and energy absorption up to maximum
force as assessed by a biomechanical compression test.
The data were compared on biomechanical properties of
the vertebral body in GC-treated rats; with healthy
control and healthy laser-treated rats.

Materials and Methods

Experimental animals

In this study, the total of 40 male Wistar rats 4.5
months were housed in standard rat cages with a 12 h
light/dark schedule. Rats were provided water ad

libitum. All procedures were approved by the Medical
Ethics Committee of Shahid Beheshti University of
Medical Sciences, Tehran, Iran (protocol no 1391-1-115-
1092). The rats’ weights were measured weekly and the
volume of drugs administered was calculated based on
the most recent body weight.

Experimental protocols

The rats were randomly allocated into eight groups in
which each group included 5 rats [29,30]. The groups
received the following drugs and laser treatment: (1)
vehicle (intramuscular injection of 100 pL distilled water,
twice a week); (2) dexamethasone (7 mg/kg/week, 5
injections over 5 weeks; Dex 7mg/kg, I) (18); (3)
dexamethasone (0.7 mg/kg/week, 5 injections over 5
weeks; Dex 0.7 mg/kg, 1); (4) methylprednisolone (7
mg/kg/week, 5 injections over 5 weeks; Met 7 mg/kg, 1)
[11]; (5) methyprednisolone (5 mg/kg given five times in
the first week [19] and twice weekly thereafter). The
protocol was revised after observing a sever weight lost
in the rats for the total of seventeen injection in seven
weeks; Met 5 mg/kg, I); (6) dexamethasone (7 mg/kg
given three times per week for the total of 16 injections
over 7 weeks; Dex 7 mg/kg, I1I); (7) dexamethasone (0.7
mg/kg give three times per week for the total of 21
injections over seven weeks (Dex 0.7 mg/kg, III).

We observed sever weight lost in the entire population
who received GC in the second, fourth, fifth, and sixth
groups. In the second and fourth groups two rats died
from each groups. In the fifth and sixth groups, three rats
died. The deaths were probably the result of unexpected
high weight lost that might have been caused by the
depot effect of GC administration [12]. The dead rats
were replaced.

Group 8

Pulsed wave (PW) LLLT was performed on the spinal
processes in T12, L1, L2 , and L3 vertebrae. The laser
pen was held perpendicular to the target tissue at the
distance of <lcm with an infrared diode laser
[MUSTANG 2000 with LO7 pen (radiating head),
Technica Co., Moscow, Russia]. Specifications of the
laser are shown in Table 1.

In our study, the surface area of the target tissue
(vertebral body of T11 thorough L3 in the vertebral
column) was larger than the pen's spot size; therefore, we
used sequential treatments to ensure that every unit area
received the same dosage [31]. We performed LLLT on
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Table 1. Specifications of the laser used

Parameters Dose and unit
Peak power output 75W
Average power 1.08 mW
Power density 1.08 mW/cm?
Wave length 890 nm
Pulse frequency 80 Hz
Spot size 1 cm?
Pulsed duration 180 us
Duration of exposure for each point 900 s
Energy density 0.972 Jicm?

four distinct regions by four shootings. During LLLT the
animals were sedated by administration of ketamine
hydrochloride (25 mg/kg body weight); injected intra-
muscularly along with diazepam (25 mg/kg body weight).
LLLT was performed one a day; six days per week, for
the total of three weeks.

Biomechanical examination

By the end of treatment, all the animals were sacrificed
by injecting overdose anesthetized drugs that followed
by cervical dislocation. L1 vertebral bones of all rats
were extracted and kept moist throughout the testing
procedure. We removed nearly all soft tissues attached to
the bones. The vertebral bodies were subjected to a
compressive test on the material testing device (Zwick/
Roell, Germany) until fracture occurred; we defined
breaking point when bone broke into numerous pieces.
All bones were oriented similarly in the testing machine
and the surface areas of bones were also calculated by
multiplying the breadth by itself. Bones were mounted
into a machine, and a press head was activated to
compress the center of the vertebral body until fracture
occurred. The compressive loading speed was 0.08 mm/s
for all tests. Specimens were loaded uniaxially; therefore,
the fracture and complete load-deformation curve could
be recorded. From the load-deformation curve, the
following biomechanical properties were automatically
calculated: bending stiffness (Young’s modulus of
elasticity; N/mm?), maximum force (N), stress high load
(N/mm?), and energy absorption up to maximum force
(N mm) (Figure 1).

Bending stiffness is the slope of the linear portion of
the load-deformation curve. Maximum force is the force
needed to break a bone microscopically. The stress high
load was calculated by dividing the means of maximum
force value by the surface area (mm?) of bones. Energy
absorption up to the maximum force is the amount of
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Figure 1. Schematic representation of the load—deformation
curve of L, vertebral body. The graph illustrates various
biomechanical characteristics derived from the material-testing
machine and its computer, in which an increasing load is placed
on the tissue while isplacement is monitored. Bending stiffness,
shown as the maximum slope on the linear portion of the load
vs. the displacement curve, is derived from the linear portion of
the curve. Energy absorption is the area under the curve.

energy absorbed by a bone until it breaks micro-
scopically at the point of maximum force [32].
Statistical analysis

All data are expressed by mean+standard error of
mean (SEM). The overall differences of all biomechanical
parameters with the exception of bending stiffness were
analyzed by using one way analysis variance. Group
comparisons were obtained by applying the least
significant difference (LSD) method in the analysis. The
overall differences of bending stiffness were analyzed by
using the Kruskal-Wallis test. The group comparisons
were obtained by applying the Mann Whitney U test
method in the analysis. The P-value less than 0.05 was
significant for ANOVA, LSD, and the Kruskal-Wallis
test. The P-value below 0.007 were considered significant
for the Mann Whitney U test [29,30].

Results

Figure 2 shows the rats” body weights. Biomechanical
examination results are shown in Figures 3-6. According
to the results GC administration protocols did not impair
the biomechanical properties of the rats’ vertebral bodies.
The biomechanical properties of GC-treated rats were
comparable with those of control and LLLT-treated rats.
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Figure 2. The comparison of the mean values(+SEM ) of the
weights of rats at the beginning of the study and at the end of
the study; 0.05, 0.01, 0.001.
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Figure 3. Bending stiffness (N/mm?) of L, vertebral body of the
groups studied. Values are mean+SEM for five animals per
group. Statistical comparisons made against control rats
(ANOVA test). control group=control (1); 2=Dex 7 mg/kg, I,
3=Dex 0.7 mg/kg |,4=Met 7 mg/kg, |; 5=Met 5 mg/kg, II; 6=Dex
7 mg/kg, Ill; 7=Dex 0.7 mg/kg, llI; 8=low-level laser-treated rats;
0.05, 0.01, 0.001.

Surface area (mm?)
There was no significant difference in surface area
between the groups.

Bending stiffness (N/mm?)

As seen in Figure 2 there were significant increases in
bending stiffness of GC- treated rats from groups 4 (LSD
test, P=0.01), 6 (LSD test, P=0.004), and 7 (LSD test,
P=0.02) compared to control rats (ANOVA test, P=
0.007).

Maximum force (N)
We observed significant increases in maximum force
of GC treated-rats from groups 2 (LSD test, P=0.005),
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Figure 4. Maximum force (N) of L, vertebral body of the groups
studied. Values are mean+SEM for five animals per group.
Statistical comparisons made against control rats (ANOVA
test). control group=control (1); 2=Dex 7mg/kg, |; 3=Dex 0.7
mg/kg |, 4=Met 7 mg/kg, |; 5=Met 5 mg/kg, Il; 6=Dex 7 mg/kg,
Ill; 7=Dex 0.7 mg/kg, lll; 8=low-level laser-treated rats; 0.05,
0.01, 0.001.
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Figure 5. Stress high load (N/mm?) of L, vertebral body of the
groups studied. Values are mean+SEM for five animals per
group. Statistical comparisons made against control rats
(ANOVA test). control group=control (1); 2=Dex 7 mg/kg, I,
3=Dex 0.7 mg/kg |, 4=Met 7 mg/kg, |; 5=Met 5 mg/kg, II; 6=Dex
7 mg/kg, Ill; 7=Dex 0.7 mg/kg, llI; 8=low-level laser-treated rats;
0.05, 0.01, 0.001.

4 (LSD test, P=0.017), and 6 (LSD test, P=0.035)
compared to control rats (ANOVA test, P=0.006). GC
treated-rats from groups 2 showed significant increases
in maximum force compared to LLLT treated-rats
(P=0.037).

Stress high load (N/mm?)

There were significant increases in stress high load
observed in rats from groups 2 (LSD test, P=0.0001), 4
(LSD test, P=0.02), 6 (LSD test, P=0.019), 7 (LSD test,
P=0.008), and 8 (LSD test, P=0.009), compared to the
control group (ANOVA test, P=0.031).
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energy absorption up to maximum force

groups

Figure 6. Energy absorption up to maximum force (N mm) of L,
vertebral body of the groups studied. Values are meantSEM
for five animals per group. Statistical comparisons made
against control rats (Statistical comparisons made against
control rats (Kruscall wallis and Mann Whitney U test).
*P<0.007. control group=control (1); 2=Dex 7 mg/kg, |; 3=Dex
0.7 mg/kg |, 4=Met 7 mg/kg, I; 5=Met 5 mg/kg, Il; 6=Dex 7 mg/
kg, lll; 7=Dex 0.7 mg/kg, lll; 8=low-level laser-treated rats; 0.05,
0.01, 0.001.

Energy absorption up to maximum force (N mm)
We observed no significant difference in energy
absorption up to maximum force between the groups.

Discussion

We established different rat models based on previously
published rat models for GC administration. The intent
was to investigate GC side effects on the biomechanical
properties of rats’ first lumbar vertebrae. Although
weight lost was observed in the entire population which
received GC; it seemed more severe in the fifth and sixth
groups. Rats from the fifth group received 17 injections
of 5 mg/kg methylprednisolone for seven weeks; and
rats from the sixth group received 16 injections of 7 mg/
kg dexamethasone for seven weeks. The mortality rate
for GC-treated rats was 21%. The biomechanical properties
of the vertebral body in GC-treated rats were comparable
to those in the control and LLLT rats. Previous studies
have shown the positive effects of LLLT both on intact
bones and bones with healing process (26). It can act as
a proposed anabolic therapeutic agent on bones [26].

According to our analysis, these findings might be due
to the anabolic effects of GC administration in trabecular
bone. The result of biomechanical examinations in GC-
treated rats were accompanied by weight lost and high
rate of mortality. These data were markedly distinct from
findings in patients with supraphysiologic GC admini-
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stration who showed bone lost. Supraphysiologic doses
of GCs also caused weight gain in patients [33].

As reported in the current study, the anabolic effects of
GC administration on the trabecular bone was consistent
with previous studies [8-10].

Treatment with dexamethasone for 13 days in male
rats caused no histomorphometrical differences and bone
density of vertebral trabecular. Mean trabecular bone
density in tibial metaphysis increased because of dexa-
methasone, presumably due to osteoclast inhibition.
Dexamethasone-treated rats lost weight [8]. Li ef al.
reported treatment of rats with corticosteroid increased
the trabecular mass in the lumbar vertebrae [9].
Prednisolone treatment over four weeks period in rats
significantly increased BMD and trabecular bone volume
compared to the non-prednisolone treated control group.
Mechanical strength testing in trabecular bone of distal
femur reflected changes in BMD and trabecular bone
volume. Shen ef al. concluded, unlike the effects
observed in humans treated with GCs, treatment in rats
with prednisolone did not cause bone lost; in contrast, it
caused a protective effect on the skeleton through the
inhibition of bone resorption [26]. Twenty-eight days
treatment with corticosterone in transgenic mouse models
significantly increased the pericortical cross-sectional
zone in long bones. Vertebral cortical thickness and
surface area were reduced in corticosterone-treated mice.
Transgenic mice were partly protected from effects of
exogenous corticosterone, both at the cellular and
structural levels. The corticosterone dosage used in this
study, caused trabecular bone remains largely unaffected.
Henneicke et al. concluded that increase in tibial
pericortical cross-sectional area and changes in the
pericortical circumference results an anabolic bone
response on GC treatment at this site [34].

According to our study GC administration increased
biomechanical properties of vertebral body; in contrast
to other studies state, GC administration decreased
biomechanical properties of vertebral body [12,15,21,
22]. Ortoft et al. examined the effects of GC on vertebral
bone, and the effect of growth hormone on vertebral
bone in young growing animals who received GC
injections. According to their study, five groups of 14-
weeks- old female rats were treated for 80 days as
follows: (1) saline, (2) prednisolone (5 mg/kg/day), (3)
growth hormone (5 mg/kg/day), (4) prednisolone and
growth hormone, and (5) food restriction. Ortoft et al.
found that administration of growth hormone increased
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body weight, vertebral height, cross-sectional area, and
volume. The compressive strength of L4-vertebral body
was also increased because of an increase in cancellous
bone volume; in addition, increased the area of cortical
bone that surrounded the vertebral body. GC administration
decreased body weight, height, and volume of the intact
vertebrae. No effect of GC administration on mechanical
strength in L4 body could be detected. They showed no
effect of growth hormone in vertebral bone; when
administered to animals who additionally received GC
injections. GC administration decreased longitudinal
growth of the vertebrae and cortical bone mass; however,
it did not affect cancellous bone mass in the vertebral
body. Despite this, administration of GC with a depot
effect totally inhibited growth hormone on vertebral
bone [12].

In the study by Hulley et al., OP was induced in 3.5-
month-old rats. The rats received 3.5 mg/kg of methyl-
prednisolone per day for nine weeks. Rats were treated
with steroid solo or in combination with 0.5 mg/mL
sodium orthovanadate (protein tyrosine phosphatases,
(PTP)). The bones treated with steroid were significantly
osteopenic and physically weaker than the control group.
Concomitant treatment with vanadate largely prevented
the densitometric, histologic, and physical abnormalities
induced by prednisolone. Hulley et al. concluded that
PTPs were central to the negative regulation of osteoblast
proliferation by GC; and recommended that PTP
inhibitors molecules such as sodium orthovanadate
should be considered as novel anabolic agents for the
treatment of steroid-induced OP [15].

To distinguish the difference in the effect of GC on
osteoclasts, osteoblasts, or osteocytes, Weinstein et al.
administered GC solo or in combination with the antagonist
osteoprotegerin (OPG) and the fragment crystallizable
region of Ig heavy chains (OPG-Fc) . They determined
that the suppressive effect of GC on spinal bone mineral
density, cortical thickness, and strength was prevented
by OPG-Fc. OPG-Fc, with or without GC, profoundly
reduced osteoclasts, osteoblasts, and bone formation.
Unexpectedly, OPG-Fc prevented GC-induced increase
in osteocyte apoptosis, and reduction in solute transport
from the systemic circulation to the osteocyte-lacunar-
canalicular network. Weinstein et al. concluded that at
least part of the OPG-induced preservation of bone
strength was attributed to the maintenance of osteocyte
viability and the lacunar-canalicular network [21].

Salvianolic acid B is a polyphenolic compound from

a Chinese herbal medicine, Salvia miltiorrhiza Bunge.
Cui et al. evaluated the effects of salvianolic acid B on
osteoblast bone formation, angiogenesis, and adipogenesis-
associated GIOP. Bone loss in GC-treated rats were
confirmed by significantly decreased BMD, bone strength,
cancellous bone mass architecture, osteoblast distribution,
bone formation, marrow microvessel density diameter
along with down-regulation of marrow Bone Morphogenic
Protein (BMP) expression and increased adipogenesis.
Daily treatment with salvianolic acid B for twelve weeks
in GC-treated male rats prevented GC-induced cancellous
bone lost; in addition, increased adipogenesis while
increasing the rate of cancellous bone formation by
capillary dilation, the local microcirculation was improved.
Cui et al. concluded salvianolic acid B prevented bone
lost in GC-treated rats through stimulation of osteogenesis,
bone marrow angiogenesis, and inhibition of adipogenesis
[22].

The cellular mechanisms underlying the anabolic effects
of GC administration on the vertebral body observed in
the current study remain unclear.

Further elucidation in our findings may shed light over
the physiology of trabecular bone formation and how
GC affects this process in rats.

Clinical importance

GCs have potent clinical effects when used at pharma-
cological doses. However, their clinical benefits are often
marred by serious adverse effects. A clear understanding
of the molecular and cellular mechanisms underlying
anabolic effects of GC could direct scientist toward new
medications with anabolic characteristic, and thus could
have a positive therapeutic application. This is clinical
relevance of our work.

We have concluded that in marked contrast to the
findings in human and in other animals, supraphysiologic
administration of GC caused severe weight lost and a
considerable mortality rate in rats. It is caused by increased
biomechanical properties’ values of the rats’ vertebrae,
which was comparable with those in the control and
LLLT groups. This finding might reflect anabolic effect
of GC administration on the trabecular bony tissue in
rats’ vertebral bodies.
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