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Abstract

This study evaluated the preventative effects of metformin (Met) on glucocorticoid (GC)-induced osteoporosis in a rat model,
compared with alendronate (Aln). Twenty-eight 3-month-old female Sprague—Dawley rats were randomly assigned into
four groups: normal control (Ctr), methylprednisolone (MP, 13 mg/kg/day, sc, 5 days per week), MP plus Aln orally (1 mg/
kg/day), and MP plus Met orally (200 mg/kg/day). After 9 weeks, serum bone metabolic biochemistry, bone densitometry
and histomorphometry were performed. The GC-induced osteoporosis model was characterized by decreased osteocalcin,
increased tartrate-resistant acid phosphatase-5b (TRAP-5b), and decreased bone mineral density (BMD) in the femur and
fifth lumbar vertebra (L5). Histomorphometrically, MP significantly decreased trabecular bone volume, decreased bone
formation and increased bone resorption in proximal metaphysis, compared with the controls. Aln and Met increased the
BMDs of femur (0.305+0.011 vs. 0.280+0.012, P <0.05; 0.304 4+ 0.019 vs. 0.280+0.012, P <0.05) and L5 (0.399 +0.029
vs. 0.358 £0.022, P <0.05; 0.397+0.022 vs. 0.358 £0.022, P <0.05), compared with the model group. Met increased
osteocalcin and decreased TRAP-5b, but Aln only decreased TRAP-5b, compared with model group. In histomorphometry
of tibial proximal metaphysis, Aln and Met increased trabecular bone volume (39.21 +£2.46 vs. 30.98 +5.83, P <0.05;
38.97 +£5.56 vs. 30.98 +5.83, P <0.05), while Met increased the bone formation dynamic parameters and decreased bone
resorption dynamic parameters, but Aln just decreased bone resorption dynamic parameters, compared with model group
significantly. These findings suggest that metformin prevents GC-induced bone loss by suppressing bone resorption and
stimulating bone formation in trabecular bone. The action mode of metformin was different from alendronate, which only
suppressed bone resorption.
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Introduction

Glucocorticoids (GCs) have been widely used in clini-
cal practice for the treatment of various diseases, such
as asthma, lupus and rheumatoid arthritis. However,
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these are often associated with serious side effects, espe-
cially after long-term administration, including disorder
of glucose metabolism, abnormality of lipid metabo-
lism, water—sodium retention and fat redistribution. GC-
induced osteoporosis is one of the most serious problems
for patients receiving long-term GC therapy. The long-
term use of glucocorticoids can lead to a reduction in
bone mineral density and bone mass, and thereby result
in increased risk of fractures. The direct effects of GCs
on bones include the early and transient increase in bone
resorption, long-term suppression of bone formation, and
the promotion of bone resorption at tissue and cellular
levels. Therefore, it is important to identify medicines that
could prevent GC-induced osteoporosis.

Bisphosphonate drugs, such as alendronate, have been
commonly used for the prevention and treatment of osteo-
porosis [1]. However, the long-term administration of
alendronate is associated with serious side effects, such
as osteonecrosis of the mandible. In addition, it has been
reported that long-term alendronate administration results
in increased risks of atypical fractures, although bone min-
eral density (BMD) is not significantly decreased [2-5].
Therefore, there is an important need to develop new drugs
for preventing GC-induced osteoporosis for GC users, to
maintain the high quality of the bone.

Metformin is the first-line medication for the treatment
of type-2 diabetes, especially in overweight patients [6]
and patients with the disorder of lipid metabolism [7].
Recently, several studies have shown that metformin can
prevent osteopenia [§—11]. A large-sample case—control
study revealed that metformin reduces diabetes-related
osteoporosis [11]. Several clinical studies have fur-
ther found that metformin produces protective effects
in reducing bone loss [8—10]. The protective effects of
metformin in reducing bone loss were further supported
in many animal models, such as ovariectomized rats [12,
13] and insulin-deficient diabetic osteopathy rats [14].
Furthermore, in vitro studies have found that metformin
promotes the differentiation of bone marrow stromal cells
to osteoblasts, increases the activity of osteoblasts, and
inhibits the activity of osteoclasts [15—17]. However, some
clinical and animal studies have revealed that metformin
produced no protective effect on bone [18, 19]. Therefore,
more pre-clinical and clinical studies are required to inves-
tigate the effects of metformin on bone. To our knowledge,
it remains unclear whether metformin can prevent GC-
induced osteoporosis.

In the present study, the effect of metformin on the bone
structure and metabolism of rats treated with methylpredni-
solone (MP) in a rat model of glucocorticoid-induced osteo-
porosis were investigated, and compared with alendronate.
The purpose of the present study was to explore whether
metformin prevents GC-induced osteoporosis.
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Materials and methods
Materials

MP was purchased from Pfizer Inc. (NY, USA). In the
form of crude drug, metformin and alendronate were
bought from Hubei Kangbaotai Fine Chemical Co., Ltd.
(Wuhan, China). A compound feed containing 1.14% cal-
cium, 0.98% phosphorus and 800 IU/kg of vitamin D3 was
purchased from KeaoXieli Feed Co., Ltd. (Beijing, China).
The Sprague—Dawley rats were purchased from Vital River
Laboratories (Beijing, China).

Animal procedures

The experimental protocol was approved by the Institutional
Authority for Laboratory Animal Care of Peking Univer-
sity Health Center, and all the animals received humane
care according to the Institutional Authority for Laboratory
Animal Care of Peking University Health Center. A total
of 28 3-month-old female Sprague—Dawley rats, weighing
280+ 14 g, were used in the present study. These rats were
housed in room temperature (25 °C) with 60% humidity and
a 12-h light/dark cycle in the Laboratory Animal Depart-
ment of Peking University Health Center (four rats per cage).
Rats were fed with standard rat chow and water ad libitum.

After adaptation for 2 weeks, these rats were randomly
assigned into four groups (n=7 per group): (1) control
group, received saline subcutaneously for 5 days/week
and by gavage for 7 days/week; (2) MP group, received
MP (13 mg/kg/day) subcutaneously for 5 days/week and
saline by gavage for 7 days/week [20]; (3) MP + Aln
group, received MP (13 mg/kg/day) subcutaneously for
5 days/week and alendronate (1 mg/kg/day) by gavage for
7 days/week [21]; and (4) MP + Met group, received MP
(13 mg/kg/day) subcutaneously for 5 days/week and met-
formin (200 mg/kg/day) by gavage for 7 days/week [22].
These animals were treated with the experimental protocol
for 9 weeks. The body weights were determined at the
initiation of the experiment, and monitored twice a week
to adjust the dosage of the drug. At the beginning of the
study and the fifth week, fasting blood was drawn from the
retro-orbital plexus for biochemical tests under anesthesia.
At killing, the animals were euthanized by exsanguina-
tion through cardiac puncture under anesthesia, and blood
was collected for biochemical tests. The left femurs and
fifth lumbar vertebrae (L5) were collected and stored at
—20 °C prior to the bone density tests, and the right tibias
were collected for bone histomorphometry. For dynamic
parameters, rats were subcutaneously injected with calcein
(10 mg/kg) at 13, 12, 3, and 2 days before necropsy.
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Serum biochemical assays

Serum glucose, triglyceride (TG), total cholesterol (CHO),
high-density lipoprotein cholesterol (HDL-C), and low-
density lipoprotein cholesterol (LDL-C) at the beginning of
the study, at the fifth week, and at killing were measured at
the clinical laboratory of Inner Mongolia Medical Univer-
sity Affiliated Hospital using a HITACHI 7170S analyzer
(Tokyo, Japan). The serum concentrations of bone turno-
ver markers at killing, tartrate-resistant acid phosphatase-
5b (TRAP-5b) and osteocalcin were measured using rat
TRAP-5b and osteocalcin enzyme-linked immunosorbent
assay (ELISA) kits (Rigorbio, Beijing, China), according to
manufacturer’s instructions.

Bone densitometry

Before bone densimetic measurement, the vertebral arch of
L5 was removed. Then, the inferior surface closest to the
spinal cord was horizontally placed downwards. The femur
was positioned with the long axis parallel to the horizontal
plane. The left femurs and L5 were examined by dual-energy
X-ray absorptiometry (DXA) using a QDR-Discovery densi-
tometer (Hologic, Bedford, MA, USA) with a regional high-
resolution mode. Then, the average BMDs of the femur and
L5 vertebral body were measured. The region of interest was
the total femur for femur densitometry and the total vertebral
body for L5 densitometry. The BMD data were expressed in
grams per square centimeter.

Bone histomorphometry

AtKkilling, the right tibias were cleaned off with the soft tis-
sue and fixed in 4% paraformaldehyde. After dehydration,
each sample was cut into the proximal segment and middle-
distal segment, which contained the proximal one-third and
distal two-thirds of the tibia, respectively. Then, the con-
nection of the tibia and fibia with the proximal 1.5-cm-long
tibia shaft in the middle-distal segment was removed. The
proximal segments and parts removed from the middle-distal
segments were embedded in methyl methacrylate. After full
polymerization, the frontal sections (4-pm thick) of the prox-
imal segments were cut using a Leica RM2255 microtome
(Bannockburn, IL, USA), and stained with Masson—Goldner
Trichrome, to measure static parameters. The unstained sec-
tions (8-pm thick) were used to measure the dynamic param-
eters. To examine cortical bone geometry, 45-pm-thick
cross-sections of the distal tibia shaft were made using a
Leica SP1600 saw microtome (Nussloch, Germany). These
sections were grounded and mounted onto slides for meas-
urement of the cortical bone area and porosity area. All
histomorphometric evaluations were based on the standard-
ized nomenclature and formulae [23] using a semiautomatic

image analysis system (Bioquant, Nashville, TN, USA). In
the proximal tibial metaphysic (PTM), the measured static
parameters included bone volume/tissue volume (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and
trabecular separation (Tb.Sp). The bone formation dynamic
parameters were as follows: percent labeled perimeter (%L.
Pm), mineralization apposition rate (MAR), bone formation
rate/bone surface referent (BFR/BS), bone formation rate/
bone volume referent (BFR/BV), and bone formation rate/
tissue volume referent (BFR/TV). Bone resorption dynamic
parameters, including osteoclast number/bone surface
(Oc.N/BS) and osteoclast perimeter/bone surface (Oc.Pm/
BS), were measured. In the tibial diaphysis, the measured
static parameters included the total tissue area (T.Ar), cor-
tical area (Ct.Ar), marrow area (Ma.Ar), percent cortical
area (%Ct.Ar), percent marrow area (%Ma.Ar) and cortical
width (Ct.Wi). The periosteal dynamic parameters were as
follows: percent periosteal-labeled perimeter (%P-L.Pm),
periosteal-MAR (P-MAR), and periosteal-BFR/BS referent
(P-BFR/BS). The endocortical dynamic parameters were
as follows: percent endocortical-labeled perimeter (%E-L.
Pm), endocortical-MAR (E-MAR), and endocortical-BFR/
BS referent (E-BFR/BS).

Statistics

Statistics were performed using the SPSS 16.0 software.
Data are expressed as mean + standard deviation (SD).
For parametric variables, one-way analysis of variance
(ANOVA) was used to compare the differences among
groups, followed by Tukey’s HSD post hoc test. For nonpar-
ametric variables, Kruskal-Wallis test was used to compare
the differences among groups, followed by Mann—Whitney
U test for multiple comparisons. ANOVA for repeated meas-
urement was used to compare the differences in body weight,
followed by Tukey’s HSD post hoc test. A P value <0.05
was considered statistically significant.

Results
Body weight and serum glucose and lipid

Body weight was examined during the 9-week experimental
period among the four groups (Fig. 1). The body weight
gradually increased during the experimental period in the
control group. Furthermore, the body weight decreased in
the first 6 weeks and gradually increased in the following
3 weeks in the MP group. Similar to the MP group, the body
weight in the MP 4+ Aln and MP + Met groups decreased in
the first 6 weeks and slowly increased. The body weight in
the MP + Aln and MP + Met groups was not significantly
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Fig.1 Body weight changes during the 9-week experimental period
in the control, MP, MP + Aln and MP + Met groups. P <0.05, among
the four groups for repeated measurement ANOVA; "P <0.05, in the
Aln group or Met group, when compared with the control group

different from that in the MP group (P> 0.05). None of the
rats died, and no serious adverse event occurred.

Figure 2 shows the serum concentration of glucose, TG,
CHO, HDL-C, and LDL-C in the control, MP, MP + Aln,
and MP + Met groups. At the end of the 9th week, serum
glucose was significantly higher in the MP group than in the
control group (5.06 +£0.97 vs. 3.75 +£0.69 mmol/L, P <0.05),
but no statistical difference was found when comparing the
MP group with the MP + Aln group or MP 4+ Met group. At
the end of the 9th week, serum TG was significantly higher

in the MP group than in the control group (1.09 +0.16 vs.
0.66+0.22 mmol/L, P <0.05), but no difference in serum
TG was found between the MP group and MP + Aln group,
or between the MP group and MP + Met group. Furthermore,
there were no significant differences in the serum concentra-
tions of CHO, HDL-C and LDL-C among the four groups
(Fig. 2).

Serum concentrations of TRAP-5b and osteocalcin

Figure 3 shows the serum concentrations of TRAP-5b and
osteocalcin in the four groups at killing. Serum osteocal-
cin concentration was significantly lower in the MP group
than in the control group (0.77 +£0.24 vs. 1.48 +0.42 ng/
mL, P <0.05). However, there was no significant differ-
ence in serum osteocalcin concentration between the MP
and MP + Aln groups (0.72 +0.31 vs. 0.77 +£0.24 ng/mL,
P> 0.05). Furthermore, serum osteocalcin concentration
was significantly higher in the MP + Met group, when com-
pared with the MP group (1.26 +0.54 vs. 0.77 +0.24 ng/
mL, P <0.05).

Serum TRAP-5b concentration was significantly higher
in the MP group than in the control group (7.74 +£0.61 vs.
6.94+0.23 U/L, P<0.05). Furthermore, serum TRAP-5b
concentrations were significantly lower in the MP + Aln
and MP + Met groups, when compared to the MP group
(6.75+0.73 vs. 7.74+0.6 1 U/L, P<0.05; 6.73 +£0.50 vs.
7.74+0.61 U/L, P <0.05).
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Fig.2 The serum concentration of glucose (a), triglyceride (b), total
cholesterol (c¢), high-density lipoprotein cholesterol (d), and low-
density lipoprotein cholesterol (e) in the control, MP, MP + Aln and
MP +Met groups. Data are expressed as mean+standard deviation
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(SD), and n=7. a At the end of the 9th week, #P<0.05 in the MP
group vs. the control group; *#P <0.01, in the Aln and Met groups vs.
the control group. b At the end of the 9th week, *P <0.05 in the MP
and Aln group vs. the control group



Journal of Bone and Mineral Metabolism (2019) 37:805-814

A Osteocalcin
2.0 *
1.5
E 1o ’
o
c
0.5-
0.0-
Ctr MP Aln Met
B TRAP-5b
101
#
8 * *
6-
<
]
4-
2-
0-
Ctr MP Aln Met

Fig.3 The serum concentration of osteocalcin (a) and TRAP-5b (b)
in the control, MP, MP+ Aln and MP +Met groups at killing. Data
were expressed as mean +standard deviation (SD). n=7; ¥P<0.05
vs. the control group; “P <0.05 vs. the MP group

Areal BMD

Figure 4 presents the BMD values of the total left femur
and L5 vertebral body in the four groups. The BMD values
of the femur were significantly lower in the MP group than
in the control group (0.280+0.012 vs. 0.311 +0.016 g/cm?,
P <0.01). Compared with the MP group, the BMD values
of the femur significantly increased in the MP + Aln and
MP + Met groups (0.305+0.011 vs. 0.280+0.012 g/cm?,
P <0.05;0.304+0.019 vs. 0.280 +0.012 g/cm?, P <0.05).

The BMD value of the L5 vertebral body was signifi-
cantly lower in the MP group than in the control group
(0.358 £0.022 vs. 0.407 +0.033 g/cm?, P <0.05). Com-
pared with the MP group, the BMD values of the L5 ver-
tebral body were significantly higher in the MP + Aln and
MP + Met groups (0.399 +0.029 vs. 0.358 +0.022 g/cm?,
P <0.05;0.397 +0.022 vs. 0.358 +0.022 g/cm?, P <0.05).

Bone histomorphometric analysis

Static and dynamic bone histomorphometric param-
eters were measured in the PTM at the end of the 9th
week (Table 1 and Fig. 5). MP administration signifi-
cantly decreased the values of BV/TV, Tb.Th and Tb.N,
and significantly increased the value of Tb.Sp. For the
dynamic parameters, MP treatment significantly reduced
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Fig.4 Areal BMD values of the total left femur and L5 vertebral
body in the control, MP, MP + Aln and MP + Met groups. BMD, bone
mineral density. The region of interest is the total femur for femur
densitometry and the total vertebral body for L5 densitometry. Data
were expressed as mean+standard deviation (SD); n=7; #P<0.05
vs. the control group; #P <0.01 vs. the control group; *P <0.05 vs.
the MP group

bone formation parameter values, including %L.Pm,
MAR, BFR/BV, BFR/TV, and BFR/BS, and significantly
increased bone resorption parameter values, including
Oc.N/BS and Oc.Pm/BS (Table 1). Compared with the MP
group, the value of BV/TV in the MP + Aln group signifi-
cantly increased by 26.57% (39.21 £2.46 vs. 30.98 +£5.83,
P <0.05). Furthermore, the values of Tb.Th and Tb.N
exhibited an increasing tendency, while the value of Tb.Sp
exhibited a decreasing tendency in the MP + Aln group,
when compared with the MP group, but no statistical sig-
nificance was found. In addition, bone reabsorption param-
eter values (Oc.N/BS and Oc.Pm/BS) were significantly
lower in the MP + Aln group than in the MP group. There
was no significant difference in bone formation param-
eter values (%L.Pm, MAR, BFR/BV, BFR/TV and BFR/
BS) between the MP and MP + Aln groups. Compared
with the MP group, the value of BV/TV in the MP + Met
group significantly increased by 25.79% (38.97 +£5.56
vs. 30.98 +5.83, P <0.05). Furthermore, the values of
Tb.Th and Tb.N exhibited an increasing tendency, while
the value of Tb.Sp exhibited a decreasing tendency in the
MP + Met group, when compared with the MP group, but
no statistical significance was found. In addition, bone
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Table 1 Static and dynamic
bone histomorphometric
results in the proximal tibial
metaphysis at the end of the
ninth week

Parameters Ctr MP MP + Aln MP + Met

Static
BV/TV (%) 44.08 +7.45 30.98 +5.83" 39.21+2.46" 38.97+5.56"
Tb.Th (pm) 96.75+11.27  75.50+9.99% 85.56+9.59 87.30+3.09
Tb.N (n/mm) 4.73+0.62 4.09+0.55" 4.62+0.43 4.54+0.48
Tb.Sp (pm) 1173543475  172.87+4327% 1325241277  134.73+22.60

Dynamic
Bone formation
%L.Pm (%) 12.62+3.07 5.37+2.03% 3.82+1.55" 9.39+3.23"%
MAR (um/day) 1.03+0.13 0.47+0.16" 0.47 £0.14% 0.98+0.27"%
BER/BV (%lyear) 104.61+4329  2733+1524" 174941572  82.74+40.66"%
BER/TV (%lyear) 44.75+12.91 8.83+6.16" 6.99+565" 3224415385
BFR/BS (pm/day x 100) 10.61+4.00 2.80+1.97% 227+1.73% 9.77 £4.70™%
Bone resorption
Oc.N/BS (n/mm) 0.19+0.1 0.48+0.16" 0.25+0.09" 0.16+0.04™
Oc.Pn/BS (%) 0.66+0.36 1.73+0.65 0.79+0.24" 0.52+0.17"

Data were expressed as mean =+ standard deviation (SD) for n="7 in each group

Ctr normal control group, MP model group, Aln alendronate group, Met metformin group, static param-
eters: BV/TV bone volume/tissue volume, Th.N trabecular number, 7h.Th trabecular thickness, Th.Sp tra-
becular separation, dynamic parameters: %L.Pm percent labeled perimeter, MAR mineralization apposition
rate, BFR/BS bone formation rate (bone surface referent), BFR/BV bone formation rate (bone area refer-
ent), BFR/TV bone formation rate (tissue area referent), Oc.N/BS osteoclast number/bone surface, Oc.Pm/

BS osteoclast perimeter/bone surface

#P<0.05 vs. the control group and #P<0.01 vs. the control group; *P<0.05 vs. the MP group and
#%P <0.01 vs. the MP group; 3P <0.05 vs. the MP + Aln group and %P <0.01 vs. the MP + Aln group

Fig.5 The bone structure and mineralized bone formation in the
proximal tibial metaphysis (PTM) in the control, MP, MP + Aln and
MP +Met groups. The upper panel shows the representative micro-
graphs of PTM with Goldner’s Trichrome stain in the control, MP,
MP + Aln and MP + Met groups. The green stripes represent the bone
trabeculae (indicated by blank arrows). Compared with the control
group, the trabeculae in the PTM become sparse in the MP group.
Compared with the MP group, the trabeculae in the PTM become
dense in the MP+ Aln group and MP+ Met group. The lower panel
shows the representative fluorescence images of undecalcified sec-
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MP+AIn MP+Met

tions. The fluorescence shows the mineralized bone formation in the
PTM trabeculae (the representative fluorescence is indicated by white
arrows), which was labeled by the subcutaneous injection of calcein.
Compared with the control group, the dim fluorescence indicates the
depressed mineralized bone formation in the PTM trabeculae in the
MP group and MP+ Aln group. Compared with the MP group, the
bright fluorescence indicates the active mineralized bone formation in
the PTM trabeculae in the MP+Met group. Original magnification
X 20
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formation parameter values (%L.Pm, MAR, BFR/BYV,
BFR/TV, and BFR/BS) were significantly higher in the
MP + Met group, when compared with the MP group. Fur-
thermore, bone reabsorption parameter values (Oc.N/BS
and Oc.Pm/BS) were significantly lower in the MP + Met
group, when compared with the MP group. In addition, it
was found that bone formation parameters (%L.Pm, MAR,
BFR/BV, BFR/TV, and BFR/BS) in the MP + Met group

were significantly higher, when compared to the MP + Aln
group (Table 1).

Static and dynamic bone histomorphometric parameters
were also measured in the tibial diaphysis at the end of the
9th week (Table 2 and Fig. 6). For the static parameters,
there were no statistic differences among the four groups.
Compared with the control group, periosteal bone forma-
tion parameter values (%P-L.Pm, P-MAR, and P-BFR/BS)
and endocortical bone formation parameter values (%E-L.

Table 2 Static and dynamic

. . Group Ctr MP MP + Aln MP + Met
bone histomorphometric results
in the tibial diaphysis at the end Static
of the ninth week T.Ar (mm?) 5474030 5.2740.59 5.48+0.36 5.74+0.67
Ct.Ar (mm?) 4.59+0.19 4.49+0.40 4.59+0.25 4.88+0.62
Ma.Ar (mm?) 0.87+0.17 0.85+0.22 0.91+0.12 0.86+0.11
%Ct.Ar (%) 84.18+2.64 84.16+2.26 83.46+2.08 84.97 +1.68
%Ma.Ar (%) 15.81+2.64 15.69+2.26 16.54+2.08 15.03+1.68
Ct.Wi (um) 772.24+3557  757.09+25.15  755.50+26.38  792.94+61.49
Dynamic
Periosteal
%P-L.Pm (%) 20.85+7.71 3.34+0.95% 8.02+7.26"  20.39+5.59"%%
P-MAR (um/day) 0.64+0.14 0.37+£0.13% 0.51+0.12 0.64+£0.09"
P-BFR/BS (um/day x 100) 13.67+6.61 1.07+0.37% 1.62+1.22%  13.46+6.34™"5
Endocortical
%E-L.Pm (%) 8.21+3.58 3.59+1.08" 3.86+1.52% 8.06+4.39"%
E-MAR (um/day) 0.47+0.12 0.39+0.16 0.38+0.14 0.39+0.11
E-BFR/BS (pm/day x 100) 3.92+2.14 1.21+0.39% 1.84+1.28 3.46+2.58

Data were expressed as mean =+ standard deviation (SD) for n="7 in each group

Ctr normal control group, MP model group, Aln alendronate group, Met metformin group, static param-
eters: TAr total tissue area, Cr.Ar cortical area, Ma.Ar marrow area, %Ct.Ar percent cortical area, %Ma.
Ar percent marrow area, Ct.Wi cortical width, dynamic parameters: %P-L.Pm percent periosteal labeled
perimeter, P-MAR periosteal mineralization apposition rate, P-BFR/BS periosteal bone formation rate/bone
surface referent, %E-L.Pm percent endocortical-labeled perimeter, E-MAR endocortical mineralization
apposition rate, E-BFR/BS endocortical bone formation rate/bone surface referent

#P<0.05 vs. the control group and #P<0.01 vs. the control group; *P<0.05 vs. the MP group and
#%P < (.01 vs. the MP group; *P <0.05 vs. the MP + Aln group and **P <0.01 vs. the MP + Aln group

Fig.6 Mineralized bone formation in the tibial shaft (TS) in the con-
trol, MP, MP+ Aln, and MP+Met groups. Representative fluores-
cence micrographs of undecalcified sections from the TS in the con-
trol (a), MP (b), MP+ Aln (c) and MP+Met (d) groups are shown.
The fluorescence (indicated by white arrows) shows the mineralized
bone formation in the cortical bone of the tibial shaft, which was
labeled by the subcutaneous injection of calcein. Compared with the

control group, the dim fluorescence indicates the depressed mineral-
ized bone formation in the TS endocortical and pericortical bone in
the MP group and MP+ Aln group. Compared with the MP group,
the bright fluorescence indicates the active mineralized bone forma-
tion in the TS pericortical bone in the MP +Met group. Original mag-
nification X 20
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Pm and E-BFR/BS) were significantly lower in the MP
group. Furthermore, there was no significant difference in
dynamic parameters between the MP + Aln and MP groups.
Compared with the MP group, periosteal bone formation
parameter values (%P-L.Pm, P-MAR, and P-BFR/BS)
were significantly higher in the MP +Met group (P <0.01).
Furthermore, the value of the endocortical bone forma-
tion parameter %E-L.Pm was significantly higher in the
MP + Met group than in the MP group (P <0.05). In addi-
tion, periosteal dynamic parameters %P-L.Pm and P-BFR/
BS, and the endocortical dynamic parameter %E-L.Pm
were significantly higher in the MP + Met group than in the
MP + Aln group (Table 2).

Discussion

To our knowledge, the present study was the first to inves-
tigate the preventative effects of metformin on GC-induced
osteoporosis in a rat model, and compared these with alen-
dronate. It was found that metformin prevented GC-induced
bone loss by suppressing bone resorption and stimulating
bone formation in the trabecular bone. In contrast, alen-
dronate reduced GC-induced bone loss merely by suppress-
ing bone resorption. The present study suggests that met-
formin may be used to prevent GC-induced osteoporosis.

GCs mainly induce osteoporosis by suppressing osteo-
blast activity and inhibiting osteoclast apoptosis, thereby
resulting in a decrease in bone formation and an increase
in bone resorption [24]. In the present study, a rat model of
GC-induced osteoporosis was established by subcutaneously
injecting MP. The success of the model was demonstrated
by a reduction in trabecular bone volume and BMDs in the
femur and L5 vertebra. In addition, as previously reported
[20, 25], the biomarkers of bone metabolism and bone histo-
morphometric dynamic parameters revealed that MP inhib-
ited bone formation and promoted bone resorption. This
further suggests that the animal model mimics the clinical
condition of GC-induced osteoporosis.

Bisphosphonates are the most commonly used agents for
preventing and treating GC-induced osteoporosis [26-28].
Bisphosphonates reduces osteoporosis mainly by inhibit-
ing osteoclasts, thereby leading to the reduction in bone
resorption and turnover, and an increase in bone mass [29].
Similarly, it was found that alendronate produced bone pro-
tective effects by increasing BMD in the femur and L5, and
increasing trabecular bone volume. In addition, the present
data also suggest that alendronate inhibited osteoclasts, as
evidenced by the decrease in serum concentration of bone
resorption biomarker TRAP-5b and dynamic bone resorp-
tion parameters, such as Oc.N/BS and Oc.Pm/BS. However,
long-term bisphosphonate usage during GC administration
can lead to very low bone remodeling and bone formation

@ Springer

activity [30]. This might lead to low-quality bones, as mani-
fested by fragile bones, bones with critically deteriorated
micro-architecture, or low bone strength, and bones with
more susceptibility to fractures, such as atypical fractures in
the femur [3]. Some case reports support the idea that GC
users developed atypical fractures after the use of bisphos-
phonates [2, 4, 5]. Large long-term clinical trials should be
performed to investigate the effect of bisphosphonates on
bone metabolism in GC-induced osteoporosis.

Alendronate is one of the most widely used bisphospho-
nates [31, 32], and is commonly used as a positive control
drug in studies of anti-osteoporosis drugs. Clinically, alen-
dronate is commonly given orally [31, 32]. Therefore, in the
present study, the oral administration of alendronate was
used, which mimics the clinical condition, although this
administration route may reduce the effect of alendronate
on the bone.

Metformin is an insulin-sensitizing biguanide that has
been widely used for the treatment of type-2 diabetes,
with some advantages, including limited side effects and
additional beneficial effects, such as weight control [6]
and reduced macrovascular complications [33]. In a Dan-
ish population-based study, Vestergaard et al. reported that
metformin administration significantly decreased the risk
of fractures in patients with type-1 and type-2 diabetes
[11]. Furthermore, several studies have demonstrated that
metformin produces a protective effect on the bone [8—10].
Metformin promotes the differentiation of bone marrow stro-
mal cells into osteoblasts by increasing osteoblast-specific
transcription factor Runx2, decreasing PPAR-y expression
[34], and activating adenosine 5'-monophosphate-activated
protein kinase (AMPK) [15, 35]. In addition, metformin
increases the bone-forming activity of osteoblasts through
the transactivation of Runx2 via the AMPK/USF-1/SHP reg-
ulatory cascade [36], and by inhibiting the deleterious effects
of advanced glycation end-products on osteoblasts [37]. In
addition, metformin inhibits the bone-resorbing activity of
osteoclasts in vitro by increasing osteoprotegerin (OPG)
and reducing the receptor activator for nuclear factor-x b
ligand (RANKL) mRNA and protein expression [12]. The
beneficial effects of metformin on bone metabolism have
been further supported by animal studies. For example, met-
formin has been reported to prevent the deleterious effects
of rosiglitazone on bone metabolism in rodents [35, 38]. It
has also been reported that metformin prevents ovariectomy-
induced bone loss in ovariectomized rats [12, 13]. In the
present study, it was revealed that metformin reduced GC-
induced bone loss in the femur and LS5 vertebrae.

In the present study, it was found that metformin pre-
vented GC-induced bone loss in the trabecular bone, but
had little effects on the cortical bone (Tables 1 and 2).
Furthermore, the histomorphometric results revealed that
metformin prevented GC-induced bone loss by promoting
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bone formation and suppressing bone resorption. More-
over, metformin increased the serum concentration of
TRAP-5b and osteocalcin, further suggesting that met-
formin produces a promoting effect on osteoblasts and
inhibiting effect on osteoclasts. The beneficial effects of
metformin on trabecular bone volume in the GC-induced
osteoporosis rat model were similar to that in the ovariect-
omized rat model [12, 13]. However, it was found that met-
formin did not produce significant effects on GC-induced
bone loss in the cortical bone. Since the remodeling time
in the cortical bone is longer than in the trabecular bone
[39], the minimal effect of metformin on the cortical bone
is likely due to the short action duration of metformin
(9 weeks) in the present study. Although it was found that
metformin did not produce any significant effect on corti-
cal bone volume and endosteal bone formation activity,
metformin enhanced the bone formation activity in the
periosteum, as evidenced by the increased periosteal bone
formation parameters. Further studies should be performed
to investigate the long-term effect of metformin on cortical
bone volume in the rat model of GC-induced osteoporosis.

In the present study, serum glucose level was used at
the beginning of the study, at the 5th week, and at killing
to evaluate the effects of MP and metformin on rat glucose
metabolism. However, the serum glucose level at these
three time points may not fully reflect the glucose metabo-
lism profile. The daily determination of urinary glucose
concentration may be more adequate to evaluate the glu-
cose metabolism in rats with GC-induced osteoporosis.

In conclusion, the present study demonstrated that met-
formin prevented GC-induced bone loss by suppressing
bone resorption and stimulating bone formation in the
trabecular bone. The action of metformin was different
from alendronate, which acted only by suppressing bone
resorption. Metformin may be used as a potential drug for
the treatment of GC-induced osteoporosis.
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