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Abstract
Hyperglycemia induces osteoclastogenesis and bone resorption through complicated, undefined mechanisms.  Ca2+/calmod-
ulin-dependent protein kinase II (CaMKII) promotes osteoclastogenesis, and could be activated by hyperglycemia. Here, we 
investigated whether CaMKII is involved in hyperglycemia-induced osteoclastogenesis and subsequent bone resorption. Oste-
oclast formation, bone resorption, CaMKII expression and phosphorylation were measured under high glucose in vitro and 
in streptozotocin-induced hyperglycemia rats with or without CaMKII inhibitor KN93. The results showed that 25 mmol/L 
high glucose in vitro promoted cathepsin K and tartrate-resistant acid phosphatase expression (p < 0.05) and osteoclast 
formation (p < 0.01) associated with enhancing β isoform expression (p < 0.05) and CaMKII phosphorylation (p < 0.001). 
Hyperglycemia promoted the formation of osteoclasts and resorption of trabecular and alveolar bone, and inhibited sizes 
of femur and mandible associated with enhanced CaMKII phosphorylation (p < 0.001) in rats. All these changes could be 
alleviated by KN93. These findings imply that CaMKII participates not only in hyperglycemia-induced osteoclastogenesis 
and subsequent bone resorption, but also in the hyperglycemia-induced developmental inhibition of bone.

Keywords Hyperglycemia · Type 1 diabetes mellitus · Osteoclast · Ca2+/calmodulin-dependent protein kinase II · Bone 
resorption

Introduction

Hyperglycemia is a risk factor for bone destruction. Epide-
miologic data showed a correlation between poor glucose 
control and reduced bone mineral density/enhanced alveo-
lar bone loss [1–3]. In animal experiments, hyperglycemia 
induced bone weight loss, bone mineral density reduction, 
bone micro-architecture damage and alveolar bone destruc-
tion [4–8], and glucose control partially alleviated this 
destruction [7, 8]. Osteoclasts (OCs) are multinucleated cells 
(MNCs) that play crucial roles in bone resorption. Enhanced 
osteoclastogenesis was observed under hyperglycemic con-
ditions, manifesting as elevated expression of OC-related 
genes, such as cathepsin K and tartrate-resistant acid phos-
phatase (TRAP), and increased OC number in trabecular and 
alveolar bone [4, 5, 9, 10].

Ca2+/calmodulin-dependent protein kinase II (CaMKII) 
is a complex  Ca2+/calmodulin-activated serine/threonine 
protein kinase encoded by four genes (α, β, γ, and δ) [11]. It 
was reported that CaMKII knockdown or pharmacological 
inhibition by KN93 inhibited osteoclastogenesis by reducing 
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nuclear factor of activated T cell cytoplasmic 1 (NFATc1) 
induction [12, 13]. Under hyperglycemic conditions, acti-
vated CaMKII increased cardiomyocyte reactive oxygen 
species production, retinal capillary endothelial cell apop-
tosis, and pathogenic retinal neovascularization [14–16], and 
inhibiting CaMKII by KN93 partially alleviated vascular 
dysfunction, blood-retinal barrier breakdown, and pain-
related behavior [17–19].

CaMKII plays an important role in osteoclastogenesis and 
is involved in various hyperglycemia-induced complications. 
Therefore, in this study, we investigated the role of CaMKII 
on osteoclastogenesis and subsequent bone resorption under 
high glucose conditions in vitro and during hyperglycemia 
in streptozotocin (STZ)-induced diabetic rats.

Materials and Methods

Osteoclast Differentiation

The ethics committee of Sichuan University approved all 
animal-derived cell culture and animal experiments. Four-
week-old male Sprague Dawley (SD) rats were used to 
obtain bone marrow-derived macrophages (BMMs). The 
femur and tibia were integrally isolated, and bone marrow 
cells were flushed into 10-mm dishes using α-MEM medium 
containing 10% fetal bovine serum, 100 U/mL penicillin, 
and 100 U/mL streptomycin. After culturing for 24 h in a 
humidified incubator (37 °C, 5%  CO2), suspension cells were 
collected and seeded onto plates at a density of  105 cells/mL 
and cultured in the presence of 10 ng/mL recombinant rat 
macrophage colony stimulating factor (M-CSF, PeproTech, 
USA) for 3 days to obtain BMMs. OC differentiation was 
induced with 10 ng/mL M-CSF and 50 ng/mL recombinant 
rat soluble receptor activator of NF-κB ligand (RANKL, 
PeproTech) under conditions of normal glucose (5.5 mmol/L 
d-glucose), high glucose (25 mmol/L d-glucose), and high 
glucose with indicated concentration of KN93 (Selleck 
Chemicals, USA) for 2–4 days.

CCK‑8 Cell Viability Assay

Cell viability assays were performed using a CCK-8 kit 
(Dojindo, Japan) following the manufacturer’s instructions 
to measure the cytotoxicity of KN93. BMMs were seeded 
onto 96-well plates and cultured in the presence of 10 ng/
mL M-CSF, with varied concentrations of KN93 (0, 2.5, 5, 
and 10 µmol/L). Cell viability assays were performed at day 
0, 2, and 4. Briefly, the culture medium was removed, then 
100 µL fresh serum-free medium and 10 µL CCK-8 solu-
tion was added and incubated (37 °C, 5%  CO2) for 100 min. 
Each group was prepared in four parallel duplicates. The 

absorbance at 450 nm was measured by a microplate reader 
(Thermo, Germany). The assay was repeated three times.

Quantitative Real‑Time and Semiquantitative 
Polymerase Chain Reaction

Total RNA from cells on day 2 after OC differentiation 
and fresh rat brain tissue was extracted using RNAiso Plus 
(TaKaRa, Japan). First-strand cDNA was synthesized from 
1 µg total RNA using ReverAid First Strand cDNA Syn-
thesis Kit (Thermo Scientific, USA) and a Mastercycler 
nexus gradient PCR cycler (Eppendorf, Germany). Quanti-
tative real-time polymerase chain reaction (qRT-PCR) was 
performed with SYBR Premix Ex Taq (Takara) and Eco 
Real-Time PCR System (Illumina, USA). Parallel tripli-
cates were prepared each time. Relative expression levels 
were calculated using the  2−ΔΔCT method and normalized to 
GAPDH. Semiquantitative PCR was performed to visualize 
the expression of CaMKIIα in OCs. Brain tissue served as a 
positive control. PCR was performed with DreamTaq Green 
PCR Master Mix (Thermo Scientific) and 1 µL cDNA of 
each sample using a Mastercycler nexus gradient PCR cycler 
(Eppendorf). The protocol was 95 °C for 2 min, followed by 
40 cycles of 30 s at 95 °C, 30 s at 55 °C, and 18 s at 72 °C, 
and a final hold at 72 °C for 5 min. Then, 10 µL PCR prod-
ucts of each sample were separated on 1% agarose gels and 
visualized with ethidium bromide. The assays were repeated 
3 times. The primer sequences used are listed as follows: 
TRAP (5′-AGA TTT GTG GCT GTG GGC GA-3′, 5′-AAG TCA 
GCG CCC ATC GTC TG-3′); Cathepsin K (5′-TGT CTG AGA 
ACT ATG GCT GTGG-3′, 5′- ATA CGG GTA ACG TCT TCA 
GAG-3′); CaMKIIα (5′-CAA TAT CGT CCG ACT CCA TG-3′, 
5′-CAT CTG GTG ACA GTG TAG C-3′); CaMKIIβ (5′-GGG 
GAC TGT CCA CCT ACA GA-3′, 5′-TAA CAA GGT GGG TGG 
GAG AG-3′); CaMKIIγ (5′-CAT CCA CCA GCA TGA CAT 
CG-3′, 5′-CTT TCC TCA AGA CCT CAG G-3′); CaMKIIδ 
(5′-CCT AAA TGG CAT AGT TCA C-3′, 5′-GGA TCT TTA CGT 
AGG ACT TC-3′); GAPDH (5′-TAT GAC TCT ACC CAC GGC 
AAG-3′, 5′-TAC TCA GCA CCA GCA TCA CC-3′).

Western Blot Analysis

The cell protein on day 2 after OC differentiation was 
extracted using RIPA buffer (KeyGEN Biotech, China) with 
1 mM proteinase inhibitor phenylmethanesulfonyl fluoride 
(PMSF). A total of 25 µg of protein from each sample was 
separated using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and then blotted onto a poly-
vinylidene fluoride (PVDF) membrane. After blocking with 
5% skim milk, the membranes were incubated with primary 
antibodies, including anti-CaMKII (Abcam, UK; ab52476, 
1:1000), anti-CaMKII (phospho T286) (Abcam; ab32678, 
1:1000), and anti-GAPDH (ZenBio, China; 200306-7E4, 
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1:5000) at 4 °C overnight, and then incubated with the cor-
responding secondary antibody (ZenBio, 1:5000) for 1 h at 
room temperature. Immunoreactive proteins were visualized 
by the Image Quant LAS 4000 mini (GE healthcare, UK). 
The relative intensity of the tested protein was quantitatively 
analyzed by the ratio of the gray value between the target 
protein and GAPDH in the same sample. The assays were 
repeated three times.

Type 1 Diabetes Rat Model Construction and KN93 
Treatment

Six-week-old male SD rats weighing 200–220  g were 
randomly assigned to receive 55  mg/kg STZ (Selleck 
Chemicals) or citrate buffer intraperitoneally. Non-fasting 
blood glucose was measured using an Accu-Chek meter 
(Roche, Germany). Rats with blood glucose higher than 
16.67 mmol/L at 2 weeks after STZ injection were included 
in the study [4] and were randomly assigned to diabe-
tes group (DM, n = 7) and diabetes applied KN93 group 
(DM + KN, n = 7). KN93 was intraperitoneally injected at a 
dose of 2 mg/kg every other day. Rats in diabetes group and 
healthy control group (C, n = 7) were injected with equiva-
lent 0.9% sodium chloride. Body weight and blood glucose 
were measured every week.

Bone Morphology Analysis

Rats were sacrificed with  CO2 at 8 weeks after STZ injec-
tion. All samples were fixed with 4% polyoxymethylene for 
2 days. Then, the right mandible and left femur samples 
were stored in PBS prior to micro-CT scanning. The distal 
metaphysis of the femurs and molar regions of the mandibles 
were scanned using SkyScan 1176 desktop X-ray micro-
CT system (Skyscan, Bruker) with an image pixel size of 
17.75 µm, a voltage of 65 kV and an electrical current of 
357 µA. A 1 mm Al filter was used. The exposure time was 
300 ms. Scanning was performed at 180° for femur sam-
ples and 360° for mandible samples, with a rotation step 
of 0.400°. The scanned data were then reconstructed using 
NRecon (Skyscan) cone beam reconstruction software. 
Analysis was performed using Ctan (Skyscan) software, 
and 2D images were obtained using DateViewer (Skyscan) 
software.

In femur samples, the region of interest (ROI) was a 
2-mm region of spongiosa located proximally from the dis-
tal growth plate. Percent bone volume (BV/TV), trabecular 
thickness (Tb.Th), trabecular number (Tb.N), trabecular 
separation (Tb.SP) and structure model index (SMI) were 
analyzed following the guidelines for assessment of bone 
micro-architecture using micro-CT [20]. In mandible sam-
ples, the ROI was molar region, and the distances from alve-
olar bone crest to cemento-enamel junction (ABC-CEJ) at 

lingual mesial, middle and distal sites of the first molar were 
measured.

After removing soft tissues, the distance from the low-
est point of medial condyle to the highest point of caput 
femoris along the longitudinal axis of femoral diaphysis was 
measured by a Vernier caliper with a precision of 0.02 mm, 
recorded as the length of femur. All mandible samples were 
positioned at the occlusal surfaces of the molars horizontal. 
The horizontal distance from the incisor alveolar crest to the 
distal third molar and the vertical distance from the occlusal 
surface of molars to the lowest point of the mandible body 
were measured and recorded as the length and height of the 
mandible respectively.

Cytological and Histological Staining

After fixation, the left mandible and right femur samples 
were decalcified with 10% EDTA for 6 weeks and then dehy-
drated and embedded in paraffin. The distal metaphysis of 
femur and molar region of mandible were cut into 5 µm 
sections. Hematoxylin and eosin (H&E) staining was per-
formed. Sections were observed under a light microscope, 
and images of the concerned structure were obtained.

TRAP staining was performed using a TRAP staining kit 
(KeyGEN Biotech) according to the manufacturer’s instruc-
tions to identify OCs in both cell samples and histological 
sections. Quantitative analysis was performed using ImageJ 
(National Institutes of Health, USA) software. For cell sam-
ples, TRAP staining was performed on day 4 after OC dif-
ferentiation in a 12-well plate, cell nuclei were stained using 
hematoxylin and TRAP-positive MNCs (with more than 3 
nuclei) were identified as OCs. The number of OCs in each 
well was counted. The assays were repeated three times. 
For femur and mandible samples, 3 sections per specimen 
were stained. Cell nuclei were stained with methyl green, 
and TRAP-positive MNCs with bone resorption lacuna were 
identified as OCs. In mandible sections, OCs on the mesial 
surface of the alveolar ridge between the first and second 
molars were counted. In femur sections, five fields with 
× 400 magnification were randomly selected in the 1-mm 
subchondral bone region beneath the condyle cartilage. The 
length of bone covered with OCs and the total bone length 
were measured, and the ratio of the OC-covered length to 
the total length was calculated.

Immunohistochemistry (IHC) staining was performed 
on paraffin sections. After deparaffinization and hydration, 
sections were incubated with 3%  H2O2 for 20 min and anti-
gen retrieval solution (KeyGEN Biotech, KGIHC005) for 
5 min at room temperature and then blocked with normal 
goat serum (ZSGB-Bio, China; ZLI 9022) at 37 °C for 
30 min. The primary antibodies included CaMKII (Abcam, 
ab52476, 1:200) and pCaMKII (Abcam, ab32678, 1:200). 
For the negative control, the primary antibody was replaced 
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with PBS. After incubation with the corresponding second-
ary antibody (Gene Tech, China; GK600710-B) at 37 °C 
for 30 min, the sections were stained with DAB and hema-
toxylin. In the 2-mm region of spongiosa proximally from 
the distal growth plate and in alveolar bone between the 
first and second molars, five fields with × 400 magnification 
were randomly selected. The integral optical density (IOD) 
was measured using ImageJ software, and the mean optical 
density (MOD) was defined as IOD/area. The area indicated 
the total number of pixels in the picture.

Statistical Analysis

Data were expressed as means ± standard deviation (SD). 
One-way analysis of variance (ANOVA) was used to com-
pare the differences between groups using SPSS Statistics 21 
software (IBM, USA). Statistical significance was assumed 
for p values less than 0.05.

Results

High Glucose Promotes Osteoclastogenesis Through 
the Phosphorylation of CaMKII In Vitro

The cytotoxicity of KN93 on cells was first measured. Cells 
stimulated with 2.5 µmol/L and 5 µmol/L KN93 showed 
similar proliferation curves from day 0 to day 4 compared 
with unstimulated cells, while the proliferation was impaired 
under 10 µmol/L KN93 conditions (p < 0.05) (Fig. 1a). 
Therefore, we applied KN93 at a concentration of 5 µmol/L 
in the following in vitro experiments.

After M-CSF and RANKL induction, the mRNA expres-
sions of TRAP (Fig. 1b) and Cathepsin K (Fig. 1c) were 
elevated to 1.7- and 2.2-folds respectively (p < 0.05) under 
high glucose conditions, and were significantly reduced 
by KN93 (p < 0.05). TRAP-positive OCs were evident in 
all groups (Fig. 1d). OC formation was promoted by high 
glucose (283 ± 22 cell/well) compared with normal glucose 
(224 ± 36 cell/well, p < 0.01). In the presence of KN93, the 
formed OCs evidently reduced in number (94 ± 11 cell/well, 
p < 0.001) and size, and the remaining cells were mostly 
TRAP-positive mononucleated cells.

Isoform mRNA expression of CaMKII was detected. 
CaMKIIβ mRNA expression increased to 1.8-folds after 
high glucose stimuli (p < 0.05) and was reduced by KN93 
(p < 0.05) (Fig.  1e). The expression of CaMKIIδ and 
CaMKIIγ mRNAs showed trend to decrease after high glu-
cose stimuli (Fig. 1f, g). CaMKIIα expression was under the 
detection threshold in qRT-PCR analysis. In semiquantita-
tive PCR, the band for CaMKIIα was faint in OC sample and 
evident in brain sample (Fig. 1h).

Total CaMKII remained parallel among groups. The 
phosphorylation of CaMKII was enhanced under high glu-
cose conditions to 166% of normal glucose (p < 0.001) and 
was reduced by KN93 to 50% of normal glucose (p < 0.001) 
(Fig. 1i).

Hyperglycemia and Body Weight are Not Affected 
by KN93

Blood glucose significantly elevated at 3 days after STZ 
intraperitoneal injection (baseline) and remained stable 
during the experiment (Fig. 2a). Diabetic rats had signifi-
cantly lower body weights compared with their concurrent 
healthy controls 3 weeks after STZ injection (Fig. 2b). KN93 
administration showed no obvious effect on blood glucose 
and body weight (p > 0.05). In total, 2 diabetic rats (with 
1 in DM and 1 in DM + KN93) showed severe symptoms 
resembling Kussmaul’s respiration at 4 weeks after STZ 
injection; hence, these animals were excluded from the sta-
tistical analysis.

Hyperglycemia‑Induced Bone Morphological 
Changes are Alleviated by KN93

Micro-CT results showed that diabetic rats had significantly 
lower BV/TV, Tb.Th and Tb.N, as well as greater Tb.Sp 
and SMI than healthy controls. KN93 significantly improved 
Tb.Th (p < 0.05) and showed a slight improvement effect 
on the other parameters (Table 1). With respect to alveolar 
bone, different changes occurred at different sites (Fig. 3a; 
Table 1). At the middle and distal sites, diabetic rats had 
slightly greater ABC-CEJ compared with healthy controls 
(p > 0.05), and KN93 significantly alleviated alveolar bone 
destruction (p < 0.05). At mesial sites, the opposite trend was 
observed. Healthy controls showed a relatively greater mean 
than the other two groups (p > 0.05).

Differences in bone size occurred among groups 
(Fig. 3b–d; Table 1). Diabetic rats had lower femur length 
(p < 0.01), mandible length (p < 0.001), and mandible height 
(p < 0.01) than healthy controls. KN93 application attenu-
ated the inhibitory effect of hyperglycemia on the length of 
femur (p < 0.05) and mandible (p < 0.05).

H&E staining revealed that the trabecular bone of healthy 
rats was dense and evenly thick, while that of diabetic rats 
was thin and irregular (Fig. 4a). Additionally, the alveolar 
bone crest of healthy rats was wide with smooth borders, 
while that of diabetic rats was narrow and uneven. Changes 
in gingiva were also observed in diabetic rats. The sulcular 
epithelium hyperplasia and epithelial pegs were evident, and 
the orientation of gingival fiber above alveolar bone crest 
was disrupted (Fig. 4b).
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Hyperglycemia Induces Osteoclastogenesis 
through the Phosphorylation of CaMKII

TRAP staining revealed that in distal femur metaphysis, OCs 

were mainly observed in subchondral bone beneath the con-
dyle cartilage. Hyperglycemia significantly promoted OC 
formation (DM: 17.6 ± 5.8% vs. C: 5.5 ± 3.8%, p < 0.001); 
however, this alteration was largely inhibited by KN93 

Fig. 1  Effects of high glucose and KN93 on osteoclastogenesis 
in  vitro. a The cytotoxicity of varied concentration of KN93 (2.5, 
5, and 10  µmol/L) was measured for 4 days. Significant differ-
ence from 0  µmol/L, *p < 0.05. Osteoclast (OC) differentiation was 
induced with 10 ng/mL M-CSF and 50 ng/mL RANKL under condi-
tions of normal glucose (NG), high glucose (HG) and high glucose 
with 5 µmol/L KN93 (HG + KN). The relative gene expression of b 
TRAP and c cathepsin K were detected by qRT-PCR. d OC formation 
was detected using TRAP staining, and TRAP-positive MNCs were 

counted in each well. Scale bar 200 µm. The relative gene expression 
of e CaMKIIβ, f CaMKIIγ and g CaMKIIδ were detected by qRT-
PCR. h Gene expression of CaMKIIα was detected by semiquantita-
tive PCR. Brain tissue served as a positive control. i The phospho-
rylation of CaMKII was detected by western blot analysis. Data were 
presented as means ± SD, n = 3. Significant difference from NG, 
*p < 0.05, **p < 0.01, ***p < 0.001. Significant difference from HG, 
#p < 0.05, ###p < 0.001
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(DM + KN93: 9.7 ± 5.3%, p < 0.001) (Fig. 5a). In alveolar 
bone, diabetic rats had relatively more OCs (3.313 ± 1.557/
mm) than healthy controls (2.563 ± 1.050/mm, p > 0.05). 
KN93 significantly inhibited OC formation (1.625 ± 1.094/
mm, p < 0.05) (Fig. 5b).

IHC staining results demonstrated that in femur, CaM-
KII was expressed in bone lacuna (Fig. 6a), cartilage lacuna 
and the margin of trabecular and cortical bone. In mandi-
ble, CaMKII was expressed in periodontal ligament, bone 
lacuna of alveolar bone (Fig. 6b), gingiva, and dental pulp. 
Approximate CaMKII expression was observed among the 
three groups in both femur and mandible samples (Fig. 6c, 
d). In contrast to CaMKII, pCaMKII was also expressed in 
the mineralized region surrounding bone lacuna (Fig. 7a), 
but was hardly detected in cartilage lacuna. In addi-
tion, the phosphorylation of CaMKII in the alveolar bone 
was stronger than in the periodontal ligament (Fig. 7b). 
Among the groups, diabetic rats had stronger CaMKII 

phosphorylation than healthy controls and diabetic rats 
applied KN93 (Fig. 7c, d).

Discussion

In this study, we first reported that high glucose in vitro and 
hyperglycemia of type 1 diabetes promoted osteoclastogene-
sis through CaMKII phosphorylation, and these effects could 
be partially reversed by CaMKII inhibitor KN93.

In vitro, we observed enhanced osteoclastogenesis under 
25 mmol/L high glucose condition. Reni C et al. reported 
similar changes under the same glucose concentration [9], 
while another two studies applied 30.5–40 mmol/L glu-
cose and reported a decreased number of TRAP-positive 
MNCs [21, 22]. The activations of MAPKs, such as p38, 
JNK, and ERK, were essential for osteoclastogenesis [23]. It 
was reported that p38 phosphorylation and bone resorption 

Fig. 2  Blood glucose and body weight of the experimental rats. 
a Blood glucose and b body weight were measured weekly from 
baseline to 8 weeks after STZ injection. Data were demonstrated 
as means ± SD, n = 6. No significant differences were observed 

between DM and DM + KN. Significant difference from C, *p < 0.05, 
**p < 0.01, ***p < 0.001. C control, DM diabetes, DM + KN diabetes 
with KN93 application

Table 1  Bone morphologic 
parameters measured using 
Micro-CT and vernier caliper

Analysis by micro-CT, n = 3. Analysis by vernier caliper, n = 6
BV/TV percent bone volume, Tb.Th trabecular thickness, Tb.N trabecular number, Tb.Sp trabecular separa-
tion, SMI structure model index, ABC-CEJ distance from alveolar bone crest to cemento-enamel junction
Significant difference from Control, *p < 0.05, **p < 0.01, ***p < 0.001
Significant difference from Diabetes, #p < 0.05, ##p < 0.01

Bone types Parameters (units) Control Diabetes Diabetes + KN93

Femur BV/TV (%) 16.7 ± 3.3 4.3 ± 1.3*** 6.1 ± 1.9***
Tb.Th (mm) 0.097 ± 0.004 0.072 ± 0.006*** 0.081 ± 0.006**,#

Tb.N (/mm) 1.71 ± 0.29 0.60 ± 0.16*** 0.75 ± 0.18***
Tb.Sp (mm) 0.45 ± 0.09 0.93 ± 0.37* 1.00 ± 0.12*
SMI 1.96 ± 0.18 2.52 ± 0.19** 2.33 ± 0.18**
Length (mm) 37.00 ± 0.42 32.32 ± 0.69** 34.45 ± 2.03*,#

Mandible Mesial ABC-CEJ (mm) 1.465 ± 0.168 1.251 ± 0.095 1.295 ± 0.080
Middle ABC-CEJ (mm) 1.191 ± 0.065 1.244 ± 0.029 1.049 ± 0.020**,##

Distal ABC-CEJ (mm) 0.837 ± 0.048 0.886 ± 0.107 0.700 ± 0.038#

Length (mm) 15.96 ± 0.61 14.76 ± 0.16*** 15.36 ± 0.22*,#

Height (mm) 9.41 ± 0.58 8.34 ± 0.24** 8.44 ± 0.48**
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Fig. 3  Effects of hyperglycemia and KN93 on bone morphology. a 
Molar regions of the right mandible were scanned by micro-CT, and 
the distances from alveolar bone crest to cemento-enamel conjunc-
tion at mesial, middle and distal sites on lingual side of the first molar 

were measured. After removing soft tissue, the length of b left femur 
and c right mandible as well as d height of right mandible were meas-
ured using a Vernier caliper. C control, DM diabetes, DM + KN diabe-
tes with KN93 application

Fig. 4  Morphology of a trabecular bone of femur and b alveolar bone between mandibular first and second molars were observed using H&E 
staining. C control, DM diabetes, DM + KN diabetes with KN93 application, AB alveolar bone, PDL periodontal ligament
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were elevated in a glucose concentration-dependent man-
ner and reached plateaus at concentrations of approximately 
15–25 mmol/L [24]. At a concentration of 40 mmol/L, p38 
phosphorylation remained but ERK and JNK phospho-
rylation decreased, concomitant with decreased osteoclas-
togenesis [21]. Therefore, MAPK activation might play 
important roles in the dose-related effects of glucose on 
osteoclastogenesis.

CaMKIIs are ubiquitous in mammalian cells, and each 
isoform varies in tissue distribution. The finding that OCs 
expressed low levels of CaMKIIα was consistent with a 
previous study [25]. With high glucose stimuli, we found 
that the expression of CaMKIIβ was elevated, while that 
of γ and δ showed decreasing trends. In the presence of 
KN93, the expression of β isoform decreased while that 
of the other two isoforms tended to rebound. A similar 
phenomenon was reported in cerebellar Purkinje neu-
rons, in which the overexpression of CaMKIIα slightly 
reduced β isoform expression and vice versa [26]. The 
authors attributed this effect to some unknown compensa-
tory mechanism. Our western blot results supported this 
speculation because the total CaMKII remained unchanged 
during stimulation. CaMKIIβ plays an important role in 
F-actin stabilization/bundling [27], oligodendrocyte 
maturation and CNS myelination [28], mature Purkinje 
cell spine morphology regulation [29] and amygdala syn-
aptic plasticity [30], and was reported to be involved in 
muscle growth and remodeling after atrophy [31] as well 
as temporomandibular joint chondrocyte differentiation 

[32]. However, few studies have reported a potential role 
of CaMKIIβ in osteoclastogenesis under high glucose con-
ditions. In contrast, CaMKIIδ was previously reported to 
be functional in physiological osteoclastogenesis [12], but 
we found that its expression was slightly decreased after 
high glucose stimulation. We could explain these discrep-
ancies based on the consensus that four isoforms of CaM-
KII are homologous with the same domains and similar 
activation mechanisms. High glucose increased intracel-
lular cytosolic free calcium  [Ca2+] in various cell types 
[33–35]. When intracellular  [Ca2+] is elevated, it binds to 
calmodulin (CaM) to form  Ca2+/CaM, which initiates the 
activation of CaMKIIs. Once activated, CaMKIIs convert 
into forms of autonomous enzyme based on different post-
translational modifications, including autophosphorylation 
(pCaMKII), oxidation and O-linked N-acetylglucosamine 
(O-GlcNAc) modification [36]. Varied isoforms showed 
different CaM binding affinities and autophosphoryla-
tion activities. CaMKIIβ was reported to have higher 
CaM binding affinity and stronger autophosphorylation 
than CaMKIIδ under the same experimental conditions 
[37]. Therefore, the enhanced phosphorylation activity of 
CaMKII observed in current study might be due to the 
larger proportion of the β isoform in the unchanged total 
CaMKII. In this study, we mainly focused on the phos-
phorylation of CaMKII, which is fundamental for CaM-
KII activation. In addition, O-GlcNAc-modified CaMKII 
was also reported to be increased under hyperglycemia/
high glucose conditions and synergized with pCaMKII in 

Fig. 5  Osteoclast formation on a trabecular bone of femur and b 
alveolar bone of mandible were detected using TRAP staining. 
Cell nuclei were stained using methyl green. Red arrows indicate 
TRAP-positive multinucleated osteoclasts. Quantitative results were 

demonstrated as means ± SD, n = 6. Significant difference from C, 
***p < 0.001. Significant difference from DM, #p < 0.05, ###p < 0.001. 
C control, DM diabetes, DM + KN diabetes with KN93 application, 
AB alveolar bone, PDL periodontal ligament
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cardiomyocytes [38]. Whether the O-GlcNAc modification 
of CaMKII occurs and functions in OCs and OC precursor 
cells requires further investigation.

CaMKII activates cyclic AMP-responsive element-
binding protein (CREB) and the AP-1 transcription fac-
tor family to promote NFATc1 induction, and then induce 
osteoclast-specific gene expression [11, 39]. Our findings 
verified that the CaMKII phosphorylation enhanced by high 
glucose promoted Cathepsin K and TRAP expression. In 
addition, we observed that in the presence of CaMKII, most 
cells remained TRAP-positive mononucleated rather than 
becoming multinucleated. Ang ES et al. reported that KN93 
added only at the late stage of osteoclast differentiation sig-
nificantly reduced the number of TRAP-positive MNCs [40]. 
These results indicated that CaMKII might also function in 
the precursor fusion stage, though the underlying mecha-
nisms remain unclear.

CaMKII activation was reported to be involved in hyper-
glycemia-induced angiocardiopathy, retinopathy, and neu-
ropathy [17–19], while the present study is the first to report 

the effect of CaMKII on hyperglycemia-induced osteoclas-
togenesis and bone loss. We validated the in vitro results 
in diabetic rat models. There were more OCs with greater 
sizes in samples of diabetic rats, and CaMKII inhibition sig-
nificantly reduced OC formation, therefore alleviating bone 
resorption. Apart from directly regulating osteoclastogen-
esis, there might be a possible indirect way for CaMKII to 
influence bone quality. Epidemiologic evidence showed a 
correlation between the occurrence of diabetic microvas-
cular diseases and impaired trabecular microarchitecture/
bone mineral density [41, 42]. In animal studies, hypergly-
cemia could induce microangiopathy in femur bone marrow 
[43], and CaMKII inhibition could alleviate some hypergly-
cemia-induced vascular dysfunctions [17, 18]. Therefore, 
whether CaMKII influences bone marrow microangiopathy 
and the related bone metabolism changes requires further 
investigation.

Moreover, there was another interesting finding. After 
analyzing the distances of ABC-CEJ, we noticed a different 
trend at mesial sites, where healthy controls had relatively 

Fig. 6  Expression of CaMKII was observed using IHC staining. 
CaMKII was expressed in bone lacuna of a trabecular bone and b 
alveolar bone. Red arrows indicate CaMKII-positive sites. Semiquan-
titative analysis was performed. MOD indicated the mean optical 

density of interested area in c femur and d mandible samples. Data 
were demonstrated as means ± SD, n = 6. C control, DM diabetes, 
DM + KN diabetes with KN93 application, AB alveolar bone, PDL 
periodontal ligament
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greater ABC-CEJ than diabetic rats. Considering that the 
growth of the forepart of the mandible might influence the 
morphology of alveolar bone at mesial site, we measured 
the length and height of mandible to check whether these 
parameters varied among groups. Due to the limitations of 
the original experimental design, we did not maintain the 
integrity of some anatomic landmarks that were necessary 
to measure the full length and height of the mandible as a 
previous study did [44]. Therefore, some residual landmarks 
were chosen to reflect the length and height of the man-
dible. We found that mandible sizes of diabetic rats were 
smaller than those of healthy controls. According to the data 
from Kim HJ et al. [44], the mandible sizes continuously 
increased from 6 weeks old (baseline) to 14 weeks old (time 
point of sacrifice in this study). Therefore, we speculate that 
diabetes interfered with the growth of the mandible and then 
affected the morphology of alveolar bone at mesial site, 
leading to its different change features compared with mid-
dle and distal sites. A similar length discrepancy was found 
in femur samples. It was reported that poor diabetes control 

impaired near-adult height of children and adolescents with 
type 1 diabetes [45]. This finding may explain the reduced 
bone sizes of diabetic rats in this study because no glycemic 
control was performed during the experiment.

Surprisingly, we found that KN93 application partly 
retrieved the mandible and femur length of diabetic rats 
without influencing blood glucose and body weight. The 
IHC staining results revealed that pCaMKII was expressed 
not only on the margin of trabecular and alveolar bone, 
which correlated with the location of OCs, but also in the 
bone lacuna and surrounding mineralized region. This find-
ing suggests that there might be concurrent mechanisms for 
KN93 to alleviate the developmental suppression of mandi-
ble and femur caused by hyperglycemia.

In conclusion, we demonstrated for the first time that 
hyperglycemia promoted osteoclastogenesis and subsequent 
bone resorption through the phosphorylation of CaMKII, 
and CaMKII also participated in the hyperglycemia-induced 
developmental inhibition of bone. This is a preliminary 
study on the function of CaMKII on hyperglycemia-induced 

Fig. 7  Phosphorylation of CaMKII were observed using IHC stain-
ing. The phosphorylation of CaMKII (pCaMKII) was detected in 
bone lacuna and the surrounding mineralized region of a trabecular 
and b alveolar bone. Semiquantitative analysis was performed. MOD 
indicated the mean optical density of interested area in c femur and 

d mandible samples. Data were demonstrated as means ± SD, n = 6. 
Significant difference from C, ***p < 0.001. Significant difference 
from DM, ###p < 0.001. C control, DM diabetes, DM + KN diabetes 
with KN93 application, AB alveolar bone, PDL periodontal ligament



Hyperglycemia Induces Osteoclastogenesis and Bone Destruction Through the Activation of…

1 3

osteoclastogenesis, and the involved pivotal signaling 
molecules and regulatory mechanisms need to be further 
investigated.
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