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INTRODUCTION  
 

Löe has suggested that periodontitis is the sixth most 

common complication of diabetes mellitus (DM) [1]. 

Although recent studies have confirmed the 

bidirectional relationship between the two and the 

exacerbation of periodontitis by type II diabetes 

mellitus (T2DM), the pathogenic mechanism has not yet  

been clarified. The glycosylation end products (AGEs) 

pathway, hexosamine pathway, protein kinase C (PKC) 

pathway and polyol pathway are the four classical 

pathways through which diabetes induces com-

plications. Michael Brownleeôs theory of the unified 

mechanism of diabetes complications suggests that 

oxidative stress may be a key factor in the 

abovementioned pathogenesis [2]. Recent studies have 
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ABSTRACT 
 

Background: Recent studies have confirmed the bidirectional relationship between the two and the 
exacerbation of periodontitis by type II diabetes mellitus (T2DM), the pathogenic mechanism has not yet been 
clarified, AGEs has been linked to the pathogenesis of both periodontitis and T2DM, JNK signaling pathway 
might play a important role to explain the inner mechanism. 
Objectives: To study advanced glycation end products (AGEs) activate the innate immune system of the host by 
activating oxidative stress and affecting cellular signal transduction in periodontal ligament stem cells (PDLSCs);  
Results: TNF-  hand/or AGEs can induce the formation of endogenous ROS in PDLSCs, thereby activating the 
downstream JNK signalling pathway, leading to the initiation  of the mitochondria-mediated apoptotic pathway 
and the induction of PDLSC apoptosis. 
Conclusion: we hypothesized that the JNK pathway is a key link in the apoptosis of PDLSCs mediated by TNF-  h
and/or AGEs. 
Materials and Methods: PDLSCs from healthy volunteers were extracted, cultured and stimulated with TNF-a 
and/or AGEs, Flow cytometry, CCK-8, multidifferential  assay, RT-PCR, apoptosis assay, Transmission electron 
microscopy and Western blotting were recruit to detect the internal relations between AGEs and PDLSCs. 
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also found that oxidative stress levels in the saliva, 

gingival crevicular fluid and periodontal tissues of 

patients with T2DM with periodontitis are significantly 

higher than in those of patients with healthy periodontal 

and nondiabetic periodontitis [3ï5]. Epidemiological 

investigations have also shown that the risk of T2DM 

complicated with periodontitis is extremely high and 

that moderate or severe periodontitis can easily develop 

[6]. This indicates that oxidative stress is likely to be an 

important factor in inducing or aggravating the 

destruction of periodontal tissue in diabetic patients 

with periodontitis. Allen et al. also suggest that the 

interaction between periodontitis and T2DM may occur 

through oxidative stress [7]. Studies have shown that 

AGEs produced by a chronic and persistent high 

glucose status in patients with T2DM can accumulate in 

periodontal tissues and produce excessive ROS after 

activation of oxidative stress. Overproduction of ROS 

not only directly damages periodontal tissues but also 

indirectly exacerbates the existing periodontal injury by 

indirectly promoting the release and aggregation of 

inflammatory cytokines (IL-1ɓ, IL-6, IL-8, etc.) and 

inflammasomes (NLRP3/NALP3, etc.) and/or by 

activating downstream signalling pathways [8ï10]. 

 

The downstream signalling pathway of AGEs can be 

activated by phosphorylated signalling pathway 

proteins. In resting cells in the physiological state, the 

mediators of the signal cascade are in a non-

phosphorylated state, so the signalling pathway is 

interrupted. Once the protein upstream of the pathway is 

activated by phosphorylation, the entire pathway can be 

initiated. Jun N-terminal kinase (JNK), which is known 

as stress-activated protein kinase, can be activated by 

excess ROS to stimulate the entire pathway [11]. The 

JNK signalling pathway activates the proapoptotic 

protein Bax, inhibits the activity of the anti-apoptotic 

protein Bcl-2, activates c-jun/AP1 to upregulate pro-

apoptotic proteins and activates P53 family proteins, 

thereby inducing apoptosis in different cell lines. One 

study found that the target of JNK transduction 

pathway-mediated apoptosis is mitochondria [12]. By 

inducing a decrease in the mitochondrial membrane 

potential to change the permeability of the mito-

chondrial membrane, the cytoplasmic small molecule 

solute fills the mitochondrial matrix, causing 

mitochondria to swell and rupture, and mitochondrial 

pro-apoptotic proteins, such as Cyt-c, are released into 

the cytoplasm. After the initiation of the caspase 

cascade, apoptosis is induced in the cells [13]. 

 

Under normal circumstances, periodontal tissue has a 

good self-renewal and repair and regeneration ability, 

allowing the alveolar bone and periodontal ligament to 

always remain in a dynamic equilibrium of 

reconstruction to adapt to changes in jaw size with age 

or changes in dietary structure to maintain periodontal 

support for tissue integrity and functionality. 

Periodontal ligament stem cells (PDLSCs) were isolated 

by Seo et al. in 2004 [14], and PDLSCs have since been 

considered to be the seed cell of choice for periodontal 

tissue engineering because of their potential. PDLSCs 

can not only differentiate into three types of periodontal 

tissues, namely, periodontal ligament, cementum and 

alveolar bone, but can also differentiate into osteoblasts, 

chondroblasts, adipocytes and neuroblasts by in vitro 

induction [15] suggesting that PDLSCs could be seed 

cells for renewing and repairing periodontal tissue. 

However, in T2DM patients with periodontitis, PDLSCs 

fail to exert their stem cell potential and repair damaged 

periodontal tissues in time. Instead, in response to the 

indirect effects of hyperglycaemia, periodontitis 

becomes more serious until the teeth are loosened and 

fall out. Therefore, we hypothesized that PDLSCs 

degenerate in T2DM patients with long-term hyper-

glycaemia and lose stem cell function to repair damaged 

periodontal tissue. In this study, we extracted normal 

PDLSCs from healthy people and cultured them in 

vitro. Based on previous research results by our group, 

TNF-Ŭ and AGEs were separately added to simulate 

environments of simple periodontitis, T2DM, and 

T2DM with periodontitis in vitro. Using these 

conditions, we explore changes in PDLSC actions and 

pathways to further clarify the mechanism of T2DM-

induced or T2DM-aggravated periodontitis and, to some 

extent, to provide a new direction for the clinical 

treatment of T2DM with periodontitis. 

 

RESULTS 
 

Primary culture and passage of PDLSCs 

 

In this study, primary periodontal ligament cells were 

extracted using the type I collagen enzymatic tissue block 

method. In general, cells were pulled out of the tissue 

around the self-tissue block on the third day. They were 

fusiform, long-spindle, polygonal or irregular (Figure 1A). 

 

Molecular phenotype of PDLSCs 
 

The phenotypic identification of stem cells among third-

generation PDLSCs was performed by flow cytometry. 

The results showed that the surface antigens of the 

third-generation PDLSCs were STRO-1 (6.97 + 0.012) 

%, CD146 (39.77 + 0.028) %, CD90 (93.10 + 0.009) %, 

and CD44 (83.27 + 0.050) % (Figure 2). 
 

CCK-8-based detection of the effects of different 

stimuli on the proliferation of PDLSCs 
 

Compared with the control, TNF-Ŭ could promote the 

proliferation of PDLSCs to a certain extent, but in terms 
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of the overall trend, TNF-Ŭ also inhibited cell 

proliferation. After reaching the proliferation peak on 

the 6th day, the proliferation ability of PDLSCs began 

to weaken. AGEs significantly inhibited the 

proliferation of PDLSCs, especially on the third day. 

Although the inhibition was relatively weakened 

afterwards and the proliferative activity was increased, 

it was still far below the TNF-Ŭ-stimulated levels of the 

control group and the TNF-Ŭ-PDLSC group. The 

inhibition of PDLSC proliferation was strongest when 

AGEs and TNF-Ŭ were combined. Beginning on the 

first day, the proliferation of PDLSCs was significantly 

inhibited. The proliferation rate of the cells after two 

days was slower, as with the AGEs-PDLSC group. On 

the third day, the inhibition was the strongest, but 

proliferation was still slow and at a lower level. After 

reaching a plateau on the sixth day, the proliferation 

level began to slowly decline (Figure 1C). 

 

PDLSCs differentiated into osteoblasts, 

chondrocytes and adipocytes 

 

Osteogenic induction and alkaline phosphatase 

staining 

After seven days of osteogenic induction, PDLSCs grew 

in layers, and the cell volume decreased. As the induction 

time increased, the local particle-like changes gradually 

connected into pieces, forming many scattered round-like 

dense mineralized nodules. The volume and the density 

increased, and the cells gradually transformed into 

osteoblasts. A large number of enlarged mineralized 

nodules between cells could be observed under the 

microscope for approximately twenty-one days. The 

centre was dense and dark, the surrounding contour was 

unclear, and the dark brown sand-like material was 

spread throughout the interface. The mineralized nodules 

of the control group were the largest of the four groups; 

these nodules exhibited a large number and high density 

and were opaque or slightly transparent. The volume of 

mineralized nodules in the TNF-Ŭ-PDLSC group was 

smaller than that in the control group, and the 

compactness of the nodules was weakened. The 

mineralized nodules in the AGEs-PDLSC group and the 

AGEs+TNF-Ŭ-PDLSC group were relatively minimal 

and dispersed, and their compactness was low. Alizarin 

red staining showed that each experimental group formed 

a single scattered mineralized nodule, namely, an orange-

red precipitate (Figure 2A). The ALP staining of the 

PDLSCs after osteogenic induction showed that the 

colour of the control group was the deepest, and that of 

the TNF-Ŭ-PDLSC group was lighter than that of the 

control group. The colours of the AGEs-PDLSC group 

and AGEs+TNF-Ŭ-PDLSC group were significantly 

lighter than those of the former two groups (Figure 2B). 

 

 
 

Figure 1. (A) A1 in vitro normal periodontal tissue; A2 Cells with irregular shape around the tissue block after seven days (40×); A3 primary 

cell monoclonal purification (40×); A4 first generation cells (40×); A5 third generation cells (40×). (B) PDLSCs phenotype identification PDLSCs 
exhibited positive expression of STRO-1, CD146, CD-90 and CD-44. (C) The effect of different stimuli on the proliferation of third generation 
PDLSCs by CCK-8 method. 
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Chondrogenic induction 

PDLSCs were induced into chondrocytes by chondro-

genesis for seven days. Cells gradually shortened, 

growth slowed down, the nucleus became enlarged, the 

nucleoplasmic ratio decreased, and cells gradually 

transformed into chondrocytes. After twenty-one days, 

cells had increased chondrocyte morphology. Toluidine 

blue staining showed that glycosaminoglycan was 

secreted in the cell matrix. In the control group, a large 

amount of glycosaminoglycan was secreted from the 

cell matrix, and the staining was the deepest of the 

groups; the nucleus was dark blue, and the cytoplasm 

was light blue. The secretion of the TNF-Ŭ-PDLSCs 

was lower than that of the control group, and the 

nuclear and cytoplasmic staining were low. The AGEs-

PDLSC group and the AGEs+TNF-Ŭ-PDLSC group 

showed light staining. The AGEs+TNF-Ŭ-PDLSC 

group showed the lightest staining. Most of the cells 

were stained only in the nucleus and cytoplasm, and 

some showed no staining in either the cytoplasm or 

nucleus (Figure 2C). 

 

Adipogenic induction 

After seven days of adipogenic induction of PDLSCs, 

most of the cells were observed to change in shape from 

long fusiform to short thick oval. In the control group 

and the TNF-Ŭ-PDLSC group, the lipid droplets 

gradually appeared in the cells over time. No lipid 

droplets were found in either the AGEs-PDLSC group 

or the AGEs+TNF-Ŭ-PDLSC group. After twenty-one 

days, oil red O staining showed that a large number of 

lipid droplets were formed in the cytoplasm of the 

control group, and a small number of lipid droplets were 

also observed in the TNF-Ŭ-PDLSC group. However, 

there were no lipid droplets in the AGEs-PDLSC and 

AGEs+TNF-Ŭ-PDLSC groups (Figure 2D). 

 

 
 

Figure 2. (A) Morphology observation of the third generation PDLSCs after twenty-one days of osteogenic induction alizarin red 

staining(200×) (A1: Control Group; A2: Cells were treated with 10ng/mL TNF-ʰΤ !оΥ /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA A4: Cells 
were treŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA and 10ng/mL TNF-ʰύΦ (B) ALP staining of the third generation PDLSCs after twenty-one days of 
osteogenic induction (B1: Control Group; B2: Cells were treated with 10ng/mL TNF-ʰΤ .оΥ /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA; B4: 
/Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA and 10ng/mL TNF-ʰύΦ (C) Morphology observation of the third generation PDLSCs after twenty-
one days of chondrogenic induction toluidine blue staining(200×) (C1: Control Group; C2: Cells were treated with 10ng/mL TNF-ʰΤ /оΥ /Ŝƭƭǎ 
ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-.{!Τ /пΥ /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA and 10ng/mL TNF-ʰύΦ (D) Morphology observation 
of the third generation PDLSCs after 21 days of adipogenic induction oil red O staining(100×) (D1: Control Group; D2: Cells were treated with 
10ng/mL TNF-ʰΤ 5оΥ /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-.{!Τ 5пΥ /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA and 10ng/mL TNF-ʰύΦ 
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RT-PCR detection of mRNA expression of genes 

related to osteogenic, chondrogenic and adipogenic 

cell differentiation in PDLSCs 

 

Compared with the control group, the three 

experimental groups showed significantly reduced 

expression levels of the genes of interest. The 

reductions observed in AGEs-PDLSCs and 

AGEs+TNF-Ŭ-PDLSCs were more significant than 

those observed in TNF-Ŭ-PDLSCs. There was no 

significant difference between the AGEs-PDLSC group 

and the AGEs+TNF-Ŭ-PDLSC group (Figure 3). 

 

Determination of ROS, glutaraldehyde (MDA) and 

total mitochondrial superoxide dismutase (T-SOD) 

in PDLSCs 

 

The ROS contents of the three experimental groups 

increased in turn compared with that of the control 

group (P<0.05) (Figure 4A, 4B). Malonaldehyde 

(MDA) can indicate the state of pro-oxidation and can 

reflect the degree of lipid peroxidation to a certain 

extent. MDA is currently recognized as one of the 

indicators of lipid peroxidation [16]. This experiment 

showed that the MDA contents of the three stimulation 

groups increased in turn compared with that of the 

control group (P<0.05) (Figure 4C). This is consistent 

with the ROS trend in each group. Superoxide 

dismutase (SOD) is a major antioxidant. It is divided 

into cytosolic copper-zinc superoxide dismutase  

(Cue-Zn SOD) and mitochondrial matrix-based 

manganese superoxide dismutase (Mn-SOD), both of 

which act as a bulk scavenger for superoxide and 

protect cells from ROS damage by scavenging 

superoxide radicals. Compared with the control group, 

the three experimental groups showed that with gradual 

increases in stimulation, the contents of ROS and MDA 

in each group gradually increased, and the level of T-

SOD decreased in turn (P<0.05) (Figure 4D). 

 

Changes in cytoplasmic Ca2+ levels and 

mitochondrial membrane potential in PDLSCs 

 

The fluorescence intensity of the TNF-Ŭ-PDLSC group 

was slightly enhanced compared with that of the control 

group, but the difference was not statistically significant 

(P>0.05) (Figure 5A1, 5A2). The fluorescence intensity 

of the AGEs-PDLSC group and the AGEs+TNF-Ŭ-

PDLSC group was significantly enhanced (P<0.01) 

(Figure 5A3, 5A4). Fluorescence quantitative analysis 

showed that the fluorescence of AGEs+ TNF-Ŭ-PDLSC 

group was stronger than that of AGEs-PDLSC group 

(P<0.05) (Figure 5A5). 

 

Compared with those of the control group, the red 

fluorescence and green fluorescence of the TNF-Ŭ-

PDLSC group decreased and increased, respectively, 

and the ratio of red fluorescence to green fluorescence 

decreased, suggesting that the depolarization ratio of 

mitochondrial membrane potential increased; however, 
 

 
 

Figure 3. mRNA levels of OCN (A), ALP (B), RunX2 (C), Col-II (D), LPL (E) and PPARɹ (F) in PDLSCs differentiated into osteoblasts, 

chondrocytes and adipocytes for 21 days. Data are presented as the mean±standard deviation (SD) (n=3) (ns P>0.05, * P<0.05, ** P<0.01,  
*** P<0.001). 
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the differences were not statistically significant 

(P>0.05) (Figure 5B1, 5B2). The red fluorescence of 

the AGEs-PDLSC group and AGEs+TNF-Ŭ-PDLSC 

group decreased significantly, and the green fluo-

rescence increased remarkably (Figure 5B3, 5B4). This 

indicated that the mitochondrial membrane potential 

depolarization ratio of these two groups increased 

sharply, and the degree of depolarization in the 

AGEs+TNF-Ŭ-PDLSC group was higher than that in the 

AGEs-PDLSC group (P<0.05) (Figure 5B3, 5B4). 

 

 

Transmission electron microscopy showed changes 

in the mitochondrial structure of PDLSCs after 

seventy-two hours of different stimulation loads 

 

Compared with those of the control group (Figure 6A), 

the mitochondrial inner and outer membranes of the 

TNF-Ŭ-PDLSC group disappeared; the mitochondrial 

ganglia were open, with a disorderly arrangement; and 

the substructure of the cells was basically normal 

(Figure 6B). A large number of cells in the AGEs-

PDLSC group were in an apoptotic state, showing a 

high cytoplasmic concentration, cell substructure 

damage, organelle reduction, endoplasmic reticulum 

swelling, existing mitochondrial inner and outer 

membrane parts, the disappearance of partial 

destruction, open individual connections in the 

mitochondria ridge, individual fusion, and complete 

structural destruction (Figure 6C). A large quantity of 

cells in the AGEs+TNF-Ŭ-PDLSC group also showed 

an apoptotic state: the organelles were decreased, the 

mitochondrial membrane were gradually destroyed and 

dissolved, and the mitochondrial ridge was mostly 

destroyed and had disappeared (Figure 6D). 

 

Detection of PDLSC apoptosis in each group by 

AV/PI cell double staining 

 

Compared with that of the control group, the apoptosis 

rates of the three stimulation groups were significantly 

increased (Figure 7A). Among them, the apoptosis rate 

of the TNF-Ŭ-PDLSC group was lower than those of the 

other two stimulation groups, and the apoptosis rate of 

the AGEs+TNF-a-PDLSC group was the highest 

(Figure 7A2ï7A5). 

 

 
 

Figure 4. After incubating PDLSCs in four different media for 72 hours, the amount of endogenous ROS (A, B), glutaraldehyde (C) and total 

mitochondrial superoxide dismutase (D) produced by PDLSCs induced by AGEs and/or TNF-ʰ ǿŀǎ ŀƴŀƭȅȊŜŘ ōȅ Ŧƭƻǿ ŎȅǘƻƳŜǘǊȅ όA).  
A1: Control Group; A2: Cells were treated with 10ng/mL TNF-ʰΤ !оΥ /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA; A4: Cells were treated 
ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA and 10ng/mL TNF-ʰΦ 5ŀǘŀ ŀǊŜ ǇǊŜǎŜƴǘed as the mean ±standard deviation (SD) (n=3). (ns P>0.05, * P<0.05, ** 
P<0.01, *** P<0.001). 
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Each group of cells was pretreated with the JNK 

pathway inhibitor SP600125 for thirty minutes and then 

treated with corresponding stimuli. Compared with that 

of the TNF-Ŭ-PDLSC group, the apoptosis rate of the 

TNF-Ŭ+blocker-PDLSC group was decreased, but the 

difference was not statistically significant (P>0.05) 

(Figure 7B1, 7B4). The apoptosis rate of the 

AGEs+blocker-PDLSC group was lower than that of 

the AGEs-PDLSC group (P<0.01) (Figure 7B2, 7B4), 

and the rate of the AGEs+TNF-Ŭ+blocker-PDLSC 

group was significantly lower than that of AGEs+ TNF-

Ŭ-PDLSC (P<0.001) (Figure 7B3, 7B4). 

 

RT-PCR detection of the mRNA expression of 

PDLSC-related genes after different stimulation 

treatments and SP600125 pretreatment 

 

Compared with those of the control group, the JNK, Cyt-

c, caspase-3, and Bax levels of the three experimental 

groups were elevated, but the differences between the 

TNF-Ŭ-PDLSC group and the control group were not 

statistically significant (P>0.05); the gene levels in the 

AGEs+TNF-Ŭ-PDLSC group were the highest of the 

groups (P<0.05) (Figure 8A1ï8A4). The expression 

levels of BCL-2 were completely opposite to the 

expression levels of the above genes (Figure 8A5). 

 

After pretreatment with SP600125 inhibitor for 30 

minutes, the cells were treated with the corresponding 

stimulatory factor. The levels of JNK, Cyt-c, caspase-3 

and Bax in each inhibitor group were decreased, but the 

expression of BCL-2 was increased (Figure 8B1ï8B5). 

However, there were no significant differences between 

the TNF-Ŭ-PDLSC group and TNF-Ŭ+blocker-PDLSC 

group (P>0.05). These results suggest that both AGEs 

and TNF-Ŭ can activate the JNK pathway and induce 

apoptosis of PDLSCs, and when the two act 

synergistically, the level of activation is multiplied. 

 

 
 

Figure 5. After 72 hours of PDLSCs culture in four different media, the Ca2+ levels of each group were detected by confocal microscopy (A), 

and the mitochondrial membrane potential (JC-1) changes of each group were analyzed by flow cytometry (B). Data are presented as the 
mean ±standard deviation (SD) (n=3). (ns P>0.05, * P<0.05, ** P<0.01, *** P<0.001). 
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WB detection of PDLSC-related protein expression 

after different stimulation treatments 

 

The results of this experiment showed that compared 

with that of the control group, the expression level of the 

anti-apoptotic protein BCL-2 in the three stimulation 

groups decreased with the gradual enhancement of 

stimulation (P<0.05) (Figure 9A, 9B5), but the levels of 

the P-JNK, Cyt-c, caspase-3 and Bax proteins gradually 

increased (P<0.05) (Figure 9A, 9B1ï9B4). However, 

there was no significant difference between the TNF-Ŭ-

PDLSC group and the control group (P<0.05). 

 

 
 

Figure 6. After 72 hours of PDLSCs culture in four different media, the microstructure changes of each group were observed by transmission 

electron microscopy: (A) Control Group; (B) Cells were treated with 10ng/mL TNF-ʰΤ (C) /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA;  
(D) /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ млл˃ƎκƳ[ !D9ǎ-BSA and 10ng/mL TNF-ʰΦ 


