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    1    |     INTRODUCTION 

 Due to the characterisঞcs of modern lifestyle, such as changes in 
dietary habits and advanced maternal age at first pregnancy, gesta-
ঞonal diabetes is becoming more and more prevalent throughout the 
world.  1   An increasing number of studies have indicated that mater-
nal gestaঞonal diabetes is the key risk factor for birth defects in the 
offspring of diabeঞc mothers. Both human and animal model studies 
have previously indicated that hyperglycaemia induced by diabeঞc 

pregnancy is responsible for the malformaঞons during embryo or-
ganogenesis.  2–5   Exposure of offspring to intrauterine hyperglycaemia 
might result in developmental dysplasia, which can affect many organ 
systems of the body, including the central nervous system, craniofacial 
structures, cardiovascular system and immune system.  6–11   Maternal 
diabetes is also associated with altered offspring tooth development. 
Epidemiological and animal models have demonstrated that mater-
nal diabetes affects the tooth developmental process by impairing 
tooth erupঞon and mineralizaঞon, and altering tooth dimensions.  12–15   
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   Abstract 
  Objecঞves:   Maternal gestaঞonal diabetes leads to an adverse in utero environment 
and increases the risk of malformaঞons during embryo organogenesis. In the present 
study, we analysed the effects of maternal diabetes on tooth germ cell proliferaঞon 
and apoptosis in offspring, and invesঞgated their underlying mechanisms.  
  Materials and methods:   A rat model of maternal diabetes was induced by intraperito-
neal injecঞon of streptozotocin and the pregnant rats were divided into three groups: 
controls, the diabeঞc group and diabeঞc group with insulin treatment. Offspring of the 
three groups were collected and cell proliferaঞon and apoptosis in tooth germs were 
analysed. Primary dental papilla cells and dental epithelial stem cells were isolated and 
treated with high glucose in vitro, in an a�empt to simulate maternal diabetes- induced 
hyperglycaemia in vivo.  
  Results:   Maternal diabetes significantly affected cell proliferaঞon and apoptosis in off-
spring tooth germs. The  TLR 4/ NF -  ĸB  signalling pathway was acঞvated in the tooth 
germs of offspring of diabeঞc dams. High glucose treatment acঞvated the  TLR 4/ NF - 
 ĸB  signalling pathway in primary dental papilla cells and dental epithelial stem cells in 
vitro, resulঞng in suppression of cell proliferaঞon and enhancement of apoptosis. 
 TLR 4 knockdown significantly reduced adverse effects induced by high glucose 
treatment.  
  Conclusions:   Maternal gestaঞonal diabetes significantly impaired dental epithelial and 
mesenchymal cell proliferaঞon and apoptosis in offspring, possibly by acঞvaঞon of the 
 TLR 4/ NF -  ĸB  signalling pathway.           
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However, the mechanisms by which maternal diabetes affects tooth 
development have not yet been well invesঞgated. 

 Maternal diabetes is o[en accompanied by chronic systemic in-
flammaঞon and an increased level of proinflammatory cytokines.  16,17   
It has been profoundly studied that chronic inflammaঞon induced by 
maternal diabetes is likely to be responsible for the adverse effects 
of maternal gestaঞonal diabetes on both mother and offspring.  16–18   
Toll- like receptor 4/nuclear factor kappa B (TLR4/NF- ĸB) signalling 
pathway is one of the important pathways acঞvated by maternal dia-
betes, and its acঞvaঞon leads to the downstream release of inflamma-
tory modulators, including interleukin (IL)- 1, IL- 6 and tumour necrosis 
factor- alpha (TNF- α).  19,20   Ligands binding to TLR4 cause conforma-
ঞonal changes to recruit the adaptor proteins, MYD88 and TRAF6. 
This increases the phosphorylaঞon and translocaঞon of NF- ĸB to the 
cell nucleus, where it subsequently binds to its target promoter region 
and acঞvates transcripঞon.  21   Moreover, recent reports have demon-
strated that the TLR4/NF- ĸB signalling pathway is of criঞcal impor-
tance in impairing embryo development.  22,23   TLR4 knockout has been 
shown to significantly a�enuate the proinflammatory state induced 
by diabetes, indicaঞng that TLR4 might play a key role in triggering 
intracellular signalling cascades leading to the acঞvaঞon of proinflam-
matory signalling pathways.  24,25   TLR4/NF- ĸB signalling is also closely 
associated with the dental ঞssue- derived stem cells.  26–28   However, 
the role of TLR4/NF- ĸB signalling acঞvated by maternal diabetes 
during the offspring tooth development remains largely unknown.  

  2    |     MATERIALS AND METHODS 

  2.1  |    Animals and animal care 

 All animal experimental procedures used were approved by the 
Insঞtuঞonal Animal Care and Use Commi�ee of Sichuan University 
(No.: WCCSIRB- D- 2016- 048). All rats (body weight: 206±25 g) were 
housed under standard humidity and lighঞng condiঞons (12 hours 
light- dark cycles) with free access to standard rat chow and water. 
Maternal diabetes rat model was induced by a single intraperitoneal 
injecঞon of streptozotocin (STZ) at a dosage of 75 mg kg −1  body 
weight. STZ is a pancreaঞc beta- cell toxin that is widely used to exper-
imentally manipulate insulin levels. The rodent model of STZ- induced 
diabetes has been accepted internaঞonally in the research of diabeঞc 
embryopathy for decades.  29–35   On E9.5 of pregnancy, when tooth de-
velopment iniঞated,  36   the pregnant rats were administered with STZ. 
Inducঞon of diabetes was confirmed at E11.5 by measuring the blood 
glucose concentraঞons  via  the tail vein, and only those animals with 
plasma glucose levels higher than 15 mmol L −1  were included. For the 
insulin treatment group (Dia+Ins; n=18), dams at E11.5 were surgically 
implanted with insulin pellets subcutaneously. Control group (Con; 
n=18) and diabeঞc group (Dia; n=18) animals underwent sham sur-
gery that did not involve insulin pellet implantaঞon. The body weight 
and blood glucose levels of animals were monitored during pregnancy, 
and a[er delivery, they were monitored from the neonatal stage to 
6 weeks of age (n=9 pups/group for each group; total three separate 
li�ers pups [3 pups/li�er] were randomly collected). In this study, only 

male offspring were selected from each li�er and used in subsequent 
experiments.  

  2.2  |    Sample collecঞ on 

 At E15.5, E17.5 and postnatal day 0.5 (P0.5), the offspring mandibu-
lar specimens were collected and placed in 4% paraformaldehyde and 
0.1 mol L −1  phosphate- buffered saline at pH 7.0 at 4°C for 24 hour, and 
then embedded in paraffin for histopathological detecঞon. At P0.5, the 
newborn offspring from each of the dams were collected and the lower 
first molar was obtained for detecঞon of gene or protein expression. 
Because of their small size, the first molars from the same li�er were 
pooled and considered as an experimental unit. A total of three experi-
mental units were used for gene or protein expression analysis (n=3).  

  2.3  |    Cell culture 

 For primary dental papilla cells (DPCs) cultures, the dental papilla was 
separated from the first mandibular molar germs of neonatal rats and 
digested in a soluঞon containing 3 mg mL −1  type I collagenase and 
4 mg mL −1  dispase for 10 minutes at 37°C. Single cell suspensions and 
dental papilla ঞssue were cultured in alpha- minimum essenঞal medium 
supplemented with 10% foetal bovine serum. DPCs in passage 5 were 
used for this study. For dental epithelial stem cells (DESCs) cultures,  37   the 
cervical loops were dissected from neonatal rats and digested with col-
lagenase to obtain single cell suspensions. Cells were cultured in DMEM/
F12 medium supplemented with epidermal growth factor, basic fibro-
blast growth factor and 10% foetal bovine serum. All cells were grown 
in a humidified atmosphere at 37°C with 5% CO 2 , and the medium was 
changed every 3 days. For high glucose (HG) treatment, the cells were in-
cubated in a medium containing 30 mmol L −1   D - glucose, and the control 
cells were incubated in normal glucose medium (5.6 mmol L −1   D - glucose) 
containing 24.4 mmol  L  −1 - mannitol to ensure equiosmolar control.  

  2.4  |    Real- ঞ me PCR 

 Total RNA was extracted using RNAiso plus (TaKaRa Biotechnology  , 
Shig, Japan) according to the manufacturer ’ s protocol. Reverse tran-
scripঞon of the isolated RNA was performed using the Thermo Scienঞfic 
RevertAid First Strand cDNA Synthesis Kit (Thermo Scienঞfic, Vilnius, 
Lithuania  ). Real- ঞme PCR was performed on a Mastercycler ep real-
plex (Eppendorf, Hamburg, Germany  ) with the SYBR Premix Ex Taq 
(TaKaRa Biotechnology, Shiga, Japan). PCR primer sequences are shown 
in Table S1. The relaঞve gene expression levels were calculated using 
the comparaঞve CT method (2 −ΔΔCt ) with β- acঞn as an internal control. 
Experiments were performed independently for each sample and at least 
three technical replicates were run for each treated sample and controls.  

  2.5  |    Western blot and immunohistochemistry 

 Western blot and immunohistochemistry were conducted as previ-
ously described by us.  38   For western blot analysis, the ঞssue samples or 
cell pellets were lysed with RIPA buffer containing complete protease 
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inhibitor cocktail (Millipore Calbiochem, San Diego, USA)  . Proteins were 
quanঞfied using the BCA Protein Assay (Bio- Rad, Richmond, USA)   and 
equal amounts (20 μg) of protein lysates from each sample were sepa-
rated by SDS–PAGE. The proteins were then transferred onto PVDF 
membranes. The membranes were blocked with 5% skim milk and then 
incubated with primary anঞbodies, such as mouse anঞ- TLR4 (1:1000; 
ab22048; Abcam,Cambridge, UK)  , rabbit anঞ- MYD88 (1:1000; 
AB21009a; BBI, Sangon Biotech, Shanghai, China)  , rabbit anঞ- TRAF6 
(1:1000; AB21362a; BBI, Sangon Biotech, Shanghai, China), rabbit 
anঞ- p- P65 (1:1000; sc- 101751; Santa Cruz Biotechnology, Santa Cruz, 
USA)  , rabbit anঞ- P65 (1:1000; ab7970; Abcam, Cambridge, UK), and 
mouse anঞ- GAPDH (1:5000; 200306- 7E4; Zen Bioscience, Chengdu, 
China)  . The membranes were then thoroughly rinsed and incubated 
with species- matched HRP- conjugated secondary anঞbody. The pro-
tein bands were visualized using Amersham ECL Select Western blot-
ঞng detecঞon reagent (GE Healthcare Life Sciences, Piscataway, USA)   
in accordance with the manufacturer ’ s protocol. Blot images were cap-
tured on ImageQuant LAS 4000 mini (GE Healthcare Life Sciences) and 
quanঞfied by densitometric scanning (Image Quant TL; GE Healthcare 
Life Sciences). For immunohistochemical staining, tooth germ samples 
were fixed in 4% buffered paraformaldehyde and 6- μm secঞons were 
made for staining. Immunohistochemical staining was performed with 
the ChemMate TM  EnVision TM  Detecঞon Kit (Gene Tech, Shanghai, 
China  ) according to the manufacturer ’ s protocol. Primary anঞbodies 
against TLR4 (1:200; ab22048; Abcam), MYD88 (1:200; AB21009a; 
BBI), TRAF6 (1:200; AB21362a; BBI), p- P65 (1:200; sc- 101751; Santa 
Cruz) and Ki67 (1:200; ab15580; Abcam) were used. All experiments 
were performed independently for each sample and at least three tech-
nical replicates were run for each treated sample and controls.  

  2.6  |    Cell proliferaঞ on and apoptosis detecঞ on 

 In the tooth germ of the mandibular first molar, cell apoptosis was de-
tected using TUNEL assay kit (Roche Diagnosঞcs, Indianapolis, USA)   
 according to the supplier ’ s instrucঞons, and cell proliferaঞon was 

detected  via  Ki67 immunostaining. TUNEL-  or Ki67- posiঞve cells in the 
tooth germ area of each secঞon were counted. At least five serial secঞons 
were counted in one animal and at least three animals were included in 
one group. Thus, the mean apoptoঞc or proliferaঞve cell numbers were 
expressed as total TUNEL-  or Ki67- posiঞve cells per tooth germ area 
per secঞon, respecঞvely. In the cultured cells, apoptosis was detected 
by flow cytometry using annexin V- FITC and propidium iodide (PI) dye 
(BD Biosciences, San Jose, USA)   according to the supplier ’ s instrucঞons.  

  2.7  |    Small interfering RNA (siRNA) treatment 

 The cells (5×10 6 ) were seeded into six- well plates and were grown 
unঞl 60–80% confluence. The cells were transiently transfected with 
150 pM of TLR4- specific siRNA or negaঞve control (NC) siRNA (Ribo 
Bio, Guangzhou, China)   using Lipofectamine  ™  RNAiMAX (Invitrogen, 
Carlsbad, USA)   transfecঞon reagent according to the manufacturer ’ s 
instrucঞons. A[er 72 hour, TLR4 mRNA and protein levels were de-
tected by quanঞtaঞve real- ঞme PCR and western bloমng.  

  2.8  |    Staঞ sঞ cal analysis 

 All data are presented as the mean value±standard deviaঞon (SD) of 
each group. Staঞsঞcal significance between experimental groups was 
analysed iniঞally by  t  tests or ANOVA, followed by the Bonferroni test, 
as appropriate.  P <.05 was considered to be staঞsঞcally significant.   

  3    |     RESULTS 

  3.1  |    Characterisঞ cs of diabeঞ c mothers and 
off spring 

 The blood glucose levels of diabeঞc dams were significantly higher 
than those of the control dams on pregnancy day 11.5 (Figure  1 A). 
Diabetes induced a significant loss of body weight (Figure  1 B). 
Hyperglycaemia and loss of body weight in dams were ameliorated 

 F I G U R E  1                 Characteristics of diabetic 
mothers and offspring. A, blood glucose 
levels of dams. B, body weight of dams. C, 
body weight of offspring from neonates to 
6 weeks of age. D, blood glucose levels of 
offspring from neonates to 6 weeks of age. 
* P <.05 for diabetic vs control group,  #  P <.05 
for diabetic+insulin vs diabetic group and 
 +  P <.05 for diabetic+insulin vs control group 
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 via  insulin administraঞon (Figure  1 A and B). In case of the offspring 
from diabeঞc dams, their body weights were significantly lower than 
those of control offspring unঞl 6 weeks of age (Figure  1 C), and insu-
lin administraঞon to the mothers significantly ameliorated the effect 
of maternal diabetes on the offspring body weight. However, there 
was no significant difference in the blood glucose levels of the three 
groups of offspring (Figure  1 D).   

  3.2  |    Maternal diabetes or high glucose treatment 
aff ected dental mesenchymal and epithelial cell 
proliferaঞ on and apoptosis 

 To determine whether STZ toxicity could affect odontogenesis and 
cell proliferaঞon and apoptosis of tooth germs in vivo, we first ana-
lysed the morphology, cell proliferaঞon and apoptosis of the tooth 
germ of embryos or neonatal rats from mothers with or without STZ 
administraঞon. STZ is unstable and its biological half- life in soluঞon 
is approximately 19 minutes ( h�p://www.sigmaaldrich.com ). Because 
STZ administraঞon does not induce diabetes at all ঞmes, we examined 
the tooth germ morphology, proliferaঞon and apoptosis of the em-
bryos or neonates from STZ- exposed rats with or without diabetes. 
The results showed that tooth germ cell proliferaঞon (Figure  2 A and 
E) and apoptosis (Figure  2 B and F) seemed to depend on the level of 
maternal hyperglycaemia, but was independent of STZ administraঞon 
(Figure  2 C and D). Thus, data from our model suggested that it is un-
likely that a small amount of STZ exerts toxicity in the foetus.  

 As shown in Figure  3 , maternal diabetes significantly decreased 
the number of Ki67- posiঞve cells in the tooth germ epithelium and 
mesenchyme from E15.5 to P0.5, and a reversion of decreased 
cell proliferaঞon was observed in the tooth germ of offspring from 
insulin- treated diabeঞc dams (Figure  3 A–C). As shown in Figure  4 , 
TUNEL- posiঞve cells were observed in the E17.5 and P0.5 tooth 
germs, but not in the E15.5 tooth germs of all the three offspring 
groups; however, in the E17.5 tooth germ, TUNEL- posiঞve cells were 
only detected in the tooth mesenchyme (Figure  4 A). Compared to 
the control offspring, the tooth germ of offspring of diabeঞc dams 
showed a higher number of TUNEL- posiঞve cells in the epithelium 
and mesenchyme in P0.5, and a�enuaঞon of increased apoptosis was 
also observed in the offspring of insulin- treated dams (Figure  4 B and 
C). The in vitro treatment of primary DPCs and DESCs with HG for 
72 hour significantly suppressed cell growth (Figure  3 D and E) and 
enhanced cell apoptosis (Figure  4 D). In addiঞon, treatment of primary 
DPCs or DESCs with mannitol did not affect cell growth (Fig. S1) or 
apoptosis (Figure  4 D and Fig. S2). These results indicated that tooth 
germ cell proliferaঞon and apoptosis is related to a HG milieu induced 
by maternal diabetes.    

  3.3  |    Maternal diabetes acঞ vated TLR4/NF- κB p65 
signalling pathway in the molars of off spring 

 Immunohistochemical (Figure  5 A) and western blot analysis 
(Figure  5 B) revealed that the expression of TLR4, MYD88, TRAF6 
and p- P65 was significantly increased in the neonatal tooth germ of 
offspring of diabeঞc dams, and this increase was a�enuated in the 
offspring of insulin- treated diabeঞc dams. Moreover, the expression 
of proinflammatory cytokines, such as IL- 1α, IL- 1β, IL- 6 and TNF- α 
was also increased in offspring of diabeঞc dams, but significantly de-
creased with insulin treatment (Fig. S3). These results indicated that 
maternal diabetes acঞvates the TLR4/NF- κB p65 signalling pathway 
during molar development.   

  3.4  |    High glucose treatment acঞ vated TLR4/NF- 
κB p65 signalling which aff ected dental epithelial and 
mesenchymal cell proliferaঞ on and apoptosis 

 As shown in Figure  6 , HG treatment acঞvated the TLR4/NF- κB p65 
signalling pathway in both DPCs and DESCs in a dose- dependent 
manner (Figure  6 A and B). Transfecঞon with TLR4- specific siRNA sig-
nificantly a�enuated the acঞvaঞon of MYD88, TRAF6 and NF- κB p65 
induced by HG treatment, in both DPCs and DESCs (Figure  6 C and D). 
The expression of proinflammatory mediators, such as IL- 1α, IL- 1β, 
IL- 6 and TNF- α was also acঞvated by high HG treatment, and a�enu-
ated by the TLR4- specific siRNA transfecঞon of DPCs and DESCs 
(Figure  6 E and F).  

 For cell proliferaঞon, HG (30 mmol L −1 ) treatment significantly 
suppressed DPCs (Figure  7 A) or DESCs (Figure  7 B) growth in 48 hour 
or 72 hour, while transfecঞon with a TLR4- specific siRNA significantly 
reversed this effect (Figure  7 A and B). Cell apoptosis detected by flow 
cytometry also showed that HG treatment enhanced apoptosis and 
this effect was significantly abolished by a transient transfecঞon with 
TLR4- specific siRNA (Figure  7 C and D and Fig. S2). These results indi-
cated that HG affects DPCs and DESCs proliferaঞon and apoptosis  via  
the acঞvaঞon of TLR4/NF- κB p65 signalling pathway.    

  4    |     DISCUSSION 

 In the present study, we aimed to demonstrate the funcঞonal role 
of maternal diabetes in modulaঞng offspring dental development and 
to invesঞgate its underlying mechanisms. Our data indicated that a 
hyperglycaemic environment in utero affects dental epithelial and 
mesenchymal cell proliferaঞon and apoptosis. These changes were ac-
companied by the acঞvaঞon of TLR4/NF- κB p65 signalling pathway. 

 F I G U R E  2                  STZ  toxicity analysis. A, Cell proliferation detection (Ki67 immunostaining) of E15.5 tooth germ of embryos from pregnant rats 
with four different maternal hyperglycaemic levels induced by  STZ  administration. B, Cell apoptosis ( TUNEL ) detection of P0.5 tooth germ 
of neonatal rats from pregnant dams with four different maternal hyperglycaemic levels induced by  STZ  administration. C, Cell proliferation 
detection (Ki67 immunostaining) of E15.5 tooth germ of embryos from pregnant rats in normal maternal glucose range without administration 
of  STZ . D, Cell apoptosis ( TUNEL ) detection of P0.5 tooth germ of neonatal rat from pregnant dams in normal maternal glucose range without 
administration of  STZ ;  MBG , maternal blood glucose. E and F, Quantitative analysis of Ki67 (E)-  and  TUNEL  (F)- positive cells of tooth epithelia 
and mesenchyme; the horizontal axis represents the blood glucose concentrations with or without (Con) administration of  STZ  
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 F I G U R E  3                 Maternal diabetes in vivo and high glucose in vitro suppressed dental epithelial and mesenchymal cell proliferation. A, Ki67 
immunohistochemical analysis of molar germs from E15.5 to P0.5 in the offspring from control dams, diabetic dams and diabetic dams with 
insulin treatment. B and C, Quantitative analysis of Ki67- positive cells of tooth epithelia (B) and mesenchyme (C). D and E, Cell growth curve 
of primary  DESC s (D) and  DPC s (E) under increasing glucose concentrations. * P <.05 for diabetic vs control group,  #  P <.05 for diabetic+insulin vs 
diabetic group 

 F I G U R E  4                 Maternal diabetes in vivo and high glucose in vitro enhanced dental epithelial and mesenchymal cell apoptosis. A,  TUNEL  
assay of molar germs from E15.5 to P0.5 in the offspring from control dams, diabetic dams and diabetic dams with insulin treatment. B and 
C, Quantitative analysis of  TUNEL - positive cells of tooth epithelia (B) and mesenchyme (C). D, Quantitative assessment of apoptosis rate by 
annexin V/ FITC -  PI  labelling using flow cytometry. Primary  DESC s or  DPC s were treated with  HG  or mannitol for 72 hour. * P <.05 for diabetic vs 
control group,  #  P <.05 for diabetic+insulin vs diabetic group 

     |  7 of 12CHEN ET AL.



 F I G U R E  5                 Maternal diabetes modulated  TRL 4/ NF - κB p65 signalling pathway in the offspring tooth germ. A, Immunohistochemical 
detection of  TLR 4,  MYD 88,  TRAF 6 and p- P65 expression in offspring molar in P0.5 of each group. B, Western blot and quantitative analysis 
of  TLR 4,  MYD 88,  TRAF 6 and p- P65 expression in each group offspring molar germ in P0.5. * P <.05 for diabetic vs control group,  #  P <.05 for 
diabetic+insulin vs diabetic group and  +  P <.05 for diabetic + insulin vs control group 
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 F I G U R E  6                 High glucose treatment in vitro activated the  TRL 4/ NF - κB p65 signalling pathway in dental epithelial and mesenchymal cells. A 
and B, Western blot (A) and quantitative analysis (B) showed the activation of  TRL 4/ NF - κB p65 signalling pathway in primary  DPC s and  DESC s 
induced by  HG  treatment. C and D, Western blot (C) and quantitative analysis (D) showed the activation of  NF - κB p65 in primary  DPC s and 
 DESC s induced by  HG  treatment via  TLR 4. E and F, Real- time  PCR  detected the expression of the proinflammatory cytokines,  IL - 1α,  IL - 1β,  IL - 6 
and  TNF - α, induced by  HG  treatment via  TLR 4. * P <.05 vs control group,  #  P <.05 vs  HG  group 
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Insulin treatment of diabeঞc dams normalized these parameters in 
the teeth of their offspring. In vitro cell culture and knockdown of 
TLR4 significantly abolished the adverse effects of HG treatment on 
dental epithelial and mesenchymal cells, suggesঞng that TLR4/NF- 
κB p65 signalling was responsible for the aberrant cell proliferaঞon 
and apoptosis of tooth germs induced by maternal diabetes. To our 
knowledge, this is the first study reporঞng that maternal diabetes af-
fects offspring tooth development  via  acঞvaঞon of TLR4/NF- κB p65 
signalling pathway. 

 Maternal diabetes presents an environmental challenge in utero 
and may fundamentally and dynamically impair the process of embryo-
genesis and organogenesis. Numerous studies have shown that mater-
nal diabetes results in an increased risk of congenital malformaঞons in 
the offspring.  3–5,39,40   There are many organ systems in the offspring 
that can be affected by maternal diabetes, such as the nerve system, 
cardiovascular system and urinary system.  6–8   Previous studies have 
also indicated that maternal diabetes affects offspring tooth develop-
ment.  12–15   However, the pathological mechanisms by which it induces 
abnormal tooth development in the offspring are not fully understood. 
Studies have shown that diabetes is a proinflammatory state, and in 
vivo hyperglycaemia or in vitro HG level induces NF- κB acঞvity and in-
flammatory cytokine expression.  39,41   Maternal diabetes has also been 
reported to contribute to the proinflammatory state in the embryonic 
or postnatal stage of the offspring,  3,40   which modulates organogen-
esis of the neural tube, heart and kidney.  41,42   The present study also 
revealed that maternal diabetes elevates the expression of offspring 
tooth germ proinflammatory mediators, including TLR4/NF- ĸB and its 
targets IL- 1α, IL- 1β, IL- 6 and TNF- α (Figures  5  and S3). Studies per-
formed in both diabeঞc and control rat embryos, cultured under hy-
perglycaemic condiঞons during organogenesis, have suggested that 
hyperglycaemia is the major teratogen in diabeঞc pregnancies.  39,40   
During embryo organogenesis, maternal diabetes leads to the pro-
ducঞon of a wide range of proinflammatory agents, which increase 
embryo resorpঞon and malformaঞon rates, placental dysfuncঞon and 

foetal alteraঞons that lead to increased neonatal morbidity and mor-
tality rates.  16   Together with these data, we speculated that maternal 
diabetes- induced acঞvaঞon of TLR4/NF- ĸB in the tooth germ might 
alter the offspring tooth development. 

 Toll- like receptor family, belonging to innate immune receptors, 
plays a criঞcal role in pathogen recogniঞon and acঞvaঞon of innate 
immunity. Toll- like receptor signalling induces immune responses 
through the adaptor molecules MYD88 and TRAF6, leading to the 
acঞvaঞon of NF- κB, and subsequently elevaঞng the expression of 
proinflammatory cytokines and chemokines.  21   Recently, studies have 
shown that the TLR4/NF- ĸB signalling pathway is involved in various 
diseases, including rheumatoid arthriঞs, cardiovascular diseases and 
nervous system diseases.  21   In the present study, we found that ma-
ternal diabetes acঞvated the TLR4/NF- κB signalling pathway in the 
offspring tooth germ. To invesঞgate the mechanism underlying this 
acঞvaঞon, we performed an in vitro knockdown of TLR4 in DPCs and 
DESCs using siRNA. Results showed that HG treatment significantly 
acঞvated the TLR4/NF- κB signalling pathway and upregulated the 
expression of the proinflammatory cytokines, IL- 1α, IL- 1β, IL- 6 and 
TNF- α. However, knockdown of TLR4 significantly inhibited the acঞ-
vaঞon of NF- κB and proinflammatory cytokine expression, which was 
induced by HG treatment. Previous mice studies have also reported 
that knockout of TLR4 a�enuates the proinflammatory state of diabe-
tes.  24   More importantly, in our study the knockdown of TLR4 expres-
sion significantly reversed the proliferaঞon- inhibiঞon, and a�enuated 
cell apoptosis under HG condiঞons. These data were consistent with 
the results from our animal model, suggesঞng that cell proliferaঞon 
and apoptosis play an important role in normal tooth development.  43   
The aberrant cell proliferaঞon, together with apoptosis, might induce 
odontodysplasia. All these data indicated that maternal diabetes af-
fects the offspring tooth germ cell proliferaঞon and apoptosis by acঞ-
vaঞng the TLR4/NF- κB signalling pathway. 

 In summary, we demonstrated that maternal diabetes leads to an 
abnormal development of offspring molar and affects offspring dental 

 F I G U R E  7                 High glucose treatment in 
vitro affected dental mesenchymal and 
epithelial cell proliferation and apoptosis 
 via   TRL 4/ NF - κB p65 signalling pathway. 
A and B, Cell growth analysis by  CCK 8 
assay after treatment with  HG  alone or 
in combination with  TLR 4- specific si RNA  
(A,  DPC s; B,  DESC s). C and D, Analysis 
of cell apoptosis by flow cytometry after 
treatment with  HG  alone or in combination 
with  TLR 4- specific si RNA  (C,  DPC s; D, 
 DESC s). * P <.05 vs control group,  #  P <.05 vs 
 HG  group 
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mesenchymal and epithelial cell proliferaঞon and apoptosis  via  acঞva-
ঞon of TLR4/NF- κB signalling pathway.  
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