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Abstract: Objective: To investigate the roles of TNF-α, GSK-3β and RANKL in the occurrence and development of 
diabetic osteoporosis. Methods: Diabetic rat model was established; tissue section technology was used to observe 
the situation of osteoporosis in diabetic rats; rat serum levels of OC, RANKL, GSK-3β, P38mapk, TNF-α and INS were 
detected by Elisa assay; osteoblasts and osteoclasts were primarily cultured and identified by immunohistochem-
istry and tartrate-resistant acid phosphatase (TRAP) staining respectively. The effects of GSK-3β inhibitors, lithium 
chloride, TNF-α antagonists and RANKL antagonists on the proliferation of osteoblasts and osteoclasts were evalu-
ated; quantitative PCR was used to assess the effects of GSK-3β inhibitors, lithium chloride, on TNF-α and RANKL 
gene expression in osteoblasts and osteoclasts, and the effects of TNF-α and RANKL antagonists on GSK-3β gene 
expression in osteoblasts and osteoclasts. Results: Diabetic rat model was successfully established; osteoblasts 
and osteoclasts were successfully isolated and cultured. Elisa experiments showed that in diabetic model group, the 
levels of RANKL, GSK-3β, P38mapk and TNF-α were significantly increased, while the levels of osteocalcin (OC) and 
insulin (INS) were significantly reduced; MTT results showed that osteoclast proliferation in GSK-3β inhibitor and 
lithium chloride groups were weaker than the untreated group, while osteoclast proliferation in TNF-α antagonist 
group and RANKL antagonist Group was very close to the untreated group. Osteoblast proliferation in GSK-3β inhibi-
tor and lithium chloride groups were weaker than the untreated group, while osteoblast proliferation in TNF-α an-
tagonist group and RANKL antagonist group was higher than the untreated group. In all of the corresponding groups, 
cell proliferation in the diabetic group was stronger than the untreated group. In GSK-3β inhibitor and lithium oxide 
groups, TNF-α and RANKL gene expression levels were elevated, but TNF-α and RANKL gene expression levels in the 
diabetic group were slightly lower than the control group. GSK-3β gene expression level in TNF-α antagonist group 
and RANKL antagonist group was reduced; GSK-3β gene expression level in diabetic group was lower than the con-
trol group. Conclusion: In diabetic rats, TNF-α, GSK-3β and RANKL levels were elevated; GSK-3β could promote the 
proliferation of osteoblasts and osteoclasts, and inhibit the expression of TNF-α and RANKL; TNF-α and RANKL can 
suppress the proliferation of osteoblasts while had little effect on osteoclast proliferation; they also can promote the 
GSK-3β gene expression; interactions between the three broke the balance between osteoblasts and osteoclasts, 
leading to osteoporosis.
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Introduction

Diabetes is a group of metabolic diseases char-
acterized by high blood sugar due to the defects 
in insulin secretion and (or) insulin function dis-
order. Sustained hyperglycemia and long-term 
metabolic disorders can lead to the damage, 
dysfunction and failure in body tissues and 
organs, particularly in eye, kidney, cardiovascu-
lar and nervous system. Osteoarthritis is a kind 
of systemic bone metabolic disease character-
ized by low bone mass and bone tissue micro-

array structural damage, leading to increased 
bone fragility and susceptibility to fracture. The 
disease is common in the elderly, but recent 
studies suggest that osteoporosis has a great 
relationship with diabetes. Diabetic osteoporo-
sis has gradually attracted people’s attention 
due to insidious onset, high incidence, and the 
risks of disability. Danielson KK et al [1] found 
that the incidence of fractures in pre-meno-
pausal women with type I diabetes was signifi-
cantly higher than that in the control popula-
tion, and accompanied by the significantly 
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decreased bone density in heel and forearm. 
Oei L et al [2] found that fracture risk in type II 
diabetes patients with poor glycemic control 
increased by 47%-62% compared with non-dia-
betic patients and those with good glycemic 
control. Osteoblasts and osteoclasts are the 
two major cells to maintain bone mass in bone 
remodeling. Osteoblasts mainly secret bone 
matrix, and osteoclasts are directly involved in 
bone resorption. Osteoblasts and osteoclasts 
maintain a certain mutual restraint under nor-
mal circumstances; the bone formation and 
resorption mediated by them are in balance. 
Once this balance is abnormal, it will affect 
bone formation and resorption. Mazess et al [3] 
suggest that osteoblast degeneration could 
cause defects in osteogenic conditions and 
changes in structural and mechanical charac-
teristics of bone tissue, further leading to 
osteoporosis. Riggs et al [4], by measuring 
bone formation and resorption surface, believe 
that osteogenesis process of osteoporosis is 
normal, while osteoclast activity is significantly 
active. Either case has indicated that bone for-
mation and resorption balance is broken in the 
process of osteoporosis, and bone resorption 
far exceeds bone formation.

Tumor necrosis factor-α (TNF-α) can change the 
catalytic activity of the insulin receptor tyrosine 
kinase, resulting in decreased self-phosphory-
lation of insulin receptor and insulin receptor 
substrate 1, causing insulin resistance, along 
with the whole process of the progression of 
diabetes [5]. In addition, TNF-α is closely relat-
ed to bone metabolism [6]. Receptor activator 
of nuclear factor-kB ligand (RANKL) is a mem-
ber of the TNF receptor ligand superfamily, 
playing an important role in bone metabolism; 
its metabolic imbalance is associated with 
bone destructive diseases. The level of RANKL 
mRNA is high in bone tissue and lymph tissue, 
which is a key factor mediated signaling trans-
duction between the bone/stromal cells and 
osteoclasts. Through surface expression of 
RANKL, osteoblast cells contact with osteo-
clast precursor cells in cell-cell dependent 
manners to promote osteoclast formation [7]. 
Glycogen synthase kinase-3 (GSK-3) is one of 
the rate-limiting enzymes of glycogen synthe-
sis; in recent years, more and more studies 
confirm the abnormal expression of GSK-3 in 
diabetic patients and animal tissues [8-10]. 
Through the analysis of a variety of animal mod-

els of diabetes, it has gradually confirmed that 
GSK-3 plays an important role in the occur-
rence of diabetes, especially in insulin resis-
tance [9]. In addition, GSK-3 also plays a role in 
bone metabolism. Liu Na et al [11] found that in 
chronic inflammatory microenvironment, GSK-3 
phosphorylation can affect the Wnt signaling 
pathway and inhibit osteogenic differentiation 
of periodontal ligament stem cells. However, it 
is not very clear that how TNF-α, GSK-3β and 
RANKL work in diabetic patients with osteopo-
rosis. This study used diabetic animal models 
and cell models to investigate how TNF-α, GSK-
3β and RANKL affect osteoblasts and osteo-
clasts in diabetic osteoporosis, providing new 
experimental data for revealing the pathogene-
sis of diabetic osteoporosis.

Materials and methods

Establishment of diabetic rat model and sam-
ple collection

Fresh 0.01 mol/L citrate buffer was prepared 
(with citric acid and trisodium citrate in certain 
proportion), cryopreserved at 4°C. Before use, 
it was mixed with streptozotocin (STZ) to formu-
late 2% STZ solution; for model group, 50 mg/
kg single intraperitoneal injection was per-
formed; the control group was injected a with 
the considerable amount of citrate buffer. In 
the modeling process, rat peritoneal skins were 
routinely disinfected with iodine. After STZ 
modeling, rat eating and drinking, the amount, 
color and taste of urine, rat mental state, body 
shape and coat color were observed in each 
group. Weight was measured once a week; in 7 
d after modeling, the rat food intake was con-
trolled, 38 g feed for each model rat and 30 g 
feed for each normal rat every single day. Six 
adult male rats with equivalent age and body 
weight were selected; after fasted for 12 hours, 
tails was cut to collect blood to measure fasting 
blood glucose, and then STZ 50 mg/kg was 
injected by intraperitoneal; 24 h later, blood 
glucose level was rechecked; > 16.6 mM indi-
cated successful modeling of diabetic rats. 
Rats were sacrificed by excess intraperitoneal 
injection (2 times the normal dose of anesthe-
sia) of 7% chloral hydrate; the sacrificed rats 
were fixed in prone position, with alcohol swab 
to wipe the skin of drawn parts, with ophthal-
mic scissors and tweezers and other ophthal-
mic devices to carefully remove L6 vertebrae 
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and left femur tissues, which were fixed and 
preserved in 10% formaldehyde or 4% 
paraformaldehyde.

Rat bone morphology observation and HE 
staining

The fixed L6 vertebrae and left femur tissues 
were washed with tap water, dehydrated by gra-
dient alcohol, transparent by xylene, immersed 
in Paraffin, Paraffin-embedded and repaired to 
prepare into slices; under a microscope the 
bone tissue morphology of control rats and dia-
betic rats was observed.

ELISA assay to detect serum OC, RANKL, GSK-
3, P38mapk, TNF-α and INS levels 

The study used ELISA kits and double antibody 
sandwich assay to detect the serum levels of 
osteocalcin (OC), receptor activator of nuclear 
factor kb ligand (RANKL), glycogen synthase 
kinase-3β (GSK-3β), P38 mitogen-activated 
protein (P38mapk), tumor necrosis factor (TNF-
α) and insulin (INS) in rats. Microplates were 
coated respectively with purified OC, RANKL, 
GSK-3β, P38mapk, TNF-α and INS antibodies, 
then combined with HRP-labeled OC, RANKL, 
GSK-3β, P38mapk, TNF-α and INS antibodies 
to form antibody-antigen-enzyme-antibody 
complex; after washing Completely, TMB sub-
strate was added for color. TMB conversed into 
the blue in HRP enzyme catalysis, and finally 
conversed into the yellow in the role of acid. 
The depth of color was positively correlated 
with the contents of OC, RANKL, GSK-3β, 
P38mapk, TNF-α and INS. Then the absor-
bance (OD) at 450 nm was determined by a 
microplate reader; the concentrations of OC, 
RANKL, GSK-3β, P38mapk, TNF-α and INS 
were calculated by standard curve.

Primary culture and identification of osteo-
blasts

The successful SD model rats and SD control 
rats were sacrificed and soaked in 75% ethanol 
for 5 min. Femurs were collected under sterile 
conditions; after removing the residual blood 
and fat tissue, the femurs were placed into 
another dish filled with DMEM/F12 complete 
medium to wash again. The backbone was cut 
into 2~5 mm2 fragments; the washed bone 
fragments were pre-digested with 2 ml 0.25% 
trypsin for 15 min to remove fibrous tissue 

cells; the supernatant was discarded (which 
mainly contained fibroblasts). Then cells were 
digested with 10 ml 0.1% collagenase II for 20 
minutes at 37°C, and then digested for another 
20 minutes with magnetic stirring at room tem-
perature. After standing for a few minutes, 
digested solution was collected and centri-
fuged at 1200 rpm at room temperature for 10 
minutes. The supernatant was removed; cells 
was suspended with 4 ml DMEM/F12 medium 
containing 20% FBS and inoculated into 75 ml 
flasks; 8 ml culture medium was added to make 
the liquid volume reach 12 ml; after standing, 
the precipitate can be re-digested with collage-
nase for 20 minutes and for 15 minutes with 
magnetic stirring, and centrifuged for 10 min-
utes; the 3 bottles of cells were placed in the 
carbon dioxide incubator, and cultured at 5% 
CO2, 95% air, and 37°C. After 24 hours, the 
cells showed adherent growth and cell cyto-
plasm began stretching; medium was replaced 
with fresh medium; later the medium was 
changed every 48 hours (Note: digestion was 
performed according to the specific case; it 
could be performed one more time). when pas-
saging, one bottle of well-growing and moder-
ately elastic adherent osteoblasts was collect-
ed; the culture medium was discarded; cells 
were firstly rinsed with PBS for two times, and 
then digested with 1 ml 0.25% trypsin at room 
temperature for 3 to 5 minutes; the trypsin 
solution was discarded, and DMEM/F12 medi-
um was added to fully pipette for 8-10 minutes. 
The digested cells were collected, gathered, 
and counted; the cell concentration was adjust-
ed to an appropriate concentration with F12 
complete medium. The osteoblasts of 2nd-5th 
generations were used for the experiment. 
Osteoblasts were identified by immunohis- 
tochemistry.

Primary culture and identification of osteo-
clasts

The successful SD model rats and SD control 
rats were sacrificed and soaked with 75% etha-
nol for 5 min. Under sterile conditions, bilateral 
femur and tibia were collected, and the fat tis-
sue and blood were removed; after rinsing, the 
bone tissues were placed into a dish filled with 
DMEM/F12 complete medium. Femoral shaft 
was cut longitudinally; the medial femur was 
gently scraped with a scalpel, meanwhile flush-
ing the inner surface of femur with the culture 
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medium to collect cells. The cell suspension 
was centrifuged and resuspended with DMEM/
F12 medium containing 15% fetal bovine 
serum, 1,25-(OH)2D3, penicillin and strepto- 
mycin.

Then cells were incubated in the plates with 
thin piece of bone or cover glass. The culture 
medium was changed every three days; on the 
5th day, the medium was replaced with serum-
free medium. Osteoclasts were identified by 
tartrate-resistant acid phosphatase (TRAP) 
staining.

MTT assay to detect cell proliferation 

Cells in the exponential growth phase were col-
lected; the cell suspension was adjusted to a 
concentration of 1 × 105 cells/ml with DMEM 
medium containing 10% fetal bovine serum; 
cells were seeded in 96-well plates, 100 μl of 
cell suspension in each well, placed in a 37°C 
incubator with 5% CO2; on the next day, after 
synchronized by serum-free medium for 24 h, 
the culture medium was replaced with com-
plete medium and administration was per-
formed according to the grouping (negative 
control group, GSK-3β inhibitor group, lithium 
chloride group , TNF-α antagonist group, RANKL 

Figure 1. Bone tissue observation in diabetic rats and normal rats. A. The left femur of control group; B. The left 
femur of diabetic model group; C. L6 vertebrae of control group; D. L6 vertebrae of diabetic model group.

Figure 2. Comparison of the serum concentration of 
testing items.



TNF-α, GSK-3β and RANKL and diabetic osteoporosis

11999	 Int J Clin Exp Pathol 2015;8(10):11995-12004

antagonist group), cultured for 12 h; and then 
medium was replaced with fresh medium and 
cells were cultured for 24 h, 48 h and 72 h; MTT 
(5 mg/ml) was added, 10 μl/well; cell were cul-
tured for 4 h in a 37°C, 5% CO2 incubator; After 

culture, supernatant liquid was discarded and 
duplicate wells was added 100 μl DMSO solu-
tion, shocking 10 min on a shaker to dissolve 
the crystal; A absorbance values of each well at 
490 nm were detected using a microplate read-

Figure 3. Primarily cultured osteoblasts and osteoclasts. A. Normal osteoblasts (100 ×); B. Diabetic osteoblasts 
(100 ×); C. Normal osteoclasts (100 ×); D. Diabetic osteoclasts (100 ×).

Figure 4. Identification of osteoblasts. A. Normal osteoblasts (200 ×); B. Diabetic osteoblasts (200 ×).
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er. According to the mean, cell proliferation rate 
was calculated; the experiment was repeated 
three times.

QRT-PCR to detect the effect of GSK-3β inhibi-
tor and lithium chloride on TNF-α and RANKL 
gene expression in osteoblasts and osteo-
clasts, and the effect of TNF-α and RANKL 
antagonists on GSK-3β gene expression in 
osteoblasts and osteoclasts

Design QRT-PCR primers for TNF-α, RANKL, 
GSK-3β and internal control gene β-actin; prim-
ers were as follows: TNF-α F: GCCACCACG- 
CTCTTCTGTC, TNF-α R: GCTACGGGCTTGTCACT- 
CG; RANKL F: TGATGGAAGGTTCGTGGCTC, RAN- 
KL R: CTTGGCCCAGCCTCGATC; GSK-3β F: CC- 

ATCCTTATCCCTCCTCACG, GSK-3β R: GGTAGAG- 
TTGGAGGCTGATGC; β-actin F: CCCATCTATGAG- 
GGTTACGC, β-actin R: TTTAATGTCACGCACGATT- 
TG. RNA samples were extracted in each group; 
the total volume of the reverse transcription 
system was 20 μl (2 × RT buffer 10 μl, 6 N ran-
dom primer (100 pmol/μl) 1 μl, RT-mix 1 μl, 
template (RNA) 5 μl, DEPC water 3 μl); the reac-
tion conditions were as follows: 25°C for 10 
min, 42°C for 50 min, 85°C for 5 minutes; the 
total volume of fluorescence quantitative PCR 
reaction system was 50 μl (2 × PCR buffer 25 
μl, Primers (25 pmol/μl) 1 μl × 2, Sybr green I 
(20*) 0.5 μl, template (cDNA) 2 μl, DEPC water 
20.5 μl), the reaction conditions were: 94°C 4 
min; 94°C 20 s, 60°C 30 s; 72°C 30 s, a total 
of 35 cycles, 72°C detecting signal.

Figure 5. Identification of osteoclasts. A. Normal osteoclasts (400 ×); B. Diabetic osteoclasts (400 ×).

Figure 6. MTT results of osteoclasts: 1. Negative con- 
trol group; 2. GSK-3β inhibitor group (Final concen-
tration was 5 mM); 3. Lithium chloride group; (Final 
concentration was 5 mM); 4. TNF-α antagonist group; 
(Final concentration was 10 μg/ml); 5. RANKL antag-
onist group (Final concentration was 10 ug/ml).

Figure 7. MTT results of osteoblasts: 1. Negative con-
trol group; 2. GSK-3β inhibitor group (Final concen-
tration was 5 mM); 3. Lithium chloride group (Final 
concentration was 5 mM); 4. TNF-α antagonist group 
(Final concentration was 10 ug/ml); 5. RANKL an-
tagonist group (Final concentration was 10 ug/ml).
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Results

Bone tissue morphology of diabetic rat model 

As shown in Figure 1, the trabecular bone of 
the left femur and L6 vertebrae in normal rats 
was abundant, continuous and dense; marrow 
cavity was enriched; in the left femur and L6 
vertebrae of diabetic rats, marrow cavity 
became larger, and the number of trabecular 
bone significantly decreased, with smaller 
diameters and wider gaps. Trabecular bone dis-
appeared in some regions. Overall bone mass 
reduced; intramedullary contents reduced and 
leaked, in line with the typical characteristics of 
osteoporosis.

Serum levels of OC, RANKL, GSK-3β, 
P38mapk, TNF-α and INS

As can be seen from Figure 2, compared with 
the normal group, RANKL, GSK-3β, P38mapk 
and TNF-α levels were significantly higher in 
diabetic model group, while osteocalcin (OC) 
and serum insulin (INS) levels were significantly 
lower, indicating successful diabetes and 
osteoporosis modeling.

Primary culture and identification of osteo-
blasts and osteoclasts

Figure 3 showed that, the majority of osteogen-
ic cells were scaly-shaped and larger, with many 
pseudopodia and abundant cytoplasm; osteo-
clasts had abundant cytoplasm and smaller 
volume; there was little difference in osteo-
blasts and osteoclasts between normal and 
model groups. In Figure 4, immunohistochemi-
cal staining showed that in normal and model 
groups, cytoplasm was brown and nucleus was 
blue, indicating successful isolation and cul-
ture of osteoblasts. In Figure 5, TRAP staining 
of the normal group and model group showed 
that osteoclast cytoplasm was positive, red 
wine, but nuclear was negative, indicating suc-
cessful isolation and culture of osteoclasts.

Cell proliferation detection

It is seen from Figure 6 that osteoclast prolif-
eration in GSK-3β inhibitor and lithium chloride 
groups were weaker than the untreated group, 
while osteoclast proliferation in TNF-α antago-
nist group and RANKL antagonist group was 

Figure 8. Effects of GSK-3β inhibitor and lithium chloride on TNF-α (A) and RANKL (B) gene expression in osteoblasts 
and TNF-α (C) and RANKL (D) gene expression in osteoclasts: 1, the control group (control rats); 2, GSK-3β inhibitor 
group (control rats); 3, lithium chloride group (control rats); 4, the control group (diabetic rats); 5, GSK-3β inhibitor 
group (diabetic rats); 6, lithium chloride group (diabetic rats).
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close to the untreated group. Figure 7 showed 
that, osteoblast proliferation in GSK-3β inhibi-
tor and lithium chloride groups were weaker 
than the untreated group, while osteoblast pro-
liferation in TNF-α antagonist group and RANKL 
antagonist group was higher than untreated 
group. In all of the corresponding groups, cell 
proliferation in the diabetic group was stronger 
than the untreated group.

Effect of GSK-3β inhibitors and lithium chloride 
on TNF-α and RANKL gene expression in osteo-
blasts and osteoclasts, respectively; the impact 
of TNF-α and RANKL antagonists on GSK-3β 
gene expression in osteoblasts and osteo- 
clasts.

Figure 8 showed that, compared with the 
untreated control group, TNF-α and RANKL 
gene expression levels were elevated in GSK-
3β inhibitor and lithium oxide groups, but TNF-α 
and RANKL gene expression levels in diabetic 
group were slightly lower than those in the con-
trol group. Figure 9 showed that, compared 
with the untreated control group, GSK-3β gene 
expression levels in TNF-α and RANKL antago-
nist treatment groups reduced; GSK-3β gene 
expression level in diabetic group was lower 
than that in the control group. 

Discussion

TNF-α is a cytokine with numerous biological 
functions, which is a key regulator in inflamma-
tory reaction and immune response [12]. 
Experiments have proved that it is highly 

expressed in insulin-resistant and diabetes ani-
mal models; population-based study also found 
that plasma TNF-α levels were related with dia-
betes and the occurrence of macro vascular 
disease [13-16]. In this study, serum TNF-α was 
detected by Elisa in diabetic rats, and the 
results showed that serum TNF-α in diabetic 
rats was significantly higher than that in the 
normal group, which was similar to the results 
of previous studies. An Guifeng et al [17] have 
found that in a mouse model of osteoporosis, 
TNF-α expression increased, and enhanced 
osteoclast activity together with IL-6 and IL-1β; 
so bone resorption was greater than bone for-
mation, resulting in bone osteoporosis. The 
study found that TNF-α can inhibit the prolifera-
tion of osteoblasts but had little effect on 
osteoclast proliferation; the combined effect 
broke the balance between osteoblasts and 
osteoclasts, leading to osteoporosis.

GSK-3β is involved in a number of cellular sig-
naling pathways. Cohen P et al believe that 
GSK-3β inhibitors can alleviate insulin resis-
tance, which could be used for the treatment of 
type 2 diabetes [18]. This study found that 
serum levels of GSK-3β in diabetic rat model 
increased, and GSK-3β could promote the pro-
liferation of osteoblasts and osteoclasts, but 
the combined effect of GSK-3β was to cause 
osteoporosis. Lithium chloride (LiCl), as an 
inhibitor of GSK3β, could significantly increase 
the bone formation rate and bone quantity in 
C57BL/6 mice in 4 weeks. Experimental data 
in this study suggest that, serum RANKL levels 

Figure 9. Effect of TNF-α and RANKL antagonists on gene expression of GSK-3β in osteoblasts (A) and osteoclasts 
(B): 1, the control group (control rats); 2, TNF-α antagonist group (control rats); 3, RANKL antagonist group (control 
rats); 4, the control group (diabetic rats); 5, TNF-α antagonist group (diabetic rats); 6, RANKL antagonist group 
(diabetic rats).
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increased in diabetic rats, indicating that it may 
play a role in diabetes process. Kiechl S et al in 
Medical University of Innsbruck, Austria [19] 
analyzed an epidemiological study and labora-
tory study and found that blocking RANKL 
(receptor activation factor of NF-κB ligand) sig-
naling transduction can improve liver insulin 
resistance and prevent the progression of dia-
betes. This study also found that RANKL can 
inhibit the proliferation of osteoblasts but had 
little effect on osteoclast proliferation; While 
Liu Jizhong et al [20] found that RANKL knock-
out mouse had developmental disorders in 
osteoclasts and osteoclast formation reduced, 
resulting in severe bone sclerosis; and after 
injection of exogenous RANKL, osteoclast for-
mation and reduction in bone deformities had 
been observed, suggesting that the effect of 
RANKL on osteoblasts and osteoclasts had a 
deeper mechanism, which needs further study.

This paper also studied the relationship among 
TNF-α, GSK-3β and RANKL and found that GSK-
3β can inhibit the expression of TNF-α and 
RANKL; TNF-α and RANKL can promote GSK-
3β gene expression; and the three play an 
important role in diabetes and osteoporosis 
process. They may influence each other through 
a complex network of signaling pathways to 
participate in the pathogenesis of diabetic 
osteoporosis.
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