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ABSTRACT

Aim: To elucidate whether mitochondrial dysfunction contributes to aggravated 

periodontitis in diabetes.

Materials and Methods: 64 wistar rats were randomly assigned into four groups: 

control, periodontitis, diabetes, and diabetic periodontitis. Two weeks after induction 

of diabetes, periodontitis was induced by silk ligation for 2 weeks and thereafter 

evaluated by assessing alveolar bone loss and apoptosis of periodontal cells. 

Mitochondrial oxidative stress was detected by MitoSOX staining. Mitochondrial 

function was determined by measuring ATP production, and by assessing 

mitochondrial DNA copy number, expression of electron transport chain complexes, 

and biogenesis with real-time PCR.

Results: Significantly severer bone loss, enhanced periodontal cell apoptosis and 

mitochondrial oxidative stress were found in the rats with diabetic periodontitis 

than the others. Furthermore, diabetic rats with periodontitis presented severer 

mitochondrial dysfunction than lean rats with periodontitis, as reflected by 

compromised ATP production, decreased mitochondrial DNA copy number, reduced 

gene expression of electron transport chain complex I subunits, and impaired 

mitochondrial biogenesis (p<0.05). Multiple regression analysis further indicated 

a close correlation between these mitochondrial events and bone loss in diabetic 

periodontitis.



47Mitochondrial dysfunction in diabetic periodontitis

INTRODUCTION

Periodontitis is a highly prevalent inflammatory disorder, affecting around 50% of 

the adult population worldwide (Eke et al., 2016, Sanders et al., 2016). The progress 

of periodontitis can be enhanced and accelerated by various systemic factors, 

such as diabetes. A 20-year study revealed that men with diabetes showed a 29% 

increased risk of periodontitis compared to those without diabetes (Jimenez et al., 

2012). Furthermore, the therapies to treat periodontitis are less efficacious in diabetic 

patients than in non-diabetic patients (Bascones-Martinez et al., 2015, Gurav, 2016). 

This may be due to the fact that mechanisms accounting for the influence of diabetes 

on periodontitis remain unclear.

Oxidative stress (OS) is one of the pathophysiological mechanisms underlying 

diabetic periodontitis (Bullon et al., 2014). It is symbolized by the over-production of 

highly reactive oxygen species (ROS) due to the disturbed pro-oxidant/antioxidant 

balance (Chapple, 1997). Severer periodontal tissue destruction has been positively 

correlated with excessive ROS generation and compromised antioxidant capacity 

in diabetic patients (Patil et al., 2016, Allen et al., 2011, Pendyala et al., 2013). In 

consistence with these results, the administration of antioxidants can prevent the 

development of experimental diabetic periodontitis (Kose et al., 2016, Balci Yuce et al., 

2014). Although a crucial role of OS has been confirmed, limited in vivo studies have 

explored the specific effects of OS in the aggravation of periodontitis by diabetes.

Mitochondria are a major source of ROS and also the principal attack target of ROS 

(Chapple et al., 1997). The excessively generated ROS will induce oxidative damages 

to mitochondrial proteins, which subsequently leads to the structural alterations and 

dysfunction of mitochondria. Electron transport chain (ETC), especially complexs I and 

III, serves as the primary source and main target of ROS in mitochondria (Lustgarten et 

al., 2012). Dysfunction of ETC complexes has been found during OS and recognized as a 

major cause of mitochondrial dysfunction (Musatov and Robinson, 2012). Meanwhile, 

overproduced ROS can directly cause mitochondrial DNA (mtDNA) damage through 

the inhibition of mtDNA transcription (Yu and Bennett, 2016). Furthermore, OS can 

result in impairment of mitochondrial biogenesis that closely related to mtDNA copy 

number (Sharma et al., 2013). Mitochondrial biogenesis is the process by which cells 

increase their individual mitochondrial mass and copy number. It is regulated by the 

peroxisome proliferator activator receptor gamma-coactivator 1α (PGC-1α)-nuclear 
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factor erythroid-derived 2-like factor 1 (Nrf1)-nuclear factor erythroid-derived 

2-like factor 2 (Nrf2)-mitochondrial transcription factor A (TFAM) pathway (Etminan 

and Rinkel, 2015). It remains to be elucidated whether these mitochondrial related 

molecular events are involved in the pathological progression of DP.

On the other hand, mitochondria are essential intracellular organelles in apoptosis 

mechanism (Tait and Green, 2012). Mitochondrial dysfunction caused by apoptotic 

stimuli leads to cell death, owing to compromised energy production (Wang, 2001). 

The enhanced loss of fibroblasts and osteoblasts through apoptosis in diabetics could 

contribute to the impairment of healing response and progression of periodontal 

diseases (Graves et al., 2006). However, whether mitochondrial dysfunction was 

involved in the diabetes enhanced cell apoptosis in periodontitis remains to be 

explored. Hitherto, only few studies showed that mitochondrial dysfunction played 

an important role in the pathogenesis of periodontitis (Bullon et al., 2015, Govindaraj 

et al., 2011, Bullon et al., 2011). However, limited evidence has been reported to 

show the involvement of mitochondrial dysfunction in the progression of diabetic 

periodontitis. In this study, we wish to explore the alterations of mitochondrial OS 

level and function, as well as mitochondrial biogenesis in DP. Our hypothesis was that 

mitochondrial dysfunction is involved in the aggravation of periodontitis by diabetes.

MATERIALS AND METHODS

Animals
Male wistar rats weighing 200-220 g (6-8 weeks) were purchased and acclimated for 

1 wk. All experimental protocols were approved by the Animal Ethics Committee of 

Wenzhou Medical University (WYKQ2015001).

Group allocation
Sixty-four rats were divided randomly into four groups of sixteen each. The study 

groups were listed as following:

C: No treatment.

P: Experimentally induced periodontitis for 2 weeks.

D: Experimentally induced diabetes.
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DP: Experimentally induced diabetes and periodontitis. 2 weeks after confirmation 

of diabetes, experimental periodontitis was induced for 2 weeks.

Induction of diabetes
Rats were given single intraperitoneal injection of streptozotocin (STZ) (50 mg/kg; 

Sigma, St. Louis, MO, USA) to induce diabetes. 3 days following STZ administration, 

rats with plasma glucose concentrations of >16.7 mmol/l were selected as the STZ-

induced diabetes group.

Induction of periodontitis
We ligated the bilateral lower first molars with sterile 3-0 black braided nylon thread 

(Surgilon; USS/DG, Norwalk, CT, USA) (Liu et al., 2010b). The ligatures were kept in 

the submarginal position for 2 weeks. Then all rats were killed, and their mandibles 

were extracted for further examination.

Alveolar bone loss measurement
The left sides of the mandible were fixed by paraformaldehyde for 48h, then defleshed, 

washed, and finally air dried. The distance from the amelocemental junction (ACJ) to 

the alveolar crest (AC) was measured as previously described (Crawford et al., 1978, 

Cai et al., 2008, Liu et al., 2010a).

Detection of apoptotic periodontal cells
Tissue biopsy specimens of the junctional epithelium, the sulcular epithelium, and a 

portion of the supracrestal connective tissues were harvested and fixed as previously 

described (Tonetti et al., 1993). Cryostat sections (6μm thick) were obtained for 

apoptosis test. The presence of apoptotic periodontium cells in periodontal tissues 

was detected by terminal deoxynucleotidyl transferase dUTP nick-end labeling 

(TUNEL) kits purchased from Roche (Mannheim, Germany).

MitoSOX staining
MitoSOX selectively reacts with superoxide in the mitochondria and is used to measure 

ROS production in the mitochondria. Fresh gingivae around the mandibular first 

molars (1*1*2 mm) were harvested and immediately incubated with 5 μM MitoSOX 

Red (Molecular Probes, USA) in a tissue culture incubator for 30 min at 37 °C in the 
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dark. Then the gingivae were washed completely with phosphate buffered saline and 

prepared for frozen section. Meanwhile, nuclei were stained with 4’,6-diamidino-2-

phenylindole (DAPI) from Invitrogen (Carlsbad, CA, USA). MitoSOX red fluorescence 

of slice was investigated by confocal microscopy (excitation wavelength 510 nm and 

emission wavelength 580 nm). Fluorescent signals were quantified using NIH Image 

J software.

Evaluation of mtDNA copy number
Gingival frozen sample was homogenized for total DNA isolation. Quantitative real-

time PCR was performed using 40 ng DNA (OD260; NanoDrop) as the starting material 

with the designed primers for the mitochondrial gene cytochrome c oxidase subunit 

1(COX1) and nuclear DNA products (β-actin) (Table. 1) (Sharma et al., 2013). The level 

of mitochondrial DNA copy number was determined by subtracting the mitochondrial 

gene (COX1 gene) cycle time from that of the nuclear gene (β-actin gene).

Measurement of adenosine triphosphate (ATP) levels
ATP levels were determined using an ATP detection kit (Beyotime, China) following 

the manufacturer’s instructions. Briefly, fresh gingive encircling the mandibular first 

molars were excised, homogenized, incubated on ice for 15 min, and centrifuged at 

13,000g for 10 min. ATP levels were measured using a Luminescence plate reader 

(Molecular Devices).

Quantitative real-time PCR
For messenger RNA (mRNA) expression analysis, gingivae were harvested, snap-

frozen in liquid nitrogen and kept at 80°C until use. Total RNA was extracted from 

the excised tissues using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and quantified 

by measuring the wavelength at 260 and 280 nm. cDNA was amplified using gene-

specific primers (Table. 1) (Prakash and Kumar, 2016). PCR was then carried out for 

30 cycles consisting 1 min each for 94 °C (denaturation), 60 °C (annealing), and 72 °C 

(elongation), and final extension was done at 72 °C for 10 min.
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Table 1. Primer sequences for real-time quantitative polymerase chain reaction analysis 
of the mRNA expression of mitochondrial DNA products (COX-1), nuclear DNA products 
(β-Actin), ND1, ND2, ND4, MnSOD, PGC-1α, Nrf1, Nrf2, Tfam, and GAPDH genes.

Gene Accession No. Primers (5’-3’) (F=forward; R=reverse)
COX-1 NM_000962 F: ATTGCCCTCCCCTCTCTACGCA

R: CGTAGCTTCAGTATCATTGGTGCCC

β-Actin NM_007393 F: CCATGTTCCAAAACCATTCC

R: GGGCAACCTTCCCAATAAAT

ND1 EU104724.1 F: TTGCCCTAGACTTCGAGCAA

R: AGACTTACAGTGTGGCCTCC

ND2 EU104725.1 F: TCATCAGTCTTTGTTGGCGC

R: TCATGCGAGTGAGAGTGTGT

ND4 NM_001014035.1 F: TTACACGATGAGGCAACC

R: TGAGGGAAAGGATTAGGAA

MnSOD NM_017051.2 F: ACAGGCCTTATTCCACTGCT

R: CTACAAAACACCCACCACGG

PGC-1α NM_031347.1 F: AGCCTCTTTGCCCAGATCTT

R: GCAATCCGTCTTCATCCACC

Nrf1 NM_001100708.1 F: ACATACTCAACTCCACGGCA

R: ATGTGGCTCTGAGTTTCCGA

Nrf2 NM_031789.2 F: TGTCAGCTACTCCCAGGTTG

R: ATCAGGGGTGGTGAAGACTG

TFAM NM_031326.1 F: GATCATGACGAGTTCTGCCG

R: AGAACTTCACAAACCCGCAC

GAPDH NM_002046.5 F: ACAGTCAGCCGCATCTTCTT

R: ACGACCAAATCCGTTGACTC

Statistical analysis
Data shown are mean ± SD. Statistics were analyzed using statview software (SAS 

Institute). For comparisons between multiple groups, one-way ANOVA was used 

followed by individual post hoc Fisher’s tests when applicable. Finally, multiple 

linear regression analysis was used in our study. p<0.05 was considered statistically 

significant.
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RESULTS

Body weight and blood glucose level
Severe body weight loss was observed in STZ diabetic rats as compared with 

nondiabetic rats. (p<0.05) (Fig. 1a). With regards to glucose level, D and DP groups 

exhibited hyperglycemia, with fasting blood glucose level significantly higher than C 

group (p<0.01). There was no significant difference between D and DP groups (p>0.05) 

(Fig. 1b).

Alveolar bone loss
Rats in DP group showed the highest rate of bone loss, followed by P group (p<0.01). 

Besides, rats with periodontitis showed significantly more bone loss than those in the 

control group (p<0.01). Bone loss was slightly increased in D group compared with C 

group, however, no significantly difference was obtained (p>0.05) (Fig. 2).

Apoptosis of periodontal cells
Apoptotic periodontal cells were found in DP and P group, but rarely seen in D and C 

group. There was an apparent increase in the number of apoptotic periodontal cells 

in DP group when compared to P group (p<0.01). In addition, P group showed a much 

higher level of apoptosis than C group (p<0.01) (Fig. 3a-b).

Figure 1. Body weight (g) and fasting glucose levels (mmol/L) at various time points in 
each group. Data are presented as the mean ± SD (n = 16/each group). *p <0.05. **p<0.01, 
significantly different from C group. NS, non-significantly different from C group. #p<0.05, 
versus the P group. $p<0.01, versus the P group. D, day. W, week.
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Mitochondrial ROS levels
Mitochondrial ROS level in D group was similar as that in C group (p>0.05). In 

contrast, this parameter in P group was significantly higher than in C group (p<0.01). 

Furthermore, mitochondrial ROS level was further significantly elevated in DP group, 

which resulted in a 1.22-fold increase than P group (p<0.01) (Fig. 3c-d).

MtDNA copy number
In comparison with C group, mtDNA copy number significantly decreased by 66% and 

40% in DP and P groups respectively, with DP group demonstrating much lower level 

than P group (p<0.01). No significant difference was found in mtDNA copy number 

between D group and C group (p>0.05) (Fig. 4a).

ATP production
ATP content in gingivae was decreased by 26% and 51% in P and DP groups as 

compared to C group, with DP group demonstrating significantly less ATP production 

than P group (p<0.01). D group showed a similar ATP production level as C group 

(p>0.05) (Fig. 4b).

Figure 2. Diabetes aggravated periodontitis-induced alveolar bone loss. (a) Macroscopic 
aspects of the mandibles observed in C. D, P and DP groups. The black lines show 
the distance from the amelocemental junction (ACJ) to the alveolar crest (AC). (b) 
Quantitative analysis of ACJ-AC distance and bone loss area. Data shown are mean ± 
SD (n = 6/each group). *p <0.05. ** p<0.01, significantly different from C group. NS, non-
significantly different from C group. # p<0.05, versus the P group. $ p<0.01, versus the P 
group (bar = 1mm).
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Figure 3. Diabetes increased apoptosis of periodontal periodontal cells and mitochondrial 
ROS level in periodontitis. (a) Apoptosis of periodontal periodontal cells was determined by 
the TUNEL assay and expressed as the percent of apoptotic periodontal cells. Presented 
TUNEL staining (with DAPI co-staining) with nuclei stained blue. TUNEL positive nuclei are 
green/cyan (bar =50 um). (b) Demonstrated apoptotic cell number per microscopic field 
(n = 5/each group). (c) The level of ROS measured in each group by the relative level of 
MitoSOX Red fluorescence (bar =20 um). (d) Data for the relative changes in MitoSOX 
Red fluorescence (n = 6/each group). Data shown are mean ± SD. *p<0.05. **p<0.01, 
significantly different from C group. NS, non-significantly different from C group. # p<0.05, 
versus the P group. $p<0.01, versus the P group.

Figure 4. Diabetes decreased mtDNA copy number and inhibited ATP production in 
periodontitis. (a) MtDNA copy number represented by the accompanying histograms 
(COX-1: β-actin) in each group. (b) ATP production rate detected in the four group. Data 
shown are mean ± SD (n = 5/each group). *p<0.05. **p<0.01, significantly different from C 
group. NS, non-significantly different from C group. # p<0.05, versus the P group. $ p<0.01, 
versus the P group.
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mRNA expression of manganese superoxide dismutase (MnSOD) and 
ETC complex I subunits
The mRNA expression level of MnSOD, a primary mitochondrial antioxidant in 

mammals, was evaluated in each group. The results showed that expression of MnSOD 

mRNA in DP group was significantly higher than that of P group (p<0.01). Besides, 

P group had significantly higher mRNA expression of MnSOD than that of C group 

(p<0.05). D group showed similar mRNA expression of MnSOD as compared with C 

group (p>0.05). Gene expression of ETC complex I subunits viz ND1, ND2 and ND4 

was also assessed in periodontal tissues. DP group showed a significant decline in 

mRNA expression levels of ND1, ND2, and ND4 as compared to the other groups 

(p<0.01). When compared to C group, P group presented significantly decreased 

mRNA expression level of ND1 and ND2. With regards to ND4, P group showed slight 

decrease in mRNA levels as compared with C group (p>0.05) (Fig. 5a).

mRNA expression of mitochondrial biogenesis-related factors
DP group showed significantly lower gene expression of PGC-1α, Nrf2, and TFAM 

than that of the other groups (p<0.01). In addition, P group showed reduced mRNA 

expression level of PGC-1α, Nrf2, and TFAM as compared with D group and C group 

(p<0.01). D group demonstrated similar gene expression level of the four factors when 

compared C group (p>0.05). However, no significant difference was detected among 

the four groups at Nrf1 gene expression level (p>0.05) (Fig. 5b).

Multiple linear regression analysis
Table 2 showed the final multiple regression models for alveolar bone loss alongside 

the independent variables, which revealed that alveolar bone loss was significantly 

associated with Mitosox intensity and mitochondrial function, including ATP 

production and MtDNA copy number ((Mitosox intensity: correlation coefficient=0.203 

(p<0.05), ATP production: correlation coefficient=-0.185 (p<0.01), MtDNA copy 

number: correlation coefficient=-0.433 (p<0.001)).
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Figure 5. Diabetes exacerbated the decrease in gene expression of MnSOD, mitochondrial 
ETC complex I subunits and mitochondrial biogenesis-related factors in periodontitis. (a) 
RT-PCR analysis of MnSOD, ND1, ND2, and ND4 in periodontal soft tissues of the four groups. 
(b) RT-PCR analysis of PGC-1α, Nrf1, Nrf2, and TFAM in each group. Semi-quantitative 
RT-PCR analysis was performed as described in the material and methods section. Data 
shown are mean ± SD (n = 5/each group). *p <0.05. **p<0.01, significantly different from C 
group. NS, non-significantly different from C group. # p<0.05, versus the P group. $ p<0.01, 
versus the P group.

Table 2. Multiple linear regression and associated p-values

Independent variables Dependent variable ACJ-AC distance (mm)
Coef. Std. Err. p-value 95% CI

Constant 1.420 0.151 <0.001 1.117 1.722

Mitosox (intensity units) 0.203 0.080 <0.05 -0.044 0.363

ATP production rate -0.185 0.062 <0.01 -0.310 -0.060

MtDNA copy number 
(COX1: β-actin) -0.433 0.065 <0.001 -0.565 -0.302

p<0.001, R2=0.914.
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DISCUSSION

Epidemiological and animal studies have confirmed that diabetes aggravates the risk 

and severity of periodontitis (Kose et al., 2016). However, the molecular mechanism 

accounting for this phenomenon remains largely unknown. In this study, we, for 

the first time, provided substantial in vivo evidence that periodontitis provoked 

increased mitochondrial OS and dysfunction in rats, which was consistent with the 

previous reports. Previously, there were only a few in vitro studies demonstrating 

that increased mitochondrial OS level, reduced ATP production, and impaired 

mitochondrial biogenesis were found in lipopolysaccharides -treated periodontal 

cells (Bullon et al., 2011, Bullon et al., 2015, Govindaraj et al., 2011). We further found 

that mitochondrial dysfunction was significantly exacerbated in diabetic periodontitis, 

and closely related to its pathogenesis, thus our hypothesis was confirmed.

In our study, the periodontitis model was successfully established by silk ligation, 

which was symbolized by significant bone loss and apoptosis of periodontium cells. 

Furthermore, the physiopathological condition of gingivae is commonly analyzed to 

explore the mechanism of periodontitis for in vivo study (Tamaki et al., 2014, Maekawa 

et al., 2016). Thus, we evaluated the function of gingivae to elucidate the underlying 

mechanism of diabetic periodontitis.

The significant decrease in body weight and increase in blood glucose confirmed 

the establishment of type 1 diabetes model, which was induced by injection of STZ 

in the current study. Earlier studies have suggested that the impact of diabetes on 

periodontitis is dependent not on the type of diabetes, but on the consequence of 

hyperglycemia (Botero et al., 2012, Fu and He, 2013). However, regarding the specific 

mitochondrial mechanisms, there is possible difference between the two classes of 

diabetes mellitus-associated periodontitis (Aspriello et al., 2011), which needs to be 

further clarified. In addition, although serum total oxidant levels were increased in 

type 1 diabetic rats (Kose et al., 2016), no significant difference in mitochondrial ROS 

level was detected in periodontal tissues between D and C groups in the present study. 

This might be due to the tissue-specific variation of resistance to OS. Furthermore, 

our previous study showed that hippocampal neurons in 5- to 6-month-old db/db 

mice displayed severe mitochondrial dysfunction, which was not detected among 

subjects younger than 3 months (Huang S, 2015). Thus, we inferred that the 1-month 
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duration might be not long enough for the diabetic rats to demonstrate mitochondrial 

dysfunction in periodontal tissues.

In accordance with previous reports (Kose et al., 2016), we found that the 

induction of diabetes could significantly exacerbate the periodontal symptoms, as 

evidenced by substantially enhanced bone loss and apoptosis of periodontium cells 

(Fig. 2, Fig. 3a-b). In line with these clinical symptoms, we found that significantly 

enhanced mitochondrial ROS production was detected in periodontal tissues of 

diabetic rats with periodontitis through direct MitoSOX staining (Fig. 3c-d). Moreover, 

the gene expression level of MnSOD, an intrinsic mitochondrial antioxidant (Xu et 

al., 2015), was significantly upregulated (Fig. 5). The elevated expression of MnSOD 

might afford biological protection against increased mitochondrial ROS generation 

during DP (Akalin et al., 2008). Previous studies have revealed that overproduction of 

mitochondrial ROS could activate cellular apoptosis and result in tissue damage (Valls-

Lacalle et al., 2016). With regards to these findings and the results of our multiple 

regression analysis, we definitely demonstrated that aggravated mitochondrial 

OS might interfere with the enhanced alveolar bone resorption and periodontium 

cell apoptosis in diabetic periodontitis. Mitochondria-targeted antioxidants, such 

as mitoquinone, have been confirmed to be effective in ameliorating OS-related 

diseases (Lim et al., 2011, Kezic et al., 2016). Thus, these agents may be applied for 

the treatment of DP to further confirm the role of mitochondrial OS in diabetes-

enhanced periodontal destruction in our future study.

Convincing evidence has shown that OS induces mitochondrial damage, which 

would play an important role in the pathogenesis of diseases (Mikhed et al., 2015). 

However, it is still unclear whether advanced bone loss and cell apoptosis in DP linked 

to mitochondrial dysfunction. We found that diabetic rats with periodontitis were 

associated with impaired mitochondrial function, as reflected by significantly reduced 

gene expression of ETC complex I subunits, decreased mtDNA copy number, and 

compromised ATP production (Fig. 4a-b, Fig. 5a). More importantly, these abnormal 

mitochondrial events were demonstrated to be closely related with the advanced 

bone loss in diabetic periodontitis. Thus, our hypothesis was completely proven. 

The primal ROS in mitochondria was generated mainly at complexes I and III of ETC 

enzymes involved in electron transfer and mitochondrial metabolism. Complex I have 

previously been shown to release superoxide exclusively towards the mitochondrial 

matrix and considered as a crucial player in mitochondrial OS (Lustgarten et al., 2012). 
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We found that the mRNA level of complex I subunits, including ND1, ND2, ND4, was 

significantly lower in the periodontal tissues in DP group than that in P group. Since 

the inactivation of ETC complexes can result in a decreased mitochondrial energy 

production (Lustgarten et al., 2012), we inferred that the down expression of complex 

I might be related to the reduced ATP production in diabetic rats with periodontitis.

Besides, oxidative attack by mitochondrial OS can lead to mtDNA damage, which 

can be quantified by mtDNA copy number, a surrogate of mitochondrial function 

(Malik and Czajka, 2013). Our results showed that DP group presented much lower 

mtDNA copy number compared with P group. The alteration of mtDNA copy number 

has been closely associated with DNA mutation, a superb biomarker of oxidative 

damage (Canakci et al., 2006). Many studies have shown that mtDNA mutation play a 

key role in the progression of periodontitis (Govindaraj et al., 2011). MtDNA variants 

unique to periodontitis have also been confirmed (Pallavi et al., 2016). Whether 

DNA mutation is involved in decreased mtDNA copy number in DP needs further 

exploration. MtDNA mutation has also been proven to increase the susceptibility 

of human cells to apoptosis (Rommelaere et al., 2011). Therefore, we cannot 

completely rule out the possibility that mtDNA mutation contributes to the enhanced 

periodontium cells apoptosis in DP.

The regulation of mitochondrial biogenesis, which is essential for proper cellular 

functioning, directly controls mtDNA copy number (Clay Montier et al., 2009). We 

evaluated the gene expression of biogenesis related factors to address whether the 

decline in mtDNA copy number and mitochondrial biogenesis contributed to the 

development of DP. PGC-1α is considered to be a major regulator of mitochondrial 

biogenesis, and reduction in its levels has been closely related to mitochondrial 

dysfunction. PGC-1α further regulates biogenesis through its downstream targets 

Nrf1 and Nrf2. Both agents are redox-sensitive transcription factors that control the 

nuclear genes to encode mitochondrial protein, thus regulating the expression of 

various antioxidant proteins (Ma, 2013). TFAM represents another essential factor 

involved in the PGC-1α- dependent cascade of mitochondrial biogenesis. It is a main 

factor in the initiation of mitochondrial transcription, and also a key regulator of 

mtDNA copy number, which is controlled by directly binding and stabilizing mtDNA 

pool (Mazzanti and Giulivi, 2006). Our results clearly showed that mRNA expression 

of PGC-1α, Nrf2, and TFAM were all downregulated in DP group when compared 

to the other groups, which suggested impaired mitochondrial biogenesis in DP 
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group. The impaired function or expression of PGC-1α has been confirmed to be 

important in the development of several diabetes related diseases (Singh et al., 2016). 

Increased mitochondrial biogenesis through PGC-1α activation has been highlighted 

as a promising strategy to ameliorate mitochondrial-based diabetic complications 

(Wang et al., 2015). These data indicate that PGC-1α may act as a potential therapeutic 

target to increase mitochondrial biogenesis and improve mitochondrial function 

in DP. Nrf2 is responsible for cellular defense against OS (Hyeon et al., 2013). The 

results demonstrated that protective effect of Nrf2 was impaired in diabetic rats 

with periodontitis, and our data might provide the molecular basis for using Nrf2 

inducers to treat DP. Interestingly, we did not find any significant difference in the 

Nrf1 gene expression among the four groups, which needs to be further elucidated. 

Similar to our findings, there are some reports exploring the effects of diabetes on 

mitochondrial biogenesis pathway, in which chronic hyperglycemia decreases PGC-

1α, and TFAM in skeletal muscle, hepatocytes, and heart (Mazzanti and Giulivi, 2006, 

Palmeira et al., 2007). Taken together, we suggest that the decline of mtDNA copy 

number and mitochondrial biogenesis played an important role in the development 

of DP.

Despite the fact that our results implicated enhanced mitochondrial dysfunction 

in diabetic periodontitis, this study had several limitations. One one hand, alveolar 

bone loss in the interproximal sites, the most affected sites in periodontitis, was 

not measured, as it was hard to record these areas with stereomicroscope. We will 

show more information of alveolar bone resorption in the interproximal areas with 

histological observation in our future studies. On the other hand, the expression of 

ETC complex I subunits and mitochondrial biogenesis was analyzed mostly by gene 

expression in periodontal tissues. We understand that transcript levels often do not 

necessarily reflect either protein levels or protein activation status. However, we were 

unable to extract enough protein from rat periodontal tissues for western blotting or 

enzyme-linked immunosorbent assays. In our future studies, we will further explore 

the protein expression level using cultured cells and periodontal tissue from large 

animals and patients. 
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CONCLUSION

Our study offered new insights into the role of mitochondrial OS and associated 

dysfunction in the pathology of DP. We clearly demonstrated that increased 

mitochondrial OS, impaired mitochondrial function and compromised mitochondrial 

biogenesis contribute to the aggravated pathogenesis of periodontitis in diabetes. 

Suppression of mitochondrial OS and restoration of mitochondrial dysfunction may 

represent a novel pharmacological approach against diabetic periodontitis.
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