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ABSTRACT

Diabetic periodontitis (DP), a major complication of diabetes, demonstrates increased 

incidence and severity of periodontal destruction compared to periodontitis. 

Mitochondrial oxidative stress and dysfunction have a crucial role in the pathogenesis 

of DP. Silibinin exerts strong antioxidant and mitochondria-protective properties. Our 

aim was to investigate the effect of silibinin on DP and the underlying molecular basis 

thereof. The DP model was established by streptozotocin injection and ligation in rats, 

and periodontal ligament cells exposed to hydrogen peroxide was established as in 

vitro model. Pathological examination revealed that silibinin mitigated alveolar bone 

loss and periodontal cell apoptosis involved in DP. Additionally, silibinin improved 

mitochondrial function, as evidenced by decreased generation of reactive oxygen 

species in mitochondria, enhanced adenosine triphosphate production, augmented 

mitochondrial DNA copy number, increased expression of electron transport chain 

complex I, and enhanced mitochondrial biogenesis. Furthermore, the expression of 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) was 

downregulated and closely related with mitochondrial dysfunction in rats with DP 

and also in the apoptosis model of periodontal ligament cells. More importantly, 

the decreased expression of PGC-1α could be reversed by silibinin. Taken together, 

DP could be attenuated by silibinin through the preservation of PGC-1α dependent 

mitochondrial function, which lays a strong foundation for the clinical application of 

silibinin to treat DP.
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INTRODUCTION

Periodontitis, a highly prevalent inflammatory disorder symbolized by gradual 

destruction of tooth supportive tissues, can be enhanced and accelerated by diabetes 

(1). Periodontitis superimposed on diabetes, also known as diabetic periodontitis 

(DP), is a major complication of diabetes. Mechanisms by which diabetes increased 

incidence and severity of periodontitis remains unclear (2,3). Our previous studies 

first confirmed the important role of mitochondrial oxidative stress (OS) and 

associated dysfunction in the progression of DP. We clearly demonstrated that 

enhanced mitochondrial OS, impaired mitochondrial function and compromised 

mitochondrial biogenesis contributed largely to the aggravated tissue destruction of 

periodontitis in diabetes (4,5). Regarding these findings, alleviation of mitochondrial 

OS and preservation of mitochondrial function may represent novel pharmacological 

approaches against DP.

Silibinin, a major flavonolignan compound of silimarin, is well known for its strong 

antioxidant property and effectively prevents oxidative damage in various diabetic 

complications (6). Silibinin also protects mitochondria by restoring mitochondrial 

potential, respiration, and membrane integrity (7,8). Furthermore, silibinin exerts 

bone-forming and osteoprotective effects, and attenuates bone loss in diabetes-

related bone diseases (9,10). Despite the broad spectrum of pharmacological activities 

of silibinin, whether silibinin can provide protection against DP, and the possible 

mechanisms underlying such an effect, remain to be investigated. 

Peroxisome proliferator-activated receptor gamma-coactivator 1-alpha (PGC-1α) 

is an important transcriptional coactivator that regulate respiration and biogenesis in 

mitochondria. Reduced expression of PGC-1α led to decreased adenosine triphosphate 

(ATP) generation and excessive reactive oxygen species (ROS) formation during 

stress response (11). Growing evidence reported that PGC-1α activation prevented 

mitochondrial OS and dysfunction in multiple pathological conditions (12-14). Our 

previous study demonstrated that the messenger RNA (mRNA) level of PGC-1α was 

downregulated in the rats with DP (4). However, the exact role of PGC-1α in regulating 

mitochondrial abnormalities involved in DP remains unknown. More importantly, up 

to now, no study has explored the effects of silibinin on PGC-1α. Additionally, whether 

silibinin affects DP through regulation of PGC-1α remains unclear.
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We aimed to investigate (1) the therapeutic efficacy of silibinin on DP (2) the 

possible mitochondrial mechanisms accounting for the effect of silibinin on DP (3) 

Whether PGC-1α is related to the beneficial effect of silibinin on DP. Our hypothesis 

was that silibinin prevented the progression of DP via the preservation of PGC-1α 

dependent mitochondrial function.

MATERIALS AND METHODS

Reagents
Cell culture reagents were purchased from Life Technologies (Grand Island, NY, USA). 

Anti-PGC-1α and anti-β-actin antibodies were obtained from Cell Signaling Technology 

(Beverly, MA, USA). The chamber slides, goat anti-rabbit, goat anti-mouse secondary 

antibodies and 4’, 6-diamidino-2-phenylindole (DAPI) were from Invitrogen (Carlsbad, 

CA, USA). MitoSOX Red (Molecular Probes, USA), tetramethylrhodaminemethylester 

(TMRM) (Molecular Probes, USA), Mitotracker Green (MTGreen, Molecular 

Probes, USA), and Mitotracker Deep Red (Molecular Probes, USA) were from Life 

Technologies. Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) 

kits were from Roche (Mannheim, Germany). Hydrogen peroxide (H2O2), silibinin, 3- 

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and Annexin V-FITC 

apoptosis detection kits were from Sigma Aldrich (St. Louis, MO, USA). ATP Assay 

Kit and Hoechst 33342 Staining Kit were from Beyotime Institute of Biotechnology 

(Shanghai, China). Complex I enzymatic activity microplate assay kit was from Abcam-

MitoSciences (Cambridge, MA, USA).

In vivo experimental design
Animal feeding study

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

1 wk. All animal work was approved by the Animal Ethics Committee of Wenzhou 

Medical University. STZ was used to induce diabetes and silk ligation used to induce 

periodontitis, as described in our previous study (4).

Sixty rats were randomized into five groups (n = 12): D: experimentally 

induced diabetes; DP: experimentally induced diabetic periodontitis. Two weeks 

after confirmation of diabetes, periodontitis was induced for two weeks; DP+50: 
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experimentally induced DP rats treated with silibinin (50 mg kg-1 per day); DP+100: 

experimentally induced DP rats treated with silibinin (100 mg kg-1 per day); DP+150: 

experimentally induced DP rats treated with silibinin (150 mg kg-1 per day).

All rats had free access to standard food and tap water throughout the experiment. 

All rats were provided 0.5% sodium carboxymethyl cellulose or silibinin for four 

weeks after the induction of diabetes. Due to its low solubility in water, silibinin 

was suspended in 0.5% sodium carboxymethyl cellulose. Silibinin was administered 

at a daily dose of 50 mg Kg-1 in the DP+50 group, 100 mg Kg-1 in the DP+100 group, 

and 150 mg Kg-1 in the DP+150 group by oral gavage for 1 month while the rats in 

D and DP group were administered 1 mL of deionized distill water (ddH2O) in 0.5% 

sodium carboxymethyl cellulose. After administration of silibinin, rats were killed, 

and bilateral mandibles were extracted for histologic examination.

Histologic tissue preparation and analysis
Alveolar bone loss measurement

The left side of the mandible were fixed by paraformaldehyde for 48h, then defleshed, 

washed, and finally air dried. The amelocemental junction (ACJ)-alveolar crest (AC) 

distance was measured as previously described (16-18). 

Detection of apoptotic periodontal cells

To detect the apoptosis rate of hPDLCs in rats with DP, the mandibles were separated, 

fixed with phosphate-buffered formalin, and then decalcification was performed with 

10% EDTA solution. 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 (19). Decalcified specimens were embedded in 

paraffin wax and mesio-distal sections (6 mm) were prepared. TUNEL assay were 

then performed on the sections. 

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, then 5 μM MitoSOX Red was added and 

incubated in a tissue culture incubator (30 minutes, at 37°C, in the dark). The gingivae 

were thoroughly washed with PBS and prepared for frozen section. Meanwhile, nuclei 
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were stained with 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). NIH Image J software were used to quantify fluorescent 

signals.

Evaluation of mtDNA copy number

Gingiva was frozen and homogenized for DNA extraction. Forty nanograms (OD260; 

NanoDrop) of cDNA, together with the primers for mitochondrial gene cytochrome 

c oxidase subunit 1 (COX1) and nuclear DNA products (β-actin) was analyzed by real-

time PCR (20). We then determined the level of mitochondrial DNA copy number by 

subtracting the mitochondrial gene (COX1 gene) cycle time from that of the nuclear 

gene (β-actin gene).

ATP measurement 

ATP was quantified using ATP assay kit (Beyotime, China). Briefly, fresh gingivae 

encircling the mandibular first molars were excised, homogenized, incubated on ice 

for 15 min, then subjected to centrifugation at 13,000 g for 10 min, and finally the 

luminescence produced was assessed (Molecular Devices).

Quantitative real-time PCR

For messenger RNA (mRNA) expression analysis, gingiva samples were harvested, 

frozen and kept at 80°C. Total RNA was isolated from the excised tissues using TRIzol 

Reagent (Invitrogen, Carlsbad, CA, USA) and calculated by absorbance at 260 and 280 

nm. cDNA was amplified using gene-specific primers, as described in our previous 

study (4,21). PCR procedure consisted of 30 cycles of 1 min at 94 °C for denaturation, 

60 °C for annealing, and 72 °C for elongation, and final extension at 72 °C for 10 min.

Immunohistochemistry

For immunohistochemistry, the sections were stained with anti- PGC-1α (1: 400). The 

color was developed with 3-3′-diaminobentizine tetrahydrochloride, and sections 

were counterstained with Mayer’s hematoxylin. The number of positive cells and 

total cells per unit area (0.01 × 0.01 mm) was determined in the periodontal ligament 

at a magnification of 400x. The ratios of each substance-positive cell to total cells 

were calculated.
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In vitro experimental design 
Cell culture and treatment

Human periodontal ligament cells (hPDLCs) were obtained from third molars of five 

healthy men aged 20–30 years (mean age: 24.6) who underwent molar extraction 

after providing informed consent. PDL tissues were extracted from the root surface 

of teeth and cut into 1–2 mm2 pieces. The tissue was cultured in α-minimum essential 

medium supplemented with 10% of fetal bovine serum and 100 U/mL penicillin in a 

chamber at 37°C and 5% CO2. Then, cells were incubated with or without H2O2 and 

silibinin for various periods, according to the experimental protocol. The final working 

concentrations were as follows: 0.3 mM H2O2 and 0.1 mM silibinin.

Cell viability 

hPDLCs were grown in 96 well plates (1×104 cells/well) and cultured under various 

conditions, as indicated for each experiment. Briefly, hPDLCs were washed using 

phosphate buffered saline (PBS) and incubated in 100 µl/well serum-free medium 

that contains 10 µl MTT solution. The supernatant was removed, and 150 µl/well 

DMSO was added to dissolve the formazan crystals for 20 min. The plates were then 

agitated for 15 seconds and measured using microplate reader at 570 nm.

Apoptosis of hPDLCs was detected by Annexin-V labeled with FITC. 

Cell necrosis was determined by Propidium iodide (PI; 1 µg/ml). Cells were trypsinized 

and labeled with fluorochromes, and subjected to cytofluorometric detection using 

FACScan (Becton Dickinson, NY, USA). TUNEL method was also applied to assess 

apoptosis. Cells were cotreated with or without compounds in the presence of 

H2O2 (0.25 mM) for 6 hours. After treatment, the cells were washed, fixed with 4% 

paraformaldehyde, and permeabilized with 0.2% Triton X-100. Then we incubated 

the samples with TdT and fluorescein-labeled dUTP, counterstained them with DAPI, 

and then observe them under a fluorescence microscope (Leica TCS SPE, Germany). 

Approximately 250-300 cells in 20-30 random fields were counted to estimate the 

percentages of apoptotic cells.

Functional imaging assays 

1×104 cells/well hPDLCs were grown on chamber slides. Cells were treated with 

H2O2 and other test compounds for 1 h. To measure the ROS level, MitoSOX Red 

4



74 Chapter 4

(2.5μM) was added into the cells and incubated for 30 min in the dark. To assess the 

mitochondrial membrane potential (MMP), MT Green (100 nM) and TMRM (100 nM) 

were added to cells for 30 min according to our previous study (15). Images were 

captured under the fluorescence microscope. MitoSOX and TMRM were recorded at 

excitation/emission wavelength of 543 nm whereas MT Green was at 488 nm. NIH 

ImageJ software was then used to measure and quantify fluorescence signals. 

Measurement of mitochondrial complex I activity

The activity of mitochondrial complex I was measured using the complex I enzymatic 

activity microplate assay kit according to the manufacturer’s instructions. Enzymatic 

activity was monitored at 450 nm on a microplate reader (Thermo Fisher Scientific, 

Waltham, MA, USA) by following the oxidation of NADH to oxidized nicotinamide 

adenine dinucleotide (NAD+). Values were normalized to the total protein 

concentration of the same sample.

Western blot analyses and other measurements

hPDLCs were collected after treatment with different solutions, incubated with lysis 

buffer for 30 min on ice, centrifuged at 12,000 g for 5 min, and the supernatant was 

harvested. Western blot was used to detect protein levels as we described in our 

previous study (15). Primary antibodies were diluted in 5% skimmed milk (PGC-1α, 

1:1000). ATP synthesis assays, evaluation of mtDNA copy number, and quantitative 

real-time PCR were conducted as that used for in vivo studies. 

Statistical analysis
Results were expressed as mean ± SD. Statview software (SAS Institute) was used 

to analyze the data. One-way ANOVA, followed by individual post hoc Fisher’s tests 

when applicable, was used to investigate the comparisons among multiple groups. 

Finally, multiple linear regression analysis was used in our study. p<0.05, significant.
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RESULTS

Body weight and fasting blood glucose
Three days after STZ injection, rats from D, DP, and DP+groups exhibited 

hyperglycemia, demonstrating that diabetes model was successfully established. 

Regarding fasting blood glucose level, there was no considerable difference among 

these groups. Furthermore, no significant difference in body weight was detected 

among the three groups. Therefore, we concluded that silibinin exerted no effect on 

glycemic level and body weight in diabetic rats (Fig.1).

Silibinin prevented periodontal destruction in DP 
Alveolar bone destruction was evaluated using stereomicroscope. The distance from 

ACJ to AC in rats with DP was remarkably longer than that in rats with diabetes 

(p<0.05), indicating severer tissue destruction in DP group. Although rats from DP+50 

and DP+100 group presented less bone loss than that in DP group, the difference 

was not significant (p>0.05). However, bone loss in rats from DP+150 group was 

significantly less than that from DP group (p <0.05) (Fig. 2a, b). 

Regarding apoptosis of periodontal cells, the number of apoptotic periodontal cells 

in DP group increased significantly when compared to the D group (p<0.01). DP+150 

group demonstrated a much lower level of apoptosis than DP group (p<0.01), which 

suggested that silibinin attenuated apoptosis of periodontal cells in DP (Fig. 2c, d). 

The effects of silibinin at 150 mg kg-1day-1 on DP was further explored in our study.

Figure 1. Body weight (g) and fasting glucose levels (mmol/L) of each group. D, day. W, 
week.
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Silibinin attenuated mitochondrial OS and abnormalities in DP
Significantly higher mitochondrial ROS (mtROS) level, as indicated by MitoSOX 

staining, was found in DP group as compared to D group (p<0.01). Furthermore, 

mtROS production in DP group was reduced by silibinin, which resulted in a 1.22-fold 

decrease in the DP+ group (p<0.01) (Fig. 3a, b). 

In addition, DP group presented notably lower mtDNA copy number than that 

in D group (p<0.01). This can be ameliorated by silibinin, as increased mtDNA copy 

number was detected in DP+ group when compared with DP group (p<0.01) (Fig. 3c).

Furthermore, ATP content in gingivae was decreased in DP groups than in D group 

(p<0.01). Silibinin restored the ATP production, and resulted significantly higher ATP 

level in DP+ group than that in DP group (Fig. 3d).

We further evaluated the mRNA expression level of MnSOD, a primary 

mitochondrial antioxidant in mammals. The results showed that DP group showed a 

Figure 2. Silibinin prevented periodontal destruction in DP. a Macroscopic aspect of 
mandibles in group D, group DP, and group DP+150. The black lines show the distance 
between amelocemental junction (ACJ) and alveolar crest (AC). b Quantitative analysis 
of ACJ-AC distance and bone resorption amount (n = 6/each group). c Apoptosis of 
periodontal cells determined by the TUNEL and expressed as apoptotic rate of periodontal 
cells. Presented TUNEL staining (with DAPI co-staining) with nuclei stained blue. TUNEL 
positive nuclei are green/cyan Scale bar = 50 μm; original magnification ×400. d Apoptotic 
cell number per microscopic field (n = 6/each group). NS, nonsignificantly different from 
DP group. **p<0.01, significantly different from DP group.
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much higher expression of MnSOD mRNA than that of the D group (p<0.01). Besides, 

the MnSOD expression in DP group was significantly reduced following silibinin 

treatment (Fig. 3e).

Electron transport chain (ETC) enzyme complexes, especially complexs I, serve as 

major ROS generation site and main target of ROS in mitochondria (22). Therefore, we 

analyzed the gene expression of ETC complex I subunits in our study, including ND1, 

ND2 and ND4. DP group showed that mRNA expression levels of ND1, ND2, and ND4 

declined significantly as compared to D group (p<0.01). Silibinin further upregulated 

the gene expression of the ETC complex I subunits, as revealed by markedly increased 

level of ND1, ND2, and ND4 in DP+ group (Fig. 3e). 

Mitochondrial biogenesis represents the procedure via which cells increase their 

individual mitochondrial mass and copy number. It is regulated by the PGC-1α, nuclear 

factor erythroid-derived 2-like factor 1 (Nrf1), nuclear factor erythroid-derived 2-like 

factor 2 (Nrf2), and mitochondrial transcription factor A (TFAM) (23). We found that 

DP group showed significantly lower gene expression of PGC-1α, Nrf2, and TFAM 

than that of D group (p<0.01). Regarding Nrf1 gene expression, there is no significant 

difference between DP and D groups (p>0.05). Silibinin further prevented the 

abnormalities in mitochondrial biogenesis, as indicated by the significant upregulation 

of PGC-1α, Nrf2, and TFAM in DP+ group. Furthermore, the protein level of PGC-1α 

was significantly lower in DP group than D group, while silibinin increased PGC-1α 

protein expression (Fig. 3f-h). 

Inhibitory effect of silibinin on H2O2- induced apoptosis and 
morphological changes of hPDLCs
After the incubation of hPDLCs with H2O2 at different concentrations (0–0.45 mM) and 

for different periods (0-48 h), the viability of hPDLCs exposed to H2O2 was assessed 

by MTT assay. The data revealed that H2O2 significantly decreased cell viability in a 

time- and dose-dependent manner (Fig. 4a). The results of flow cytometry further 

indicated that the apoptosis rate of hPDLCs increased with exposure duration of H2O2 

(Fig. 4b, c). In addition, the decreased cell viability induced by H2O2 (0.3 mM, 24h) was 

reversed by silibinin (Fig. 4d). The results of the TUNEL assay further confirmed that 

silibinin reduced the incidence of apoptosis (Fig. 4e-f). The above results indicated the 

H2O2-induced apoptosis of hPDLCs were effectively attenuated by silibinin. Moerover, 

treatment of hPDLCs with 0.3mM H2O2 for 24 hours with or without silibinin resulted 
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in remarkable morphological changes. Morphology of primary hPDLCs was spindle-

shaped and fibroblast-like. By 24 h, the majority of hPDLCs treated with H2O2 had 

become round, while the cells treated with H2O2 and silibinin (0.5 mM) showed these 

injury features less (Fig. 4 g). Taken together, silibinin protected hPDLCs against cell 

injury induced by H2O2.

Figure 3. Silibinin attenuated mitochondrial OS and abnormalities in DP. a ROS measured 
in each group by the relative levels of MitoSOX Red fluorescence (bar =20 um). b Data 
for the relative changes in MitoSOX Red fluorescence (n = 6/each group). c MtDNA copy 
number represented by the accompanying histograms (COX-1: β-actin). d ATP production 
rate detected in the three groups. e RT-PCR measurement of MnSOD, ND1, ND2, and 
ND4 in periodontal soft tissues of the three groups. f RT-PCR detection of PGC-1α, Nrf1, 
Nrf2, and TFAM in each group. Semi-quantitative RT-PCR analysis was conducted. Data 
shown are mean ± SD (n = 6/each group). g Representative figures from anti-PGC-1α 
immunohistochemistry staining of alveolar sections from D, DP, and DP+ groups (bar 
=1 mm). h Quantitative analyses of PGC-1α-positive cells in the periodontium. NS, 
nonsignificantly different from DP group. **p<0.01, significantly different from DP group.
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Mitochondrial dysfunction mediated by PGC-1α downregulation is 
involved in H2O2-induced apoptosis of hPDLCs
PGC-1α is a key regulator of mitochondrial oxidative metabolism. It enhances 

mitochondrial biogenesis and maintains mitochondrial function (11). To determine 

whether PGC-1α is involved in H2O2-induced apoptosis of hPDLCs, we assessed PGC-1α 

expression by immunoblotting. Compared with untreated cells, hPDLCs treated with 

H2O2 had significantly less PGC-1α (Fig. 5a). Moreover, treatment with ZLN005, a 

pharmaceutical activator of PGC-1α, significantly inhibited the H2O2-induced apoptosis 

Figure 4. Beneficial effect of silibinin against H2O2-induced apoptosis and morphological 
changes in hPDLCs. a Cell viability was evaluated by MTT assay in hPDLCs treated with H2O2 
of different concentrations and periods. b, c Flow cytometric quantification of apoptosis. 
d Cell viability was assessed by MTT in hPDLCs in the presence of H2O2 with or without 
silibinin. e, f TUNEL staining and assay. g Morphological changes in hPDLCs in the presence 
of H2O2 with or without silibinin. Error bars indicate SD (n = 6). Scale bar = 100 μm. **p<0.01, 
significantly different.
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Figure 5. Mitochondrial dysfunction mediated by PGC-1α downregulation is involved in 
H2O2-induced apoptosis of hPDLCs. a Representative immunoblots of PGC-1α. b TUNEL 
staining and assay. c Representative images showing MitoSOX staining in the indicated 
groups. d Representative images showing TMRM staining in the indicated groups. e 
Quantification of mtDNA copy number in the indicated groups. f Quantification of ATP 
production in the indicated groups. Error bars indicate SD (n = 6). Scale bar = 100 μm. 
**p<0.01, significantly different.
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based on TUNEL staining (Fig. 5b). Furthermore, ZLN005 significantly attenuated 

mtROS levels (Fig. 5c) and increased the mitochondrial membrane potential (Fig. 5d) 

and mtDNA copy number (Fig. 5e) and ATP production (Fig. 5f), which were impaired 

by H2O2. Taken together, these data demonstrated that mitochondrial dysfunction 

mediated by PGC-1α downregulation played a critical role in the apoptosis of hPDLCs.

Silibinin protected hPDLCs against H2O2 through maintenance of PGC-
1α- mediated regulation of mitochondrial function
To gain an insight into the mechanism of the preventative effects of silibinin on H2O2

-induced hPDLCs apoptosis, PGC-1α was analyzed by immunoblotting. Interestingly, 

addition of silibinin resulted in significantly increased level of PGC-1α during hPDLCs 

apoptosis elicited by H2O2 (Fig. 6a, b). Additionally, H2O2 significantly enhanced the 

production of mtROS (Fig. 6c, d) and markedly decreased MMP (Fig. 6e, f). H2O2 also 

caused severe mitochondrial dysfunction, as evidenced by reduced ATP level (Fig. 

6g) and decreased mitochondrial complex I activity (Fig. 6h). Furthermore, silibinin 

markedly prevented the rise in mtROS generation induced by H2O2 and restored 

MMP, ATP production, and complex I activity. We also found a significant reduce in 

mtDNA copy number, and lower gene expression of PGC-1α, Nrf2, and TFAM in hPDLCs 

following exposure to H2O2, all of which could be reversed by silibinin (Fig. 6i-j). Taken 

together, the beneficial effect of silibinin on hPDLCs was associated with attenuation 

of mitochondrial dysfunction through the upregulation of PGC-1α.

4
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DISCUSSION

Numerous epidemiological and animal studies have confirmed that diabetes 

aggravates the risk and severity of periodontitis. Our previous data highlighted the 

crucial role of mitochondrial OS and dysfunction in DP (4,5). Silibinin exerts strong 

antioxidant and mitochondria-protective properties, however the effect of silibinin 

on DP has not been clarified before. In this study, we, for the first time, revealed that 

silibinin restricted the provoking effect of diabetes on periodontal tissue damage. 

Silibinin attenuated bone loss in DP through the preservation of mitochondrial 

function, restoration of mitochondrial biogenesis, and activation of PGC-1α signaling. 

Silibinin has various pharmacological properties and wide clinical use. Evidence 

has supported its strong antioxidant, mitochondria-protective, and bone-protective 

function under various diabetic pathological conditions, such as diabetic osteoporosis 

(24,25). Up to now, we are not aware of any existing study that explores the benefits 

of silibinin in DP. Our present findings demonstrated that silibinin attenuated bone 

loss and apoptosis of periodontal cells through the inhibition of mitochondrial 

abnormalities both in rats with DP and hPDLCs exposed to H2O2. Conversely, silibinin 

inhibits the progress of cancer by inducing apoptosis in cancer cells in a dose that 

does not influence nonmalignant cells through mitochondrial pathways (26). This 

suggests that silibinin exerts different effects on different types of cells. Therefore, 

these previous findings, in combination with our new data, support the conclusion 

that silibinin alleviated the progress of DP through prevention of mitochondrial 

abnormalities. 

Mitochondrial biogenesis represents the growth and division of mitochondria, a 

process essential in maintaining its integrity. A strong association between impaired 

Figure 6. (on the left) Silibinin protected hPDLCs against H2O2 through maintenance of  
PGC-1α mediated regulation of mitochondrial function. a Representative immunoreactive 
bands for PGC-1α in periodontal tissues in the indicated groups. b Quantitative analyses 
of PGC-1α-positive cells in the periodontium. c Representative confocal image of MitoSOX 
staining and d quantification data of different groups. e Representative image of TMRM 
staining and f quantification in the indicated groups. g ATP production rate detected in 
the three groups. h Activity of electron transport chain complex I detected in the three 
groups. i MtDNA copy number represented by the accompanying histograms (COX-1: 
β-actin) of different groups. j RT-PCR analysis of PGC-1α, Nrf1, Nrf2, and TFAM in each 
group. Error bars indicate SD (n = 6). Scale bar = 100 μm. NS, nonsignificantly different from 
DP group. **p<0.01, significantly different.
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mitochondrial biogenesis and progression of diabetic diseases has been confirmed 

(27-29). Furthermore, enhancing mitochondrial biogenesis through specific activators 

seems a promising therapeutic strategy for the diabetic diseases (30). mtDNA copy 

number has often been used as a marker of mitochondrial biogenesis. Our study 

demonstrated that much lower mtDNA copy number was detected in rats with 

DP and hPDLCs exposed to H2O2, and the reduced mtDNA copy number could be 

reversed by silibinin. Therefore, these findings supported that impaired mitochondrial 

biogenesis was closely related to DP, and silibinin alleviated DP through modulation 

of mitochondrial biogenesis. The specific activator of mitochondrial biogenesis, such 

as salicylates and cilostazol, may be used to treat DP (31,32).

PGC-1α tightly regulates mitochondrial biogenesis, and downregulation of its level 

has been closely related to impaired mitochondrial biogenesis (11). Accumulating 

evidence has indicated that impaired function or expression level of PGC-1α is 

deeply implicated in the development of diabetes and its complications (29,33). 

Diabetic diseases, such as diabetic nephropathy and diabetic peripheral neuropathy, 

demonstrated downregulated mRNA and protein level of PGC-1α. Increased 

mitochondrial biogenesis through PGC-1α activation represents a promising strategy 

to slow down the pathogenesis of diabetic complications (34,35). Our results clearly 

revealed that mRNA expression and protein level of PGC-1α were downregulated 

both in rats with DP and hPDLCs exposed to H2O2, and these adverse events could 

be reversed by silibinin. Therefore, PGC-1α represents an important regulator of 

mitochondrial biogenesis in DP and can be used as therapeutic target. In addition, 

PGC-1α mediates interplay between mitochondrial fission/fusion and biogenesis in 

various pathological conditions (11,36). PGC-1α had been proven to modulate key 

regulators involved in mitochondrial dynamic, including Mfn2 and Drp1, and thus the 

mitochondrial fusion-fission balance in Parkinson’s disease (11). Furthermore, PGC-1α 

protected diabetic nephropathy by inhibiting Drp1-depedent mitochondrial fission 

(34). Our previous study showed that H2O2 significantly decreased the expression of 

Mfn1 and Mfn2, increased the expression of Drp1 and Fis1, enhanced the cleavage of 

Opa1, and therefore enhanced mitochondrial fission in hPDLCs (37). Whether PGC-1α 

participated in the imbalanced mitochondrial dynamic involved in hPDLCs exposed 

to H2O2 and DP needs further exploration.

Although our results imply that mitochondrial dysfunction mediated by PGC-1α 

downregulation is a key pathological mechanism in DP and silibinin attenuates DP 
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through the preservation of mitochondrial functions and activation of PGC-1α, this 

study has limitations. The exact role of PGC-1α in the development of DP is not yet 

clear. In our future study, we will overexpress and knock down PGC-1α in hPDLCs to 

confirm its exact role. Second, the exact role of PGC-1α in DP will be investigated by 

in vivo studies.

CONCLUSION

Silibinin attenuated DP through the preservation of mitochondrial function and 

enhanced PGC-1α signaling, which lays a foundation for the clinical use of silibinin 

to treat DP.
4
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