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A B S T R A C T

Background: Diabetes mellitus could cause numerous complications and health problems including abnormality of
endochondral bone formation during embryogenesis. However, the underlying mechanisms still remain obscure.
Methods: Streptozotoci (STZ) was injected to induce pregestational diabetes mellitus (PGDM) mouse model. The
femurs of E18.5 mouse embryos from control and PGDM groups were harvested. Morphological staining was
implemented to determine the abnormality of the bone development. The expressions of the key genes partici-
pating in osteogenesis (e.g., Sox9, Runx2, and Osterix), the NF-κB signaling molecules (e.g., P50, P65, IκBα), and
the corresponding regulatory factors (e.g., Bmp2, phospho-p38) were evaluated by immunofluorescence, quan-
titative PCR and western blot. Finally, in vitro chondrocyte differentiation model was employed to verify the role
of NF-κB on the expressions of chondro-osteogenic markers.
Results: Alcian blue/alizarin red double staining and H&E staining demonstrated the restriction of skeletal
development and relatively extended hypertrophic zone at growth plate in E18.5 STZ-induced diabetic mouse
embryos compared to the control. Immunofluorescent staining and qPCR showed that Sox9 expression increased,
while Runx2 and Osterix expressions decreased in the growth plate of the offspring of PGDM mice. Immuno-
fluorescence of P65 manifested the activation of NF-κB signaling in growth plate in PGDM mouse embryos.
Furthermore, the relatively extended hypertrophic zone was also observed in the growth plate of the NF-κB-
activated transgenic mice, as well as the activated p65 up-regulated the expression of Bmp2 and p-p38. In ATDC5
cells, we could observe the high glucose up-regulated the P50 and P65 expressions and down-regulated IκBα
expression, but the high glucose-activated NF-κB signaling could be reversed by addition of Bay (inhibitor of NF-
κB signaling). The expression changes of Bmp2, Sox9 and Runx2 in presence of high glucose were resumed too.
Conclusion: Our data revealed that NF-κB signaling was involved in mediation effects of dysfunctional trans-
differentiation of hypertrophic chondrocytes in the embryonic growth plate induced by maternal diabetic
mellitus.
1. Introduction

In the new century, diabetes mellitus has been becoming one of the
overwhelming issues facing health care in the world [1]. Diabetes is
deemed to be a disorder that influences on burning food into energy in
the human body. There are three kinds of diabetes mellitus: type 1
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(T1DM), type 2 (T2DM), and gestational diabetes (GDM) [2–4]. T1DM
refers to the problems manufacturing insulin; T2DM refers to the prob-
lems using insulin well; gestational diabetes is the diabetes mellitus
diagnosed during pregnancy [3]. Women affected by diabetes in preg-
nancy fall into 1 of 2 broad diagnostic categories – pregestational
gestational diabetes mellitus (PGDM, including T1DM and T2DM) and
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gestational diabetes mellitus (GDM). The International Diabetes Feder-
ation (IDF) suggests that 16.8% pregnancies are affected by diabetes. Of
this number, 13.6% are affected by PGDM, and this proportion keep
increasing in recent years [5]. It has been known that diabetes mellitus is
associated with various fetal and infant complications, such as stillbirth,
prenatal mortality, infant macrosomia and birth trauma, infant hypo-
glycemia [6–9], and most of the underlying pathological mechanisms
have not been completely understood.

Both T1DM and T2DM have been reported to interfere with devel-
opmental osteogenesis and impair fracture healing [10,11], but the
pertinent data regarding the influence of diabetes mellitus on embry-
onic/fetal bone formation have not been well elucidated. As we know,
multifactorial interventions such as the external influence (e.g., maternal
diabetes) of various genes, growth factors and enzymes would contribute
to the inadequate embryogenesis including the underdevelopment of the
skeletal system. Our previous experiments showed that the high glucose
could negatively affect the skeletal development of chick embryos
through Wnt signaling [12]. Moreover, another report displayed that
there was a significant inverse correlation between the fetal bone mineral
content and the blood glucose of diabetic mothers in the first trimester,
i.e., low neonatal bone mineral content is associated with high maternal
blood glucose [13]. In addition, gestational diabetes could result in
different degrees of limb deformities and underdevelopment of the fetus
[14,15]. More importantly, the inappropriate skeletal development
during fetal period or childhood could directly affect the morbidity of the
systematic skeletal disorders in adulthood (e.g., osteoporosis), since the
pathology of skeletal development roots in fetal/neonatal bone health
[16]. In the view of the importance of this problem, we systematically
implemented the study about the effects of maternal diabetes on the long
bone formation in the stage of embryonic development.

The development and growth of long bones are accomplished by
means of endochondral ossification, in which the chondrocytes form a
template of hyaline cartilage and then the cartilaginous template is
gradually replaced by bone, with blood vessels invasion, and matrix
ossification. In recent years, a new theory about the cell fate of chon-
drocytes in endochondral bone formation has been summarized [17].
That is the direct cell transdifferentiation from chondrocytes to bone cells
precisely connects chondrogenesis, classified as phase I, providing a
template of the future skeleton. The chondrocytes go through cell pro-
liferation and hypertrophic differentiation to form a distinctive growth
plate, where chondrocytes on the epiphyseal plate divide into one cell
remaining undifferentiated near the epiphysis, and another cell moving
toward the diaphysis which continuously pushes longitudinal bone
growth [18]. In growth plate, newly-formed round shaped chondrocytes
morphologically become flat, and eventually diminish proliferative
feature and exit the cell cycle to enter the prehypertrophic phase. Phase II
is classified as osteogenesis, which finishes skeletal construction [17].
Hypertrophic chondrocytes facilitate the mineralization of the sur-
rounding matrix, tempt the invasion of blood vessels via secreting
vascular endothelial growth factor (VEGF), and then
macrophage-derived osteoclasts break down the existing cartilage ma-
trix. Meanwhile, osteoblasts derived from the adjacent perichondrium of
hypertrophic zone, synthesize bone matrix to form a bone collar [18].
These two phases are in a continuous lineage-linked process of endo-
chondral bone formation and limb elongation.

The process of the cell transdifferentiation in the growth plate during
the relay from chondrogenesis to osteogenesis is coordinately controlled
by many local paracrine regulators and endocrine hormones, such as
bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs),
insulin-like growth factors (IGFs), retinoids and the parathyroid
hormone-related protein (PTHrP)/Indian hedgehog (Ihh) signaling loop
[18–23]. Among these factors, Bmp2, a member of the TGF-β
super-family, plays an essential role in the regulation of chondrocyte
proliferation and maturation during endochondral bone development
[24]. Bmp2 shows a tremendous potential to induce chondrogenesis,
osteogenic differentiation [25], and endochondral ossification [24].
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Bmp2 can induce chondrogenic and osteogenic differentiation within the
same system, implying the essential role of Bmp2 during bone develop-
ment and cartilage/bone regeneration. P38 kinase is stimulated by Bmp2
and functions as the downstream signal [26,27]. Bmp2 activates MAP
kinase, and consequently elicits MKK3/MKK6 that directly phosphory-
lates and activates p38 kinase [27–29]. The phosphorylated p38 kinase,
in turn, regulates gene expression in the nucleus.

It is reported that nuclear factor kappa B (NF-κB) specifically activates
Bmp2 expression in chondrocytes, which implies that NF-κB is the up-
stream signaling of Bmp2 [30]. NF-κB signaling has been judged to fully
exploit its indispensable role in the immune system through regulating
and inducing the expressions of highly effective genes in the body in
responses to internal and external pathogens [31]. However, the tran-
scriptional regulation of NF-κB signaling is far beyond the immune re-
sponses to pathogens, actually extending to influence on cell survival,
proliferation and differentiation [31]. The basic forms of NF-κB signaling
comprise receptor and adaptor molecules, IKK complex, IκB proteins and
NF-κB dimmers, while NF-κB family of the transcription factors includes
the following five members: p50, p52, p65 (RelA), c-Rel, and RelB [32,
33]. The activation of NF-κB transcription is fulfilled through the release
of NF-κB dimmer, e.g., phosphorylation of p65, which interacts with
CBP/p300 coactivator complexes resulting in target gene transcription
[33].

In this study, diabetic mouse model and the ATDC5 (chondrogenic
cell line) cells were employed to investigate the effect of maternal dia-
betes on fetal chondrogenesis and osteogenesis, as well as the patho-
logical mechanism including the involvement of NF-κB signaling.

2. Materials and methods

2.1. Mouse embryos

The C57BL/6 mice used in this study were obtained from the Institute
of Laboratory Animal Science, Jinan University (Guangzhou, China).
Eight-week old female mice were used to induce diabetes mellitus by
injecting 2% streptozotocin (STZ, Sigma, MO, USA) dissolved in 0.01 M
citrate buffer at a pH of 4.5 and a dose of 75 mg/kg body weight for 3
consecutive days. Blood glucose levels were measured 7 days after STZ
injection by Roche Accu-Chek Aviva Blood Glucose System (Roche, USA).
Diabetes mellitus was defined as a fasting blood glucose level greater
than 288 mg/dL (16 mM) [1,2]. Control mice were maintained eugly-
cemic prior to and during pregnancy (4–8 mM). Two female mice were
housed with one normal male mouse overnight in a cage. The day that
vaginal plugs were observed was designated as embryonic day 0.5 (E0.5).
During pregnancy, blood glucose levels were monitored every 6 days.
The fetuses were dissected by caesarean section after the pregnant mice
were anaesthetized by injecting pentobarbital (150 mg/kg body weight)
at E18.5, which is corresponding to 6 months of human fetal develop-
mental stage, the time point representing the key stage of endochondral
ossification. The experiments were performed in duplicate, with 24 mice
randomly assigned to control and PGDM group, respectively. All pro-
cesses involving animal treatments in this study were in accordance with
the procedures of Ethical Committee for Animal Experimentation, Jinan
University.
2.2. NF-κB1C59S mice

Knockin (NF-κB1C59S) mice were obtained from Modern Animal
Research Center of Nanjing University. NF-κB1C59S mice (activated NF-
κB) were established as previously reported [34]. The knee joints of the 1
month NF-κB1C59S mice were harvested for sectioning, stained with 0.1%
safranin O (Sigma, USA) and 0.1% fast green (Sigma, USA). All processes
involving animal treatments in this study were in accordance with the
procedures of Ethical Committee for Animal Experimentation, Jinan
University.



Table 1
PCR primer.

Gene Primer Sequence

(M)Sox9 Forward
Reverse

50-AGACTCACATCTCTCCTAATGCT-30

50-ACGTCGGTTTTGGGAGTGG-30

(M)Runx2 Forward
Reverse

50-CTCTTCTGGAGCCGTTTATGT-30

50-GTTTCTTAGGGTCTTGGAGTGA-30

(M)Osterix/SP7 Forward
Reverse

50-ACCCCAAGATGTCTATAAGCCC-30

50-CGCTCTAGCTCCTGACAGTTG-30

(M)Bmp2 Forward
Reverse

50-GGGACCCGCTGTCTTCTAGT-30

50-TCAACTCAAATTCGCTGAGGAC-30

(M)p50 Forward
Reverse

50-TCGCTCAGCTGCACTCTATG-30

50-GGGGACAGCGACACCTTTTA-30

(M)p65 Forward
Reverse

50-ACCCTGACCATGGACGATCT-30

50-CCCCTCGCATTTATAGCGGA-30

(M) IκBα Forward
Reverse

50-AGGTGATTTTCCAGAACCTAATGAA-30

50-CAAGAAGGCGACACAGACCT-30

(M)β-actin Forward
Reverse

50-GTGCTATGTTGCTCTAGACTTCG-30

50-ATGCCACAGGATTCCATACC-30
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2.3. Alcian blue and alizarin red staining

To visualize the skeleton, the whole mouse embryos were stained
with alcian blue and alizarin red dyes as previously described [35]. The
mouse embryos were separated from adherent tissues, fixed in 95%
ethanol for 2 days followed by fixation in acetone for another additional
day, stained for cartilage with alcian blue and counterstained for bone
with alizarin red (Solarbio, Beijing, China). Long bone tissues were
carefully dismembered and photographed using a stereomicroscope
Fig. 1. Assessing the long bone formation of mouse embryos from control and PGD
model and the timing for harvesting mouse embryos. B-E: Representative bright-fie
charts showing the comparisons of crown-rump length (D) and weight (E) of E18.5 m
alizarin red stained images of E18.5 mouse embryos from control (F) and PGDM (G)
groups. I: Bar charts showing the length comparisons of humerus (H), radius (R), uln
and PGDM groups. J-K: Representative H&E stained images of vertical sections of fem
high magnification images indicated by dotted squares in left panels. L-M: Bar charts s
the ratios of RZ (reserve zone), PZ (proliferative zone) and HZ (hypertrophic zone) l
PGDM groups. Scale bars ¼ 5 mm in B–C and F-G; 2000 μm in H; 400 μm in the left pa
for M, n ¼ 5. *P < 0.05, **P < 0.01, ***P < 0.001.
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(MVX10, Olympus, Tokyo, Japan). The lengths of each humerus, ulna,
radius, femur, fibula and tibia were quantitatively analyzed using Image
Pro-Plus 5.0 software (IPP, Media Cybernetics) [36].

2.4. Cell culture

Chondrogenic cell line ATDC5 (ATCC, Manassas, VA) cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco) and
plated with a density of 1 � 106 cells/mL, supplemented with 10% fetal
bovine serum (FBS, Gibco, Gaithersburg, MD). The chondrogenic dif-
ferentiation mediumwas supplemented with insulin-transferring-sodium
selenite media supplement (Sigma) for 4 days. The cultures were exposed
to 25mM (normal) or 50mM (high glucose) D-glucose (Sigma, MO, USA),
while 50 mMmannitol was used as osmotic control in order to determine
whether or not the effect of high glucose was related to the osmotic ef-
fect. To address the possible role of NF-ĸB signals, the ATDC5 cells
cultured with either 25 or 50 mM D-glucose were treated with 5 μM Bay-
117082 (NF-ĸB inhibitor, Thermo Fisher Scientific, USA).

2.5. H&E staining, von Kossa staining and immunofluorescent staining

The femurs of the mouse embryos from control and STZ-treated
groups were dismembered and fixed in 4% paraformaldehyde (PFA),
then embedded in paraffin. The samples were serially sectioned at 5 μm
thicknesses on a microtome (Leica RM2126RT, Germany). Bone histol-
ogy analyses including H&E staining and von Kossa staining were per-
formed with longitudinal sections using standard protocols.
Immunofluorescent staining was performed at 4 �C overnight, using
M group. A: Sketch illustrating the establishment of STZ-induced PGDM mouse
ld images of E18.5 mouse embryos from control (B) and PGDM (C) group. Bar
ouse embryos from control and PGDM groups. F–H: Representative alcian blue/
groups. High magnification images of forelimb and hindlimb (H) from the two
a (U), femur (Fe), fibula (Fi) and tibia (T) of E18.5 mouse embryos from control
urs from E18.5 control (J) and PGDM (K) mouse embryos. Right panels show the
howing the ratios comparisons of growth plate length to the entire femur (L) and
ength (M) to the entire growth plate of E18.5 mouse embryos from control and
nels of J-K, 200 μm in the right panels of J-K. For D, I and L, n ¼ 6, for E, n ¼ 10,



Fig. 2. Assessing the expressions of differentiation-related regulatory genes in the long bone of mouse embryos from control and PGDM group. A-C: Representative
images of Sox9 (A), Osterix (B) and Runx2 (C) immunofluorescence in the growth plate and diaphysis of E18.5 mouse embryos from control and PGDM group. Cell
nuclei were counterstained with DAPI. Right panels are the high magnification images indicated by dotted squares in the middle panels. D-F: Bar charts showing the
ratio comparisons of Sox9þ (D), Runx2þ (E) and Osterixþ (F) cell numbers of E18.5 mouse embryos from control and PGDM groups. G-I: Quantitative PCR data
showing the mRNA expression of Sox9 (G), Runx2 (H) and Osterix (I) from E18.5 control and PGDM mouse embryos. J-L: Western blot data showing the expression of
Sox9 (J), Runx2 (K) and Osterix (L) from E18.5 control and PGDM mouse embryos. Scale bars ¼ 400 μm in the left and middle panels of A-C, 50 μm in the right panels
of A-C. For D, n ¼ 9, for E, n ¼ 7, for F, n ¼ 6, for G-I, n ¼ 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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monoclonal primary antibodies against: Sox9 (1:200, Abcam, ab3697,
Cambridge, MA), Runx2 (1:200, Abcam, ab114133, USA), Osterix
(1:300, Abcam, ab22552, UK), Bmp2 (1:100, Santa Cruz Biotechnology,
sc137087, USA), Phospho-p38 (1:200, Cell Signaling Technology,
#9211, USA), IκBα (1:200, Cell Signaling Technology, #4814, Boston,
MA), p50 (1:100, Bioss, bs-1194 R, USA), p65 (1:200, Cell Signaling
Technology, SA), Phospho-p65 (1:100, Cell Signaling Technology,
#3033, Boston, USA). The secondary antibody, Alexa Fluor 555 anti-
rabbit IgG (1:1000, Invitrogen, CA, USA) or Alexa Fluor 488 anti-rabbit
IgG (1:1000, Invitrogen, CA, USA), was then applied. The sections
were counter-stained with 40-6-diamidino-2-phenylindole (DAPI, 5 μg/
mL, Life Tech, USA) to reveal the nuclei and finally photographed by an
Olympus IX51 microscope (Olympus, Tokyo, Japan). The immunofluo-
rescent intensity was quantitative measured as previously described [37,
38]. The results were analyzed using IPP 5.0 or image J software.
Negative controls of the immunofluorescent staining were attached as
supplementary figure 1 and 2 (Fig. S1-S2).
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2.6. RNA isolation and quantitative PCR

Total RNA was extracted from the harvested mouse femoral head and
ATDC5 cells using a Trizol kit (Invitrogen, Waltham, MA, USA). RNA (1
μg) was reverse transcribed, using 1 μL Oligo dT, 1 μL StarScript II RT
mix, primer, and 10 μL 2� reaction mix, according to the manufacturer's
instructions (Genstar, Beijing, China). First-strand cDNA (0.4 μL) was
synthesized to a final volume of 20 μL using a SuperScript RIII first-strand
kit (Invitrogen, Waltham, MA, USA). Following reverse transcription,
PCR amplification of the cDNA was performed using mouse specific
primers. The primers' sequences are provided in Table 1. The PCR re-
actions were performed in a Bio-Rad S1000TM Thermal cycler (Bio-Rad,
Hercules, CA, USA) as described previously [39]. The expression of the
genes was normalized to β-actin, and the expression levels were
compared by ΔΔCt. The quantitative PCR results shown are the repre-
sentative of three independent experiments.



Fig. 3. Assessing the expressions of Bmp2 signaling in the growth plate of mouse embryos from control and PGDM group. A-B: Representative images of Bmp2 (A) and
Phospho-p38 (B) immunofluorescence in the growth plate of E18.5 mouse embryos from control and PGDM group. Cell nuclei were counterstained with DAPI. The
second and fourth panels are the high magnification images indicated by dotted squares in the first and third panels, respectively. C, F: Bar charts showing the ratio
comparisons of Bmp2þ (C) and Phospho-p38þ (F) cell numbers of E18.5 mouse embryos from control and PGDM groups. D: Quantitative PCR data showing the mRNA
expression of Bmp2 from E18.5 control and PGDM mouse embryos. E, G: Western blot data showing the expression of Bmp2 (E) and Phospho-p38 (G) from E18.5
control and PGDM mouse embryos. Scale bars ¼ 400 μm in the first and third panels of A-B, 50 μm in the second and fourth panels of A-B. For C and F, n ¼ 18, for D, E
and G, n ¼ 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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2.7. Western blotting

Proteins derived from the femoral head of the mouse embryos and
ATDC5 cells were isolated using a radio-immuno-precipitation assay
buffer (RIPA, Sigma–Aldrich, St. Louis, MO, USA). The concentration of
protein was quantified with a BCA assay (Thermo Fisher Scientific,
Waltham, MA, USA). The extracted protein was separated by 10% SDS-
PAGE and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Millipore, MA, USA). The membrane was blocked with 5% nonfat
milk and then incubated with Bmp2 (1:500, Santa Cruz Biotechnology,
sc137087, USA), Phospho-p38 (1:1000, Cell Signaling Technology,
#9211, USA), p65 (1:1000, Cell Signaling Technology, SA) and β-actin
(1:3000; Proteintech, 60008-1-1 g, Rosemont, USA) in a TBST buffer at 4
�C overnight. After incubation with the secondary antibody, either HRP
goat anti-rabbit IgG (1:3000; EarthOx, 7074 S, Millbrae, USA) or HRP
goat anti-mouse IgG (1:3000; EarthOx, 7076 S, Millbrae, USA), the
samples were developed with SuperSignalTM West Femto Chemilumi-
nescent Substrate (ThermoFisher, Rockford, USA) and the Gel Doc™ XR
þ System (Bio-Rad, CA, USA). Quantity One (Bio-Rad, Hercules, CA,
USA) was used to capture the chemiluminescent signals and analyze the
data. All samples were performed in triplicate.

2.8. Data analysis

Statistical analysis was performed using SPSS 22.0 statistical package
program. Constructions of statistical charts were performed using a
Graphpad Prism 5 software package (Graphpad Software, CA, USA). Data
were presented as means� SD. All data were analyzed using ANOVA and
t text, which were employed to establish whether there was any
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significant difference between the control and experimental data. P <

0.05 was considered statistically significant.

3. Results

3.1. Hyperglycemia during pregnancy suppresses the development of long
bones in mouse fetus through influencing on the growth plate

In order to evaluate the effect of PGDM on the embryonic long bone
formation, we established the mouse model of PGDM via intraperitoneal
injection of STZ as shown in Fig. 1A. Compared to the control, the crown-
rump length and body weights of PGDM mouse embryos were signifi-
cantly reduced (Fig. 1B–E). Alcian blue/alizarin red staining showed that
the lengths of humerus, radius, ulna, femur, fibula and tibia of E18.5
PGDMmouse embryos were significantly shorter than the ones of control
embryos (Fig. 1F–I). H&E staining on longitudinal sections of the femur
demonstrated that there were no significant difference on the proportion
of rest zone (RZ) and proliferative zone (PZ) to the entire length of
growth plate between control and PGDMmouse embryos, but there was a
significant increase on the proportion of growth plate to the entire femur
length and hypertrophic zone (HZ) to the entire growth plate in PGDM
group when compared to control mouse embryos (Fig. 1J-M).

We further examined the expressions of Sox9 and Runx2, the two
crucial transcription factors determining the cell fate of osteochondral
progenitors into either chondrocytes or osteoblasts [40], in the long
bones of E18.5 mouse embryos, using immunofluorescence, quantitative
PCR and western blot. The results displayed that Sox9 expression was
significantly increased in the growth plates of E18.5 PGDM mouse em-
bryos (Fig. 2A, D, G, J), while the expression of Runx2 were significantly



Fig. 4. Assessing the expressions of NF-κB signaling molecules in the long bone of mouse embryos from control and PGDM group. A: Representative images of p65
immunofluorescence in the long bones of E18.5 control and PGDMmouse embryos. Cell nuclei were counterstained with DAPI. Right panels are the high magnification
images indicated by dotted squares in the middle panels. B: Bar charts showing the ratio comparisons of p65þ cell numbers in PZ, HZ and OZ (ossification zone) of the
femur of E18.5 mouse embryos from control and PGDM group. C: Western blot data showing the expression of p65 from E18.5 control and PGDM mouse embryos. D:
Quantitative PCR data showing the mRNA expression of p50, p65 and IκBɑ from E18.5 mouse embryos of control and PGDM group. E: Sketch illustrating the NF-κB
transgene mice in which NF-κB signaling is activated through altering NF-κB1 (p50) sequence of bases on sixth exon. F: Representative images of Safranin-O & Fast
Green staining in growth plates of 1-month control and active NF-κB mice. Right panels are the high magnification images indicated by dotted squares in the left
panels. G: Bar chart showing the comparisons of the ratios of each zone (RZ, PZ, and HZ) to the entire growth plate lengths of 1-month control and active NF-κB mice.
Scale bars ¼ 400 μm in the left and middle panels of A, 100 μm in the right panels of A; and 500 μm in the left panels of F, 100 μm in the right panels of F. For B, n ¼ 6,
for C and D, n ¼ 3, for G, n ¼ 5. *P < 0.05, **P < 0.01.
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reduced (Fig. 2C, E, H, K) compared to control ones. Moreover, the
expression of Osterix, another key regulator of osteoblasts differentiation
and function, exhibited the same tendency as that of Runx2 (Fig. 2B, F, I,
L). Taken together, these results suggest that hyperglycemia exposure
suppress the transition of hypertrophic chondrocytes and the turnover
from HZ to ossification zone (OZ) in growth plate, which subsequently
inhibit the development of fetal long bones.
3.2. Bmp2 signaling mediated by NF-κB is involved in the suppression of
the turnover from HZ to OZ in PGDM mouse embryos

Previous studies suggested that Sox9 played an important role in the
regulation of chondrocyte hypertrophic maturation and ossification [41],
and the persistent expression of Sox9 retarded the transdifferentiation of
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chondrocytes into osteoblasts at the cartilage–bone junction [42]. Bmp2,
judged as the upstream signaling of Sox9 [43], might be involved in the
up-regulation of Sox9. Therefore, we next measured the expression of
Bmp2 and downstream Phospho-p38 in E18.5 mouse embryonic growth
plates using immunofluorescent staining. The results showed that both
Bmp2 (Fig. 3A, C) and Phospho-p38 expressions (Fig. 3B, F) were
significantly increased in the growth plate of PGDM mouse embryos
compared to control ones, which was further confirmed by the data of
quantitative PCR and western blot (Fig. 3D–E, G).

It was reported that the expression of Bmp2 was partially controlled
by NF-κB in chondrocytes, which may have important impacts in late
stage chondrogenesis [30]. So the expression of p65, the marker of NF-κB
signaling, was checked in E18.5 mouse embryos growth plates using
immunofluorescent staining. The results showed that p65 expression was



Fig. 5. Assessing the expressions of NF-κB signaling in chondrogenic ATDC5 cells in the presence of high concentration of glucose or blocking NF-κB signaling. A-B, E-
F: Representative expressions of p50 (A), p65 (B), Phospho-p65 (E), IκBα (F) using immunofluorescence in ATDC5 cells from control, glucose, and glucose þ bay
groups. Mannitol was used as osmotic control. Cell nuclei were counterstained with DAPI. Right panels are the high magnification images indicated by dotted squares
in the middle panels. C-D, G-H: Bar charts showing the comparisons of relative fluorescence intensities of p50 (C), p65 (D), Phospho-p65 (G), IκBα (H) in ATDC5 cells
from control, glucose, glucose þ bay and mannitol groups. Scale bars ¼ 50 μm in the left and middle panels of A, B, E and F, 10 μm in the right panels of A, B, E and F.
For C, D, G and H, n ¼ 50. ***P < 0.001.
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increased in the growth plate of PGDM mouse embryos compared to
control ones (Fig. 4A and B), especially in HZ and OZ, which was
confirmed by quantitative PCR and western blot data (Fig. 4C and D). The
possibility is that hyperglycemia exposure activates NF-ĸB molecules,
which subsequently increase the expressions of Bmp2 and Sox9. To verify
the speculation, a NF-κB activated transgenic mice, NF-κB1C59S, was
employed in this experiment (Fig. 4E) to address the effect of NF-κB on
the development of growth plate. The rate of each zone to the entire
growth plate in the NF-κB activated mice were quantitatively compared
with the ones in wild-type mice. The results showed that the ratio of HZ
to the entire growth plate length was significantly increased when
compared with the wild type mice, exhibiting the same phenotype as that
of the PGDM mouse embryos (Fig. 4F and G). Also, the expressions of
Sox9, Runx2 and Osterix were checked in the growth plate of the femur
of the NF-κB1C59S mice using immunofluorescence. The results displayed
that the expressive pattern of above-mentioned genes exhibited the same
tendency as those expressed in the long bones of the E18.5 PGDM mouse
embryos (Fig. S3).

Next, ATDC5 cells were employed in vitro to verify the role of NF-κB
on the expression of chondro-osteogenic markers, Sox9 and Runx2.
Firstly, immunofluorescent staining manifested that blocking NF-κB
signaling with its inhibitor, Bay-117082, would reverse the increases of
high glucose-induced p50 (Fig. 5A, C), p65 (Fig. 5B, D) and Phospho-p65
(Fig. 5E, G) expressions in ATDC5 cells, while the inhibited IκBα
immunofluorescence intensity induced by high glucose was significantly
increased by blocking NF-κB signaling (Fig. 5F, H) in ATDC5 cells.
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Furthermore, the immunofluorescence revealed that high glucose
elevated Bmp2 (Fig. 6A, C), Phospho-p38 (Fig. 6B, D), Sox9 (Fig. 6E, G)
and inhibited Runx2 (Fig. 6F, H) expressions in ATDC5 cells, which could
be reversed by the addition of Bay-117082 (Fig. 6).

4. Discussion

The formation of long bones in the vertebrates adopts endochondral
ossification, in which bone gradually replaces the previous cartilage
template [44]. GH-IGF axis, a mixed system of endocrine, paracrine and
autocrine, is deemed to primarily plays an indispensable role on longi-
tudinal bone growth [45]. Uchimura et al. reported that IGF2 regulated
bone growth via influencing glucose metabolism in chondrocytes, indi-
cating the role of glucose metabolism on cartilage development [46]. The
risk of skeletal mass loss and impairment of bone development were
described in the children with diabetes [47]. Weiss et al. reported that
STZ-induced diabetes influenced on the stages of matrix-induced endo-
chondral bone growth of the rats, which are derived from the following
mechanism of action: the suppression of mesenchymal cell proliferation;
the reduction of vascular invasion during osteogenesis; and the regres-
sion of calcification and ossification [48]. In this study, we also found the
restriction of mouse endochondral bone growth as shown above, and
assumed that the principal mechanism was the accumulation of hyper-
trophic chondrocytes, i.e., the relatively expanded HZ, in HZ of growth
plate (Fig. 1). The abnormity of terminal differentiation of hypertrophic
chondrocytes held a clue to the possible causes of aberrant turnover of



Fig. 6. Assessing the expressions of differentiation-related regulatory genes in ATDC5 cells in the presence of high concentration of glucose or blocking NF-κB
signaling. A-B, E-F: Representative expressions of Bmp2 (A), Phospho-p38 (B), Sox9 (E) and Runx2 (F) using immunofluorescence in ATDC5 cells from control,
glucose, glucose þ bay, and mannitol groups. Cell nuclei were counterstained with DAPI. Right panels are the high magnification images indicated by dotted squares in
the middle panels. C-D, G-H: Bar charts showing the comparisons of relative fluorescence intensities of Bmp2 (C), Phospho-p38 (D), Sox9 (G) and Runx2 (H) in ATDC5
cells from control, glucose, glucose þ bay, and mannitol groups. Scale bars ¼ 50 μm in the left and middle panels of A, B, E and F, 10 μm in the right panels of A, B, E
and F. For C, D, G and H, n ¼ 50. ***P < 0.001.
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hypertrophic chondrocytes at growth plate, i.e., the disruption of growth
plate homeostasis under certain circumstances. This was partially veri-
fied by the alteration of Sox9 and Runx2 expression in the growth plate of
PGDM mouse embryos in this study (Fig. 2), since Sox9 is deemed to
dominantly regress the activity of Runx2 for destining chondrogenic
lineage in the process of endochondral ossification [49]. Meanwhile, in
PGDM mouse embryos, we also observed the reduction of the Osterix
expression in the long bones (Fig. 2). Osterix acts as a downstream
signaling molecule of Runx2 and plays an important role on preosteoblast
development during osteogenesis [50], and the reduction of Osterix
expression in growth plate would contribute to the turnover barrier of
osteochondrogenic progenitors from hypertrophic zone to ossification
zone.

Next question is how diabetes mellitus negatively affect the endo-
chondral bone formation through influencing the normal transformation
of osteochondrogenic progenitors from hypertrophic zone to ossification
zone. As well known, diabetes mellitus is closely associated with the
activation of NF-κB signaling pathway, which functions as a key event in
the pathological mechanisms of diabetes mellitus [51–53]. Likewise, we
indeed found that NF-κB signaling activation existed in the growth plate
of PGDM mouse embryos in this study (Fig. 4). More interestingly, we
correspondingly observed the phenotype of the extended hypertrophic
zone in the transgenic mice of activation of NF-κB signaling (Fig. 4),
which is similar to the growth plate established in PGDM mouse em-
bryos. Furthermore, we discovered that the activation of NF-κB signaling
in ATDC5 cells induced by high glucose could be successfully reversed by
blocking NF-κB signaling with its inhibitor (Fig. 5). And inhibiting the
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activation of NF-κB also decreased the expression of Bmp2, Phospho-p38
and Sox9 caused by high glucose exposure, as well as restored the
down-regulation of Runx2 (Fig. 6). These results indicated the role of key
mediator of NF-κB signaling between maternal environment of diabetes
mellitus and initial bone formation during embryonic development.
Taken together, the data enforced and confirmed that NF-κB signaling
was indeed involved in the pathobiology of diabetes-induced endo-
chondral bone formation.

The question then is how the activated NF-κB signaling lead to the
possibility of abnormal bone formation due to the problem of chondro-
genic differentiation as described above. Previous study reported that
NF-κB specifically activates Bmp2 gene expression in growth plate
chondrocytes in vivo and in a chondrocyte cell line in vitro [30], while
the latter, as the upstream signal of Sox9, subsequently up-regulates the
expression of Sox9. In this study, we certainly manifested the increase of
Bmp2, Phospho-p38 and Sox9 expression in ATDC5 cells from the high
glucose-induced repressive state in the context of blocking NF-κB
signaling with its inhibitor (Fig. 6).

In sum (Fig. 7), we revealed the possible pathological mechanism of
diabetes-induced the restriction of trans-differentiation of chondrocytes
from hypertrophic zone to bone cells in the ossification zone in the
present study. Briefly, the hyperglycemia in diabetes mellitus induced
Bmp2/Phospho-p38 expression through the mediation effect of activated
NF-κB signaling, and Bmp2 increased the expression of Sox9 (the crucial
transcription factor for early chondrogenesis) in growth plate. Thus, the
enhanced Sox9 in turn inhibited the expressions of Runx2 and Osterix,
which functions as the master osteogenic factors. Eventually, these would



Fig. 7. Schematic diagram of the proposed mechanism about high glucose disturbed the trans-differentiation from hypertrophic chondrocytes to bone cells in the
ossification zone through the mediation effect of NF-κB-Bmp2 signaling.
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restrict the trans-differentiation of chondrocytes/bone cells relay from
hypertrophic zone to ossification zone, and subsequently result in the
shortened long bones. It is expected the exact biological mechanisms will
be further addressed, to combat diabetic complications on fetal skeletal
development in the future.
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