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Abstract: Diabetic Osteoporosis (DOP) is a common metabolic bone disease, characterized by
decreased bone mineral density (BMD) and destruction of bone microstructure. It has been
reported that icariin is beneficial for estrogen deficiency-induced osteoporosis, and alcohol-induced
osteoporosis; whether icariin has protective effects on diabetes-induced osteoporosis has not been
reported. In this study, a rat model of diabetic osteoporosis was established by streptozotocin
injection, the bone protective effects and potential mechanism of icariin on diabetes-induced bone
loss was observed. Thirty 8-week-old female Sprague Dawley rats were divided into control group
(vehicle treatment), TIDM (diabetic) group and T1DM-icariin (ICA) group (diabetic rats treated with
icariin), 10 rats in each group. The bone histomorphometry parameters, bone mineral density (BMD),
serum bone turnover markers, and bone marrow adipogenesis were analyzed after 8 weeks of icariin
administration. The results showed consumption of icariin at a doses of 100 mg kg~! decreased
blood glucose, and increased the BMD of diabetic rats. Icariin effectively decreased serum bone
turnover marker levels, including CTX-1, ALP, TRACP 5b, osteocalcin, and PINP. Meanwhile, the
bone histomorphometry parameters, the number of osteoclasts per bone perimeter were turned to
be normal level, and the icariin treatment suppressed bone marrow adipogenesis. The runt-related
transcription factor 2 (RUNX 2), as well as the osteoprotegerin (OPG)/receptor activator of nuclear
factor-k B ligand (RANKL) ratio in serum and bone tissues were increased significantly after icariin
treatment in diabetic rats. All of the above indicate that oral administration of icariin can prevent
diabetic osteoporosis; the effect is mainly related to its ability to reduce blood glucose, inhibit bone
turnover and bone marrow adipogenesis, as well as up-regulate bone RUNX 2, and OPG expression.
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1. Introduction

With the improvement of people’s living standards and changes in eating habit, the number
of diabetic patients has been increasing. According to international diabetes federation (IDF), there
are about 425 million diabetic patients (18-99 years old) worldwide at present, and the number will
increase to 629 million by 2045 [1]. Diabetic osteoporosis (DOP) is a systemic metabolic bone disease
affected by genetic and environmental factors, characterized by bone destruction and decreased bone
density [2,3], it belongs to secondary osteoporosis (OP). There are many studies showing that the
incidence of DOP is as high as 60% in diabetic patients [4,5]. DOP not only causes bone pain and
fractures, but also seriously affects the life quality of patients, and brings a heavy economic burden to
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patients’ families and society. Therefore, the research and treatment of DOP have been paid more and
more attention by researchers.

There are many differences between diabetic osteoporosis (DOP) and postmenopausal osteoporosis
(PMOP). DOP is mainly related to the metabolic disorder caused by diabetes. Hyperglycemia can inhibit
osteoblasts proliferation and promote osteoclasts differentiation, and decreased osteocalcin (OPG)
expression, promote calcium loss, and decreased bone mineral density (BMD) [4]. Postmenopausal
osteoporosis is mainly associated with increased bone resorption caused by decreased estrogen levels.
The treatment of DOP should first control blood glucose; once diabetes is controlled, the indicators
of diabetic osteoporosis can be improved, so it has a relatively short treatment course, whereas
postmenopausal osteoporosis requires long-term treatment [6].

Although insulin has hypoglycemic effect, it can inhibit bone turnover; hormone therapy has side
effects such as breast cancer, hypoglycemia, headache and flu-like symptoms [7-9]. The use of bone
resorption inhibitors and bone formation promoters, such as bisphosphonates or raloxifene to treat
DOP are costly and having adverse effects such as constipation and gastrointestinal irritation [10].
Thus, it is necessary to find a safe and effective natural product to prevent DOP.

Icariin (ICA) is the main active ingredient of Chinese herbal medicine Epimedium (Epimedium
brevicornum Maxim) and is a flavonoid extracted from Epimedium which has a long history of treating
fractures in China, the chemical structure of icariin was indicated in Figure 1. Studies have reported
that icariin can increase bone mineral density in ovariectomized rats [11-13], it also can restore bone
structure and strength in a rat model of alcohol-induced osteopenia [14], as well as disuse osteoporosis
inarodent model [15]. However, whether icariin has protective effects on diabetes-induced osteoporosis
has not been reported. It was reported that icariin also has other bioactivities such as improving
dysfunction in spinal cord injury, neuroprotective effects, and anti-hepatotoxic activity [16]. Recently,
it was reported that icariin has anti-diabetic effects, can inhibit adipocyte differentiation and improve
insulin, blood glucose and lipid metabolism in diabetic mice, and improve diabetic complications
such as retinopathy, and cognitive deficits [17-19]. We guess it maybe has a bone-protective effect
on diabetes-induced osteoporosis. So in this study, we established a streptozotocin-induced diabetic
osteoporosis rat model and administered icariin to investigate the protective effects of icariin on DOP
and its possible mechanism. This study will provide new data for the adjuvant treatment of DOP, and
provide some preliminary evidence for using icariin in DOP treatment.
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Figure 1. Chemical structure of icariin.

2. Results

2.1. Icariin (ICA) Increased Bone Mineral Density of Diabetic Rats

Bone mineral density analysis results showed that the lumbar (L1-L4) and femoral bone mineral
density (BMD) were decreased in diabetic rats (p < 0.05), which were recovered by ICA treatment
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(T1IDM-ICA), there was significant difference in BMD between TIDM-ICA group and the T1DM group
(p < 0.01) (Figure 2). These results suggest that ICA can increase BMD in diabetic rats.
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Figure 2. The lumbar vertebrae and femur bone mineral density (BMD) of rats in each group. Values
are presented as means + SD. Different letters were used to indicate statistically significance difference
(p < 0.05).

2.2. ICA Decreased Blood Glucose and Serum Bone Turnover Markers

As Table 1 indicates, the blood glucose levels and serum bone turnover markers (ALP, CTX-1,
osteocalcin, TRACP 5b, PIPN) in the TIDM group were higher than those in the control group (p < 0.01).
After 8 weeks ICA administration, the serum blood glucose levels as well was the serum bone turnover
markers were significantly decreased in TIDM-ICA group compared with the TIDM group (p < 0.01).

Table 1. Blood glucose, and serum bone turnover markers in each experimental group.

Parameter Control T1DM T1DM-ICA
Glucose (mg/dL) 88.56 + 7412  417.34 +29.64 P 98.45+9.042
ALP (U/dL) 104.31 £10.912 20056 +18.59P  118.78 + 11.782
CTX-1 (ng/mL) 2431 +4.072 10796 + 13.67 P 30.56 +4.16 2
Osteocalcin (ng/mL)  17.39 £291°2 4316 + 6.55P 25.76 + 4.18 ¢
TRACP 5b (U/L) 1.79 +0.332 390 +0.72b 221+0432
PINP (ug/L) 4478 +6.012 70.84 + 7.89 P 4690 = 6.012

Values are presented by mean + SD. Different letters within rows are used to indicate statistically significant
difference (p < 0.01).

2.3. ICA Increased Serum Ca, P, OPG, and RUNX 2 and Decreased Serum RANKL

As shown in Table 2, serum RANKL in the TIDM group was higher than that in the control group
(p < 0.01), which was decreased by ICA administration, and there was significant difference of serum
RANKL level between TIDM-ICA and T1DM group (p < 0.01). There were decreased levels of serum
calcium (Ca), phosphorus (P), OPG, RUNX 2, and OPG/RANKL ratio in the TIDM group compared
with the control group (p < 0.01). After 8 weeks of ICA treatment, the levels of serum Ca, OPG, RANKL,
and RUNX 2 were increased significantly, and there were significant differences of serum levels of Ca,
RUNX2, OPG, and RANKL between TIDM-ICA and T1DM groups (p < 0.01).



Molecules 2019, 24, 1871 40f14

Table 2. Serum calcium (Ca), phosphorus (P), osteoprotegerin (OPG), receptor activator of nuclear
factor-k B ligand (RANKL), and runt-related transcription factor 2 (RUNX 2) in each experimental group.

Parameter Control TiDM T1IDM-ICA
Ca (mg/dL) 949+0822 474+063P 945+0702
P (mg/dL) 7.69+0452 389 +0.65° 589 +056¢

RUNX2 (ng/mL) 1096 +2.183 3.18+054" 9.64+1.962
OPG (ng/mL) 879+2542 217+061P 842+1352
RANKL (ng/mL)  233+046% 749+121> 24940382
OPG/RANKL ratio  4.21+0512 054 +0.10°> 378 +046%

Values are presented by mean + SD. Different letters within rows are used to indicate statistically significant
difference (p < 0.05).

2.4. Effects of ICA on Bone Morphology and Bone Histomorphometry Parameters

Histopathological observation showed that diabetes caused morphological changes in femoral
trabecular and tibial cortical thickness. As shown in Figure 3(A1-C1), the femoral trabecular spacing of
the T1IDM group was increased and the femoral trabeculae was broken (Figure 3(B1)); the femoral bone
structure in the TIDM-ICA group became normal (Figure 3(C1)). The tibia cortical thickness (Ct.T) was
decreased in the T1IDM group (Figure 3(B2)), and it was restored in ICA treated group (Figure 3(C2)).

As Figure 4 indicates, after 8 weeks of ICA administration the bone histomorphometric parameters
became normal in T1DM rats. The bone volume per tissue volume (BV/TV, Figure 4A), trabecular
thickness (Tb.Th, Figure 4B), and cortical thickness (Ct.T, Figure 4D) were increased in TIDM-ICA
group compared with TIDM group (p < 0.01); the trabecular separation (Tb.Sp, Figure 4C) was
decreased in TIDM-ICA group compared with T1IDM group (p < 0.01). These results suggest that ICA
can repair diabetes-induced bone structure disorder in rats.
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Figure 3. The femoral and tibia morphology of rats in each group. (A1) The femur metaphysis in

a rat of control group; (B1) the femur metaphysis in a rat of TIDM (diabetic) group; (C1) the femur

metaphysis in a rat of the TIDM-icariin (ICA) group; (A2) the tibia in a rat of control group; (B2) the

tibia in a rat of TIDM group; (C2) the tibia in a rat of the TIDM-ICA group. Hematoxylin and eosin
staining, magnification: 200x Tb: Trabecular bone. Ct: Cortical bone.
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Figure 4. Bone histomorphometric parameters in all experimental groups. (A) Bone volume per
tissue volume (BV/TV, %); (B) trabecular thickness (Tb.Th, um); (C) trabecular separation (Tb.Sp, um);
(D) cortical thickness (Ct.T, um). Values are presented as means + SD. Different letters indicate

statistically significant difference (p < 0.05).

As shown in Figure 5, osteoclast was a large multinucleated cell with purplish red color after
TRAP staining. Compared with the control group, the number of osteoclasts per bone perimeter
(N.Oc/B.Pm) was increased in diabetic rats (T1DM group) (p < 0.05), and was significantly decreased
after 8 weeks ICA treatment; there was a significant difference in N.Oc/B.Pm between T1DM and
T1DM-ICA groups (p < 0.05) (Figure 5D).

Figure 5. The number of osteoclasts per bone perimeter (N.Oc/B.Pm) in each group. (A) Osteoclasts
in femur bone tissue of control group rat; (B) osteoclast in femur bone tissue of TIDM group rat;
(C) osteoclast in femur bone tissue of TIDM-ICA group rat; (D) the number of osteoclasts per bone
perimeter (N.Oc¢/B.Pm); Values are presented as means + SD. Different letters indicate statistically
significant difference (p < 0.05). Femur bone tissue slides were stained by tartrate resistant acid
phosphatase (TRAP), the black arrow points to osteoclasts.
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2.5. ICA Decreased Bone Marrow Adipocyte Density and Adipocyte Diameter

As shown in Figure 6, the number of adipocytes in the bone marrow of T1DM rats (Figure 6B) was
higher than that of the control group (Figure 6A), while it was significantly decreased in the TIDM-ICA
group (Figure 6C). As Figure 6D,E indicated, the mean adipocyte diameter (um) and bone marrow
adipocyte density of the TIDM group were increased significantly compared with the control (p < 0.01);
after 8 weeks of ICA administration the bone marrow adipocyte density and adipocyte diameter were
decreased significantly in TIDM-ICA group compared with TIDM group (p < 0.01).
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Figure 6. Bone marrow adipocyte and their density and diameter in all experimental groups. (A) The
tiba bone marrow of control rat; (B) the tiba bone marrow of TIDM rat; (C) the tiba bone marrow of
T1DM-ICA rat; hematoxylin and eosin staining, magnification: 400x; (D) adipocyte density of tibia
bone marrow in each group; (E) mean adipocyte diameter of tibia bone marrow in each group. Values
are presented as means + SD. Different letters indicate statistically significant difference (p < 0.05).
Red arrows point to adipocytes.

2.6. ICA Increased RUNX 2, OPG mRNA Expression, and OPG/RANKL mRNA Ratio in Bone Tissues of
Diabetic Rats

As shown in Figure 7, compared with the control group, the RUNX 2 and OPG mRNA were
decreased, RANKL mRNA was increased, and the ratio of OPG/RANKL mRNA was decreased in
the T1DM group (p < 0.01); after 8 weeks of ICA administration the RUNX 2 and OPG mRNA were
increased, RANKL mRNA was decreased, and the ratio of OPG/RANKL mRNA was increased in
T1IDM-ICA group compared with TIDM group (p < 0.01).
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Figure 7. The expression of OPG, RANKL and RUNX 2 mRNA, and OPG/RANKL mRNA ratio in
bone tissues of all experimental groups. Values are presented as means + SD. Different letters (a, b, c)
indicate statistically significant difference (p < 0.05).

2.7. ICA Increased RUNX 2, OPG and Decreased RANKL Protein Expression in Bone Tissues of Diabetic Rats

As shown in Figure 8, compared with the control group, OPG and RUNX2 expression were
decreased and RANKL expression was increased in TIDM group. 8 weeks of ICA administration
effectively increased bone OPG and RUNX 2 expression in T1DM rats, and decreased bone RANKL
expression. As shown in Figure 9, there were significant differences of the positive staining area of
OPG, RUNX 2, and RANKL between T1IDM-ICA and T1DM group (p < 0.05), indicating that ICA
supplementation could effectively reduce RANKL and increase the levels of OPG and RUNX 2 in the
bone tissue of diabetic rats.
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Figure 8. OPG, RANKL, and RUNX 2 protein expression in the femoral bone tissues of each group.
The immunohistochemical staining, the cells with positive expression of OPG, RANKL, and RUNX 2
are shown in brown. Magnification: 400x.
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Figure 9. Percentage (%) of the positive staining area of OPG, RANKL, and RUNX 2 in the femoral
bone tissues of each group. Values are presented as means + SD. Different letters (a and b) indicate
statistically significant difference (p < 0.05).

3. Discussion

Microstructural changes in diabetic bone disease are characterized by reduced bone mineral
density, resulting in bone fragility and increased risk of fracture [20]. Many studies have shown
that diabetes affect bone turnover and bone integrity [21-23], and the bone loss of diabetes patients
is increased and the bone turnover is accelerated [24]. High blood glucose levels affect osteoblast
differentiation, impair bone formation, inhibit bone mineralization [25], and induce osteoblast apoptosis,
which is considered to be an important reason in diabetic osteopenia [26,27]. Icariin was reported to
have bone-protective effects on ovariectomized rats [28,29]. However, whether icariin has protective
effects on diabetes-induced osteoporosis has not been reported. In this study, our results indicated that
8-weeks icariin treatment can improve bone loss in diabetic rats.

In this study, TIDM rats showed decreased BMD, increased blood glucose, increased bone
turnover markers, increased number of osteoclasts, increased bone marrow adipocyte density, as well
as the destruction of bone structure, indicating the DOP rat model was successfully constructed. These
indicators were significantly improved after 8§ weeks of treatment with ICA, suggesting that ICA has a
protective effect on bone loss induced by diabetes in rats.

Hyperglycemia can cause osmotic diuresis; during this study we found that the urinary volume
of diabetic rats was increased; the increased urinary volume can cause the excretion of calcium and
phosphorus and decrease the calcium concentration in the blood; thus, activated osteoclast promoted
the mobilization of bone calcium and phosphorus, enhanced bone resorption, and decreased bone
mass [30]. At the same time, sustained hyperglycemia can inhibit the proliferation of osteoblasts and
promote osteoclast differentiation, and it is currently believed that high concentration of glucose in
the bone marrow microenvironment can cause increased osteoclast differentiation, which may be a
pathogenesis of diabetic osteoporosis [31]. In this study, after 8 weeks ICA administration, the blood
glucose was significantly decreased in TIDM-ICA group compared with the TIDM group (p < 0.01);
the hypoglycemic effect of ICA is one of the important reasons for its anti-diabetic-induced osteoporosis.

Bone turnover biomarkers (BTMs) play important roles in the diagnosis and treatment of
osteoporosis; they are an important basis for assessing the therapeutic effects of osteoporosis, which
reflects bone formation and absorption [32]. BTM includes bone resorption and formation markers [33].
Osteoblasts synthesize osteogenic markers, such as osteocalcin, ALP, and PINP, which reflect the
osteogenic function of the body [34]. CTX-1 and TRACP 5b are markers of bone resorption [35-37],
the higher the levels of TRACP 5b and CTX-1, the lower the bone mineral density [38—40]. In this study,
both the markers of bone formation and bone resorption were increased in diabetic rats, indicating that
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the bone turnover was increased. The main reason for the increase of serum bone formation markers in
diabetic rats may be that the osteoblasts try to compensate for the bone loss caused by type 1 diabetes.
These BTM were normalized in the TIDM-ICA group, suggesting that oral administration of ICA can
increase bone mass by inhibiting bone turnover.

In addition to bone mineral density, bone loss can also be demonstrated by bone structure
parameters such as decreased bone volume, increased trabecular bone separation, etc. [41]. This study
found that the bone structure of diabetic rats was destroyed and bone mineral density was reduced.
8 weeks of ICA treatment can increase bone mineral density, trabecular thickness, and bone volume,
decrease the number of osteoclasts and bone marrow adipocyte density, and improve bone structure in
diabetic rats, suggesting that ICA has protective effects on bone loss in diabetic rats. It was reported that,
in patients with osteoporosis, decreased bone mineral density is associated with increased bone marrow
adipocytes; the number of bone marrow adipocytes is an important indicator of osteoporosis [42,43].
In this experiment, we found that the number of bone marrow adipocytes and the average diameter of
adipocytes (um) were increased in diabetic rats, which were restored in ICA treated group. Osteoblasts
and adipocytes share a common precursor cell in bone marrow [44], the decreased bone mineral density
in diabetic rats can be explained by the tendency of precursor cells to differentiate into adipocytes
rather than osteoblasts. ICA treatment can effectively reduce bone marrow lipogenesis in diabetic rats,
which is one of the important mechanisms to prevent bone loss caused by diabetes.

RUNX2 is a transcription factor that controls osteoblast differentiation by regulating the gene
expression of the extracellular matrix protein [45], and it is one of the genes for the pathogenesis of
osteoporosis. In this study, decreased expression of RUNX 2 in serum and bone tissue of diabetic rats
suggested that the osteogenic function was affected. However, the restored RUNX2 expression after
8 weeks ICA treatment suggested that ICA could promote osteogenesis by upregulation of RUNX2.
OPG/RANKL/RANK signals are related to the occurrence and development of bone metabolic disorders
such as osteoporosis. OPG and RANKL are key factors mediating osteoclast differentiation. RANKL
can inhibit osteoclast apoptosis and promote osteoclast differentiation [46]. OPG is a soluble receptor
secreted by osteoblasts that inhibits the formation of osteoclasts [47,48]. Therefore, the OPG/RANKL
concentration ratio is very important for maintaining bone mass and BMD; if this balance is broken, it
will lead to the occurrence of metabolic bone diseases, such as osteoporosis, and the reduction of the
OPG/RANKL ratio is a manifestation of increased osteolysis [49,50]. In this study, ICA administration
for 8 weeks increased the OPG expression and OPG/RANKL expression ratio in diabetic rats, and
decreased the level of RANKL in serum and bone tissue. This suggests that ICA can prevent diabetic
osteoporosis by up-regulating the expression of RUNX 2 and the OPG/RANKL ratio.

4. Materials and Methods

4.1. Animals

8-week-old SD rats (female) weighing 212 + 14 g were purchased from Chengdu Dashuo
Experimental Animal Company (Chengdu, China). The care and operation of the experimental animals
were in accordance with the approved plan of the Animal Ethics Committee of Shaanxi University
of Technology (Project identification code 2018-054). During the experiment, rats were housed in a
room with constant temperature (24 °C) and humidity (50 + 18%) in individual cages, and the rats
were given free access to standard ingredient chow (solid) and distilled water.

4.2. Establishment of Rat Model of Diabetes and ICA Administration

After 7 days of adaptive feeding, rats in the model group were intraperitoneally injected with
streptozotocin (STZ) (Sigma-Aldrich, St Louis, MO, USA) (60 mg/kg body weight in 100 mL of sterile
citrate buffer, pH 4.5) to induce diabetes mellitus, the dosage of STZ was based on our previous
study [51]. Rats in the control group were injected with citrate vehicle alone. After 72 h of STZ injection,
blood glucose was detected by using an ACCU-CHEK advantage glucometer (Roche Diagnostics,
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Indianapolis, IN, USA) to confirm the diabetic state. Animals with venous blood glucose levels of over
16.7 mmol/L were considered diabetic and selected for further studies. Then the animals were assigned
to three groups (10 rats in each group), they are: (1) Control group (CON); (2) diabetic group (T1DM);
and (3) TIDM-ICA group (diabetic rats received 100 mg/kg/d of ICA by intragastric administration
for 8 weeks). In TIDM and control groups, rats were given intragastric deionized water instead of
ICA. The body weight and blood glucose of each rat was measured at one week intervals during the
experimental period, the food intake and water consumption were recorded every day in each group.
ICA (purity > 98%) used in this study was purchased from Shanghai Yuanye Bio-Technology (Shanghai,
China). The dosage of ICA used in this research was based on the reference of Jing Zhang et al. [52],
the ICA was dissolved in deionized water, and the rats were given intragastric ICA every day during
the experiment.

4.3. Serum Bone Turnover Markers, Ca, P, OPG, RANKL, and RUNX 2 Detection

After 8 weeks of ICA treatment, all rats were fasted for 12 h, and were sacrificed after anaesthesia
with excessive isoflurane. Abdominal aorta blood was taken and centrifuged at 4 °C for 15 min
to extract serum. Serum calcium (Ca), and phosphorus (P) levels of rats were detected by atomic
absorption spectrometer. Serum bone turnover markers, including ALP, osteocalcin (OC), CTX-1, PINP,
and TRACP 5b, as well as serum OPG, RANKL, and RUNX 2 were measured according to the protocals
of an enzyme-linked immunosorbent assay (Beijing kits Sinogene Bio-Technology Company, Beijing,
China).

4.4. Bone Mineral Density Measurement

After blood collecting, the bone mineral density (BMD) of the left femur and lumbar vertebrae
(L1-L4) of rats was measured using a dual energy X-ray absorptiometry (DEXA) scanning system
(Lunar, WI, USA).

4.5. Bone Histomorphometric Analysis

Histomorphometric analysis was carried out by the methods previously reported in our
laboratory [53]. Right femur and tibia tissues were fixed in 4% paraformaldehyde (PFA) solution then
decalcified in 10% EDTA (pH 8.0) at 4 °C for 28 days [54]. Bone tissues were dehydrated in 75%, 85%,
90%, 95%, and 100% ethanol solutions, transparented with xylene, and then embedded in paraffin.
5 um sections were prepared for histological analyses, and the slides were histologically examined
with hematoxylin and eosin staining under Leica DM 3000 microscope (Leica Microsystems, Wetzlar,
Germany). Image Pro Plus 5.0 analytic software (Media Cybernetics, Baltimore, MD, USA) was used to
measure cortical or trabecular thickness (Ct.T, um; Tb.Th, um), trabecular separation (Tb.Sp, pm), and
bone volume per tissue volume (BV/TV, %). Acid Phosphatase Kit (Jiancheng Bio-Technology Company,
Beijing, China) was used to perform tartrate resistant acid phosphatase (TRAP) staining of femur slides,
and the number of osteoclasts was quantified using Image Pro Plus 5.0 analytic software [55].

4.6. Bone Marrow Adipocyte Parameters Analysis

Tibial sections stained with hematoxylin and eosin were observed in Leica DM 3000
(Leica Microsystems, Wetzlar, Germany). According to published methods [56], the mean adipocyte
diameter (um) and adipocyte count (mm?) in the tibial bone marrow were analyzed using Image Pro
Plus 5.0 analysis software.

4.7. Immunohistochemistry

The femur slides (5 pm thick) were incubated with 1% Triton X-100 solution at room temperature
for 30 min, then soaked in citric acid buffer solution for 12 min in the microwave oven. Sections were
washed three times with PBS-T and then blocked with 3% bovine serum albumin. Primary antibody of
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RUNX 2, OPG, and RANKL (Invitrogen, Carlsbad, CA, USA) were added to the femoral slides, and
incubated at 37 °C 1.5 h, then horseradish peroxidase (HRP) secondary antibodies (1:250) was added,
and incubated at 37 °C for 2 h, and the glass slide was washed with PBS-T three times. Then the DAB
solution was added to the slide and the nuclei were restained with hematoxylin. Images were observed
using a Leica DM 3000 microscope (Leica Microsystems, Wetzlar, Germany). Finally, the percentage of
RUNX2, OPG, and RANKL-positive regions was quantitatively analyzed using Image Pro Plus 5.0
analysis software.

4.8. Quantitative Real-Time PCR

RUNX 2, OPG, and RANKL gene expression were detected by real-time quantitative PCR. Total
RNA from bone tissue was extracted using RNA TRIzol reagent (Sigma-Aldrich, Steinheim am Albuch,
Germany). The cDNA was obtained with PrimeScript™ RT Master Mix (TaKaRa, Japan). Real-time
quantitative PCR analysis of the gene expression levels of RUNX 2, OPG, and RANKL using the primer
sequences listed in Table 3. The gene relative variation expression was analyzed by 2"22¢T method.

Table 3. gPCR primer sequences.

Primer Name Primer Sequence (5-3)
[-actin-F GAG ACC TTC AAC ACC CCA GCC
-actin-R GGC CAT CTCTTG CTC GAA GTC
RUNX 2-F CGA AAT GCC TCT GCT GTT AT
RUNX 2-R TTC TGT CTG TGC CTT CTT GG
OPG-F ATG TAC GCA CTC AAGCACTT
OPG-R AAA GAG TTT CTG ATA CAATCG GTAC
RANKL-F TTT CAA GGG GCC GTG CAA AG
RANKL-R AGC CAC GAA CCT TCC ATC ATA

4.9. Statistical Analysis

All results are presented as the mean + SD. The data between each group were analyzed using
SPSS version 18.0 one-way ANOVA and Duncan’s test. Differences were considered significant when
p <0.05.

5. Conclusions

The present study indicates that oral administration of ICA has protective effects on
diabetic-induced osteoporosis. This was demonstrated by increased BMD, decreased bone turnover
markers, decreased bone marrow adipogenesis, increased OPG/RANKL ratio, increased RUNX 2
expression, improved bone architecture, etc. This study demonstrates that the protective mechanism
of ICA on diabetes-induced bone loss was that ICA can reduce blood glucose, inhibit bone turnover,
suppress bone marrow lipogenesis, and up-regulate OPG/RANKL ratio and RUNX 2 expression. Thus,
the present results suggest that ICA may be a potential drug or functional food for treating osteoporosis
in diabetic patient.

Author Contributions: H.Z., S.Q., and C.C. conceived and designed the experiments. H.Z., S.Q., ]. H., and S.L.
performed animal experiments; C.C. performed the RT-PCR experiments and modified the manuscript; 5.Q. wrote
the paper.

Funding: This research was funded by the High-end Foreign Experts Recruitment Programme of State
Administration of Foreign Experts Affairs (GDT20176100048), the Key Project of Agricultural Science and
Technology of Shaanxi Province (2017NY-082), Qinling-Bashan Mountains Bioresources Comprehensive
Development, Collaborative Innovation Center Research Funds (QBXT-17-9), and Postdoctoral Program in
Shaanxi University of Technology (SLGBH16-03).

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2019, 24, 1871 12 of 14

References

1. Ishtaya, G.A.; Anabtawi, YM.; Zyoud, S.H.; Sweileh, WM. Osteoporosis knowledge and beliefs in diabetic
patients: A cross sectional study from Palestine. BMC Musculoskel. Dis. 2018, 19, 43-51. [CrossRef] [PubMed]

2. Li, H,; Chu, S;; Zhao, H. Effect of Zishen Jiangtang pill, a Chinese herbal product, on rats with diabetic
osteoporosis. Evid-Based Compl. Alt. Med. 2018, 3, 1-10. [CrossRef]

3. Wang, T; Cai, L; Wang, Y,; Lu, D.; Chen, H. The protective effects of silibinin in the treatment of
streptozotocin-induced diabetic osteoporosis in rats. Biomed. Pharmacother. 2017, 89, 681-688. [CrossRef]

4. Chandran, M.; Tay, D.; Huang, X.F.; Hao, Y. The burden of inpatient care for diabetic and non-diabetic
patients with osteoporotic hip fractures—does it differ? An analysis of patients recruited into a fracture
liaison service in Southeast Asia. Arch. Osteoporos. 2018, 13, 27-37. [CrossRef]

5. Hygum, K,; Langdahl, B.L.; Staruplinde, J. Disentangling the association between diabetes and bone disease.
Lancet Diabetes endocrinol. 2017, 5, 769-775. [CrossRef]

6.  Staruplinde, J.; Vestergaard, P. Management of endocrine disease: Diabetes and osteoporosis: Cause for
concern? Eur. J. Endocrinol. 2015, 173, 93-99. [CrossRef]

7. Gunter, M.].; Hoover, D.R.; Yu, H. Insulin, insulin-like growth factor-I, and risk of breast cancer in
postmenopausal women. J. Nat. Cancer Inst. 2009, 101, 48-60. [CrossRef] [PubMed]

8. Kamal, A.D,; Dixon, A.N.; Bain, S.C. Safety and side effects of the insulin analogues. Expert. Opin. Drug Saf.
2006, 5, 131-143. [CrossRef] [PubMed]

9.  Sahasrabudhe, R.A.; Limaye, T.Y.; Gokhale, V.S. Insulin injection site adverse effect in a type 1 diabetes
patient: An unusual presentation. J. Clin. Diagn. Res. 2017, 11, 10-19. [CrossRef]

10. Both, T;; Zillikens, M.C.; Koedam, M. Hydroxychloroquine affects bone resorption both in vitro and in vivo.
J. Cell Physiol. 2018, 233, 1424-1433. [CrossRef]

11.  Xue, L. Comparative effects of er-xian decoction, epimedium herbs, and icariin with estrogen on bone and
reproductive tissue in ovariectomized rats. Evid-Based Compl. Alt. Med. 2012, 7, 24-33.

12.  Nian, H.; Ma, M.H,; Nian, S.S. Antiosteoporotic activity of icariin in ovariectomized rats. Phytomedicine 2009,
16, 320-326. [CrossRef] [PubMed]

13. Li,G.W,; Xu, Z.; Chang, S.X. Icariin prevents ovariectomy-induced bone loss and lowers marrow adipogenesis.
Menopause 2014, 21, 1007-1016. [CrossRef]

14. Wu, J.Z; Liu, PC,; Liu, R. Icariin restores bone structure and strength in a rat model of chronic high-dose
alcohol-induced osteopenia. Cell Physiolo. Biochem. 2018, 4, 1727-1736. [CrossRef]

15. He, ].P; Feng, X.; Wang, ].E; Shi, W.G.; Li, H.; Danilchenko, S.; Kalinkevich, A.; Zhovner, M. Icariin prevents
bone loss by inhibiting bone resorption and stabilizing bone biological apatite in a hindlimb suspension
rodent model. Acta Pharmacol. Sinica 2018, 39, 1760-1767. [CrossRef]

16. Hye, K.D.; Ah,]J.H.; Sook, S.H. Potential of icariin metabolites from epimedium koreanum nakai as antidiabetic
therapeutic agents. Molecules 2017, 22, 986.

17.  Han, Y,; Jung, H.W.; Park, Y.K. Effects of Icariin on insulin resistance via the activation of AMPK pathway in
C,C1p mouse muscle cells. Eur. J. Pharmacol. 2015, 758, 60-63. [CrossRef]

18. Qia, M.Y,; Kai, C,; Liub, H.R,; Sua, Y.H.; Yua, S.Q. Protective effect of Icariin on the early stage of experimental
diabetic nephropathy induced by streptozotocin via modulating transforming growth factor § 1, and type IV
collagen expression in rats. J. Ethnopharmacol. 2011, 138, 731-736. [CrossRef] [PubMed]

19. Hua, X,; Zhou, F; Liu, T,; Li, G.Y. Icariin ameliorates streptozotocin-induced diabetic retinopathy in vitro
and in vivo. Int. ]. Mol. Sci. 2012, 13, 866—878.

20. Schwartz, A.V. Clinical aspects of diabetic bone disease: An update. Clin. Rev. Bone Min. Metab. 2013, 11,
17-27. [CrossRef]

21. Dhaon, P;; Shah, V.N. Type 1 diabetes and osteoporosis: A review of literature. Indian |. Endocrinol. Metab.
2014, 18, 159-165. [CrossRef]

22. Jorgensen, M.B.; Christensen, ].O.; Svendsen, O.L. Bone loss in women with type 1 diabetes. J. Diabetes Mellit.
2015, 12, 252-257. [CrossRef]

23. Hamann, C.; Kirschner, S.; KlausPeter, G. Bone, sweet bone osteoporotic fractures in diabetes mellitus.
Nat. Rev. Endocrinol. 2012, 8, 297-309. [CrossRef] [PubMed]

24. Piscitelli, P; Neglia, C.; Vigilanza, A.; Colao, A. Diabetes and bone: Biological and environmental factors.

Curr. Opin. Endocrinol. Diabetes Obes. 2015, 22, 439-445. [CrossRef]


http://dx.doi.org/10.1186/s12891-018-1961-6
http://www.ncbi.nlm.nih.gov/pubmed/29415696
http://dx.doi.org/10.1155/2018/7201914
http://dx.doi.org/10.1016/j.biopha.2017.02.018
http://dx.doi.org/10.1007/s11657-018-0440-x
http://dx.doi.org/10.1016/S2213-8587(17)30289-9
http://dx.doi.org/10.1530/EJE-15-0155
http://dx.doi.org/10.1093/jnci/djn415
http://www.ncbi.nlm.nih.gov/pubmed/19116382
http://dx.doi.org/10.1517/14740338.5.1.131
http://www.ncbi.nlm.nih.gov/pubmed/16370962
http://dx.doi.org/10.7860/JCDR/2017/28919.10433
http://dx.doi.org/10.1002/jcp.26028
http://dx.doi.org/10.1016/j.phymed.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19269147
http://dx.doi.org/10.1097/GME.0000000000000201
http://dx.doi.org/10.1159/000489248
http://dx.doi.org/10.1038/s41401-018-0040-8
http://dx.doi.org/10.1016/j.ejphar.2015.03.059
http://dx.doi.org/10.1016/j.jep.2011.10.015
http://www.ncbi.nlm.nih.gov/pubmed/22027446
http://dx.doi.org/10.1007/s12018-012-9125-y
http://dx.doi.org/10.4103/2230-8210.129105
http://dx.doi.org/10.4236/jdm.2015.54031
http://dx.doi.org/10.1038/nrendo.2011.233
http://www.ncbi.nlm.nih.gov/pubmed/22249517
http://dx.doi.org/10.1097/MED.0000000000000203

Molecules 2019, 24, 1871 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Roy, B. Biomolecular basis of the role of diabetes mellitus in osteoporosis and bone fractures. World J. Diabetes
2013, 4, 101-113. [CrossRef]

Carvalho, A.L.; Demambro, V.E.; Guntur, A.R. High fat diet attenuates hyperglycemia, body composition
changes, and bone loss in male streptozotocin-induced type 1 diabetic mice. ]. Cell Physiol. 2018, 233,
1585-1596. [CrossRef] [PubMed]

Jiao, H.; Xiao, E.; Graves, D.T. Diabetes and its effect on bone and fracture healing. Curr. Osteoporos Rep.
2015, 13, 327-335. [CrossRef]

Liu, Y.; Zuo, H.; Liu, X. The antiosteoporosis effect of icariin in ovariectomized rats: A systematic review and
meta-analysis. Cell Mol. Biol. 2017, 63, 124-134. [CrossRef]

Mok, S.K.; Chen, W.F; Lai, W.P. Icariin protects against bone loss induced by oestrogen deficiency and
activates oestrogen receptor-dependent osteoblastic functions in UMR 106 cells. Briti. J. Pharmacol. 2010, 159,
934-949. [CrossRef]

Rufeng, M.; Ruyuan, Z.; Lili, W. Diabetic osteoporosis: A review of its traditional Chinese medicinal use and
clinical and preclinical research. Evid-Based Compl. Alt. Med. 2016, 2016, 1-13.

Schwartz, A.V. Efficacy of osteoporosis therapies in diabetic patients. Calcif. Tissue Int. 2017, 100, 165-173.
[CrossRef]

Dai, Z.; Wang, R.; Ang, L.W.; Yuan, ].M.; Koh, W.P. Bone turnover biomarkers and risk of osteoporotic hip
fracture in an asian population. Bone 2016, 83, 171-177. [CrossRef]

Delmas, P.D.; Eastell, R.; Garnero, P; Seibel, M.].; Stepan, J. The use of biochemical markers of bone turnover
in osteoporosis. Osteoporos Int. 2000, 11, 2-17. [CrossRef]

Garnero, P,; Sornay-Rendu, E.; Chapuy, M.C.; Delmas, P.D. Increased bone turnover in late postmenopausal
women is a major determinant of osteoporosis. . Bone Miner Res. 1996, 11, 337-349. [CrossRef]

Lumachi, F; Ermani, M.; Camozzi, V.; Tombolan, V.; Luisetto, G. Changes of bone formation markers
osteocalcin and bone-specific alkaline phosphatase in postmenopausal women with osteoporosis. Ann. N. Y.
Acad. Sci. 2009, 1173, E60-E63. [CrossRef] [PubMed]

Halleen, ].M.; Tiitinen, S.L.; Ylipahkala, H. Tartrate-resistant acid phosphatase 5b (TRACP 5b) as a marker of
bone resorption. Clin. Lab. 2006, 52, 499-509. [PubMed]

Rosen, H.N.; Moses, A.C.; Garber, J.; lloputaife, I.D.; Ross, D.S. Serum CTX: A new marker of bone resorption
that shows treatment effect more often than other markers because of low coefficient of variability and large
changes with bisphosphonate therapy. Calcif. Tissue Int. 2000, 66, 100-103. [CrossRef] [PubMed]

Halleen, ].M.; Ylipahkala, H.; Alatalo, S.L.; Janckila, A.]J.; Heikkinen, J.E. Serum tartrate-resistant acid
phosphatase 5b, but not 5a, correlates with other markers of bone turnover and bone mineral density. Calcif.
Tissue Int. 2002, 71, 20-25. [CrossRef] [PubMed]

Mori, Y.; Kasai, H.; Ose, A.; Serada, M.; Ishiguro, M. Modeling and simulation of bone mineral density in
Japanese osteoporosis patients treated with zoledronic acid using tartrate-resistant acid phosphatase 5b,
a bone resorption marker. Osteoporos. Int. 2018, 29, 1155-1168. [CrossRef]

Jayusman, P.A.; Mohame, IN. The effects of quassinoid-rich eurycoma longifolia extract on bone turnover
and histomorphometry indices in the androgen-deficient osteoporosis rat model. Nutrients 2018, 10, 799.
[CrossRef]

Stenstrém, M.; Olander, B.; Lehtoaxtelius, D. Bone mineral density and bone structure parameters as
predictors of bone strength: An analysis using computerized microtomography and gastrectomy-induced
osteopenia in the rat. J. Biomech. 2000, 33, 289-297. [CrossRef]

Justesen, J.; Stenderup, K.; Ebbesen, E.N.; Li, M.; Steiniche, T. Adipocyte tissue volume in bone marrow is
increased with aging and in patients with osteoporosis. Biogerontology 2001, 2, 165-171. [CrossRef]

Pino, A.M.; Miranda, M.; Figueroa, C.; Rodriguez, ]J.P; Rosen, C.J. Qualitative aspects of bone marrow
adiposity in osteoporosis. Front Endocrinol. 2016, 7, 139-149. [CrossRef]

Paccou, J.; Hardouin, P.; Cotten, A.; Penel, G.; Cortet, B. The role of bone marrow fat in skeletal health:
Usefulness and perspectives for clinicians. J. Clin. Endocrinol. Metab. 2015, 100, 3613-3621. [CrossRef]

Li, J.; Liu, X.; Zuo, B.; Zhang, L. The role of bone marrow microenvironment in governing the balance
between osteoblastogenesis and adipogenesis. Aging Dis. 2015, 7, 514-525. [CrossRef]

Komori, T. Runx2, an inducer of osteoblast and chondrocyte differentiation. Histochem. Cell Biol. 2018, 149,
313-323. [CrossRef]


http://dx.doi.org/10.4239/wjd.v4.i4.101
http://dx.doi.org/10.1002/jcp.26062
http://www.ncbi.nlm.nih.gov/pubmed/28631813
http://dx.doi.org/10.1007/s11914-015-0286-8
http://dx.doi.org/10.14715/cmb/2017.63.11.22
http://dx.doi.org/10.1111/j.1476-5381.2009.00593.x
http://dx.doi.org/10.1007/s00223-016-0177-8
http://dx.doi.org/10.1016/j.bone.2015.11.005
http://dx.doi.org/10.1007/s001980070002
http://dx.doi.org/10.1002/jbmr.5650110307
http://dx.doi.org/10.1111/j.1749-6632.2009.04953.x
http://www.ncbi.nlm.nih.gov/pubmed/19751416
http://www.ncbi.nlm.nih.gov/pubmed/17078477
http://dx.doi.org/10.1007/PL00005830
http://www.ncbi.nlm.nih.gov/pubmed/10652955
http://dx.doi.org/10.1007/s00223-001-2122-7
http://www.ncbi.nlm.nih.gov/pubmed/12073156
http://dx.doi.org/10.1007/s00198-018-4376-1
http://dx.doi.org/10.3390/nu10070799
http://dx.doi.org/10.1016/S0021-9290(99)00181-5
http://dx.doi.org/10.1023/A:1011513223894
http://dx.doi.org/10.3389/fendo.2016.00139
http://dx.doi.org/10.1210/jc.2015-2338
http://dx.doi.org/10.14336/AD.2015.1206
http://dx.doi.org/10.1007/s00418-018-1640-6

Molecules 2019, 24, 1871 14 of 14

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fan, F; Shi, P; Liu, M. Lactoferrin preserves bone homeostasis by regulating the RANKL/RANK/OPG
pathway of osteoimmunology. Food Funct. 2018, 9, 2653-2660. [CrossRef]

Boyce, B.F,; Xing, L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch. Biochem.
Biophys. 2008, 473, 139-146. [CrossRef]

Alfaqgih, M.A.; Bashir, N.; Saadeh, R.; Khader, Y.; Barqawi, M.; Alqudah, S. Dysregulation of the
RANKL/RANK/OPG axis in thalassemia intermedia patients. BMC Res. Not. 2018, 11, 534-545. [CrossRef]
Chen, C.; Zheng, H.X,; Qi, S.S. Genistein and silicon synergistically protects against ovariectomy-induced
bone loss through upregulating OPG/RANKL ratio. Biol. Trace Elem. Res. 2019, 188, 441-450. [CrossRef]
Zheng, H.X.; Chen, C.; Qi, S.S. Salidroside improves bone histomorphology and prevents bone loss in
ovariectomized diabetic rats by upregulating the OPG/RANKL ratio. Molecules 2018, 9, 2398. [CrossRef]
Zhang, J.; Song, J.; Shao, J. Icariin attenuates glucocorticoid-induced bone deteriorations, hypocalcemia and
hypercalciuria in mice. Int. J. Clin. Exp. Med. 2015, 8, 7306-7314.

Qi, S.S. Synergistic effects of genistein and zinc on bone metabolism and the femoral metaphyseal
histomorphology in the ovariectomized rats. Biol. Trace Elem. Res. 2017, 37, 288-295. [CrossRef] [PubMed]
Qi, S.S.; Chen, C.; Zheng, H.X,; Jiang, H. Du-Zhong (Eucommia ulmoides Oliv.) cortex extract alleviates lead
acetate-induced bone loss in rats. Biol. Trace Elem. Res. 2019, 187, 172-180. [CrossRef] [PubMed]

Kim, J.M.; Lee, ].H.; Lee, G.S. Sophorae Flos extract inhibits RANKL-induced osteoclast differentiation by
suppressing the NF-kB/NFATc1 pathway in mouse bone marrow cells. BMC Complem. Alter. Med. 2017, 17,
164-175. [CrossRef] [PubMed]

Li, GW,; Xu, Z.; Chang, S.X. Influence of early zoledronic acid administration on bone marrow fat in
ovariectomized rats. Endocrinology 2014, 155, 4731-4738. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C8FO00303C
http://dx.doi.org/10.1016/j.abb.2008.03.018
http://dx.doi.org/10.1186/s13104-018-3616-y
http://dx.doi.org/10.1007/s12011-018-1433-8
http://dx.doi.org/10.3390/molecules23092398
http://dx.doi.org/10.1007/s12011-017-1134-8
http://www.ncbi.nlm.nih.gov/pubmed/28842860
http://dx.doi.org/10.1007/s12011-018-1362-6
http://www.ncbi.nlm.nih.gov/pubmed/29740803
http://dx.doi.org/10.1186/s12906-016-1550-x
http://www.ncbi.nlm.nih.gov/pubmed/28335757
http://dx.doi.org/10.1210/en.2014-1359
http://www.ncbi.nlm.nih.gov/pubmed/25243855
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Icariin (ICA) Increased Bone Mineral Density of Diabetic Rats 
	ICA Decreased Blood Glucose and Serum Bone Turnover Markers 
	ICA Increased Serum Ca, P, OPG, and RUNX 2 and Decreased Serum RANKL 
	Effects of ICA on Bone Morphology and Bone Histomorphometry Parameters 
	ICA Decreased Bone Marrow Adipocyte Density and Adipocyte Diameter 
	ICA Increased RUNX 2, OPG mRNA Expression, and OPG/RANKL mRNA Ratio in Bone Tissues of Diabetic Rats 
	ICA Increased RUNX 2, OPG and Decreased RANKL Protein Expression in Bone Tissues of Diabetic Rats 

	Discussion 
	Materials and Methods 
	Animals 
	Establishment of Rat Model of Diabetes and ICA Administration 
	Serum Bone Turnover Markers, Ca, P, OPG, RANKL, and RUNX 2 Detection 
	Bone Mineral Density Measurement 
	Bone Histomorphometric Analysis 
	Bone Marrow Adipocyte Parameters Analysis 
	Immunohistochemistry 
	Quantitative Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

