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ABSTRACT

Objectives: We investigated the relation between expression of sirtuin 5 (SIRT5) in osteoblastic 

cells and progression of apical periodontitis. The role of SIRT5 in hypoxia-induced reactive 

oxygen species (ROS) formation and osteoblast apoptosis was also examined. 

Materials and Methods: Progression of rat apical periodontitis was monitored by conventional 

radiography and microcomputed tomography. SIRT5 and oxidative stress biomarker 8-OHdG in 

bone-lining cells were assessed by immunohistochemistry. Terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labelling was used to demonstrate apoptosis. In primary 

human osteoblasts cultured under hypoxia, Western blot was used to analyze SIRT5 expression 

and cleavage of pro-caspase 3 and poly(ADP-ribose) polymerase (PARP). SIRT5 was 

overexpressed through lentiviral technique. ROS formation and mitochondrial membrane potential 

changes were assessed by MitoSOX-Red and JC-1 fluorescence respectively. Immunofluorescence 

microscope was used to evaluate mitochondrial release of cytochrome c. 

Results: In rat apical periodontitis, disease progression was accompanied by decreased expression 

of SIRT5, increased oxidative stress and enhanced apoptosis in bone-lining cells. SIRT5 was 

suppressed in cultured osteoblasts under hypoxia. SIRT5 overexpression ameliorated 

hypoxia-enhanced ROS formation, mitochondrial depolarization, cytochrome c leakage, activation 

of caspase-3 and PARP fragmentation. 

Conclusions: SIRT5 is able to alleviate hypoxia-enhanced osteoblast apoptosis. SIRT5 

augmentation may have therapeutic potential for apical periodontitis.
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Introduction

Apical periodontitis is a common infectious disease in human which primarily results from 

immune responses to bacterial challenge originated in the dental pulp (Nair, 1997). Host reactions 

are therefore major determinants for disease progression and prognosis of apical periodontitis. 

Exploration of factors governing the protective and destructive immunoreactions in the 

inflammatory environment of periapical lesions may shed light on new treatment strategy of the 

disease (Lin & Rosenberg, 2011).

Resorption of periapical bone is a cardinal sign of apical periodontitis. Besides the increase 

of osteoclastic activity, attenuated osteoblastic function is also important for the development of 

inflammatory bone resorption (Marriott, 2013). Our previous experiments demonstrated that 

progressive bone resorption in apical periodontitis is associated with an increase of apoptotic 

osteoblasts (Yang et al., 2019). Furthermore, hypoxia in the inflammatory environment of 

periapical tissues may be conducive to the development of apical periodontitis by induction of 

reactive oxygen species (ROS) formation and osteoblast apoptosis (Kok et al., 2015, Lai et al., 

2018).

Sirtuin 5 (SIRT5) is a member of the sirtuin deacetylase family and mainly localized in 

mitochondria. In contrast to other family members, SIRT5 exhibits significant activities of 

desuccinylation, demalonylation and deglutarylation, which put it in a unique position in the 

process of post-translational modifications of proteins (Kumar & Lombard, 2018). Recently, it 

was discovered that SIRT5 is involved in the modulation of numerous cellular functions, which 

include oxidation of glucose and fatty acids, formation of ketone bodies and management of ROS 

(Kumar & Lombard, 2018). It is well known that mitochondria are crucial for the regulation of 

apoptosis (Pradelli et al., 2010). SIRT5 is able to safeguard mitochondrial integrity (Guedouari et A
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al., 2017) and also takes part in the modulation of mitochondria-mediated apoptosis. Research 

showed that it is protective against apoptosis of cardiomyocytes (Liu et al., 2013) and neural cells 

(Liang et al., 2017). However, the effect of SIRT5 on osteoblast apoptosis in inflammatory bone 

diseases remains undetermined. 

The aims of the present study were two-fold. First the relations between osteoblast 

apoptosis, SIRT5 expression and disease development were assessed in experimental rat apical 

periodontitis. Secondly, we investigated the regulatory role of SIRT5 in hypoxia-induced ROS 

formation and osteoblast apoptosis. 
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Materials and methods

Induced apical periodontitis in rats

Twenty 7 to 8-week old Sprague-Dawley rats were used in the study. The experimental 

protocol was approved by the Center of Laboratory Animal, College of Medicine, National 

Taiwan University. On day 0, the animals were anesthetized by intraperitoneal injection of 

Zoletil-50 (tiletamine 25 mg plus zolazepam 25 mg/kg body weight). The pulp of right mandibular 

first molar was exposed at the distal fossa by using a #1/4 round bur with the aid of an endodontic 

operative microscope. The pulp chamber was opened until the distal canal could be probed with a 

#8 endodontic K file and it was left open to the oral environment to induce the formation of apical 

periodontitis. Ketorolac (1 mg/kg) intramuscular injections were given twice daily for 2 days after 

pulp exposure. The rats were randomly assigned into two groups (10 per each group) and 

sacrificed on day 10 and day 30 respectively. They were euthanized by an overdose of 

intraperitoneal Zoletil-50 (tiletamine 100 mg plus zolazepam 100 mg /kg) and specimens were 

harvested for examination.

Radiological assessment of disease progression

Lesion sizes were assessed by two-dimensional radiography and microcomputed 

tomography as described (Yang et al., 2019). 

Immunohistochemistry

Immunohistochemistry was performed as described (Yang et al., 2019). Primary antibodies 

against SIRT5 (1:100; Abcam) and the oxidative lesion 8-hydroxy-2’-deoxyguanosine (8-OHdG) 

(1:1000; Abcam) were used. A
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Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labelling (TUNEL) 

assay

TUNEL assay was performed as described (Yang et al., 2019) to detect DNA fragmentation 

occurred during the last phase of apoptosis. 

Cell count

For each lesion, 3 sections with strongest inflammation were selected. The number of 

bone-lining cells on bone surface facing the root apex was counted at 400X. After that, cells with 

positive staining for SIRT5, 8-OHdG or TUNEL were scored respectively. Percentages of 

signal-positive bone-lining cells were calculated. 

Cell culture

Primary cultures of human bone marrow–derived osteoblasts were established as described 

previously (Kok et al., 2015, Yang et al., 2019). Cells were maintained in induction medium under 

normoxic (21% oxygen) or hypoxic (2% oxygen) conditions by using an Invivo2 Hypoxia 

Workstation (Ruskinn Technology Limited, Bridgend, UK).

Western blot analysis

Caspase 3 is an effector enzyme of apoptosis. Pro-caspase 3 is cleaved and thus activated 

upon the initiation of apoptosis. Cleaved caspase 3 then propagates the signal through enzymatic 

activity on downstream targets including poly(ADP-ribose) polymerase (PARP), whose cleavage 

also serves as a marker of apoptosis (Boulares et al., 1999). In our study, cleavage of pro-caspase 

3 and PARP and the expression of SIRT5 in mitochondria were examined by Western blot. A
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Cellular and mitochondrial proteins were prepared as described before (Yang et al., 2019). 

Proteins were separated by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to nitrocellulose membranes. After blocking, the membranes were 

probed with antibodies against caspase 3 (1:1000; #9662, Cell Signaling Technology, Beverly, 

MA, USA), PARP (1:1000; #9532, Cell Signaling Technology) and SIRT5 (1:1000; Abcam, 

Boston, MA, USA). Antibodies against β-actin (1:3000; Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) and mitochondrial transcription factor A (mtTFA) (1:2000; Abcam) were used as 

loading controls. After incubation with horseradish peroxidase-conjugated secondary antibodies, 

antibody-protein complexes were detected using enhanced chemiluminescence reagents 

(Amersham, Little Chalfont, UK).

Forced expression of SIRT5

SIRT5 overexpression was achieved with lentiviral technology as described (Kok et al., 

2015). SIRT5 cDNA was a gift from Dr. Michael Hsiao (Genomics Research Center, Academia 

Sinica, Taipei, Taiwan). 

Assessment of mitochondrial ROS and membrane potential

MitoSOX-Red staining was performed to measure changes in mitochondrial ROS 

production and JC-1 assay was used to assess alteration of mitochondrial membrane potential as 

described (Yang et al., 2019). 

Fluorescence microscopy

In the study, release of cytochrome c, a hallmark of mitochondria-dependent apoptosis, was 

assessed by fluorescence microscopy of immunolabeled cells. After treatment, cells were A
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incubated with 50 nmol/L MitoTracker Red (Invitrogen) for 30 min to label mitochondria. Cells 

were then fixed in 4% paraformaldehyde for 20 min, incubated with primary antibody against 

cytochrome c (1:1000; Abcam) overnight at 4°C, and washed with PBS. Secondary antibody 

conjugated to Alexa Fluor-488 (1:100, Invitrogen) was added for 1 h RT. The cells were 

counterstained with DAPI (4’,6-diamidino-2-phenylindole) and then mounted in Vectashield 

(Vector Laboratories, Burlingame, CA, USA). Images were examined on a Zeiss LSM780 

confocal microscope (Carl Zeiss, Jena, Germany). 

Statistical analysis

All in vitro analyses were performed at least three times and the data were analyzed by 

one-way analysis of variance (ANOVA). Statistical significance was determined by one-way 

ANOVA followed by Fisher’s protected least significant difference test. Student’s t-test was used 

to compare the differences in lesion size and average percentage of signal-positive bone-lining 

cells between apical periodontitis induced for 10 and 30 days. Data are presented as mean ± 

standard deviation. P < 0.05 was considered statistically significant.
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Results

Progression of apical periodontitis was associated with SIRT5 downregulation, increased 

oxidative stress and apoptosis in bone-lining cells

In 20 rats, apical periodontitis was induced on day 0 and the animals were sacrificed on day 10 or 

30 (10 per each group) for lesion analysis. Conventional radiography (0.35 ± 0.14 mm2 vs. 0.82 ± 

0.24 mm2, P < 0.05) and micro-CT (0.32 ± 0.11 mm3 vs. 0.91 ± 0.31 mm3, P < 0.05) revealed 

progressive bone resorption in the periapical regions from 10 to 30 days after lesion induction 

(Fig. 1 and Table 1). Immunohistochemistry was used to examine bone-lining cells on bone 

surfaces facing the root apices (Figure 2A, B). Results showed that in 30-day lesions only 13.2 ± 

3.5% of bone-lining cells stained positive for SIRT5, a percentage significantly lower than that in 

10-day lesions (72.2 ± 9.3%, P < 0.05; Figure 2C, D; Table 1). In contrast, an increase in the 

staining rate of 8-OHdG (marker of oxidative damage) was noted in more advanced apical 

periodontitis (31.2 ± 6.2% vs. 12.3 ± 4.2%, P < 0.05; Figure 2E, F; Table 1). Additionally, 

TUNEL assay demonstrated that apoptotic bone-lining cells were more frequently found in 30-day 

lesions (40.3 ± 8.5%) when compared with early cases (12.1 ± 3.4%, P < 0.05; Figure 2G, H; 

Table 1).

Hypoxia suppressed SIRT5 expression in osteoblasts

The effect of hypoxia on SIRT5 expression in cultured osteoblasts was examined by Western 

blot. Results showed that hypoxia treatment diminished the amount of mitochondrial SIRT5 in a 

time-dependent manner. Expression of SIRT5 decreased at 4 h of hypoxic culture and continued to 

drop after 24 h of hypoxia treatment (Figure 3A).
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Forced expression of SIRT5 ameliorated hypoxia-induced mitochondrial dysfunction

We next assessed the impact of hypoxia on mitochondrial function and the modulating roles 

of SIRT5 in the hypoxia-induced effects. MitoSOX fluorescence assay revealed that hypoxia 

treatment promoted ROS production in mitochondria (Figure 3B). Forced expression of SIRT5 

ameliorated the inductive effect of hypoxia on ROS formation (Figure 3C). In parallel with the 

surge in ROS generation, JC-1 staining demonstrated significant mitochondrial depolarization in 

cells cultured under hypoxia (Figure 3D). SIRT5 overexpression inhibited hypoxia-induced 

decrease of mitochondrial membrane potential (Figure 3E).

SIRT5 repressed hypoxia-stimulated mitochondrial release of cytochrome c

Release of cytochrome c from mitochondria is a central event in mitochondria-mediated 

apoptosis. Fluorescence microscopy showed that hypoxia stimulated cytochrome c release (Figure 

4A). SIRT5 overexpression repressed hypoxia-induced cytochrome c leaking from mitochondria 

to cytosol (Figure 4B).

SIRT5 inhibited cleavage of pro-caspase-3 and PARP under hypoxia

Cleavage and activation of pro-caspase-3 and fragmentation of PARP were evaluated. 

Western blot revealed that hypoxia enhanced cleavage of pro-caspase-3 time-dependently (Figure 

4C) and SIRT5 significantly inhibited the cleavage (Figure 4D). Characteristic fragmentation of 

PARP was observed under hypoxia (Figure 4E). Forced expression of SIRT5 constrained 

hypoxia-induced PARP fragmentation (Figure 4F). 
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Discussion

Apoptosis of osteoblasts is a major contributor to infection-induced bone resorption 

(Marriott, 2013). Appreciation of factors affecting osteoblast apoptosis in the inflammatory milieu 

could help the development of novel strategies to limit damage in inflammatory bone diseases. In 

previous experiments, we demonstrated that tissue hypoxia in apical periodontitis may augment 

bone resorption by enhancing ROS formation and osteoblast apoptosis (Kok et al., 2015, Lai et al., 

2018). In the present study, we observed that progression of induced apical periodontitis in rats 

was accompanied by decreased expression of SIRT5 and increased oxidative stress and apoptosis 

in bone-lining cells, which represent active or inactive osteoblasts (Hauge et al., 2001, Matic et al., 

2016). In cultured human osteoblasts, we found that hypoxia suppressed SIRT5 expression. 

Forced expression of SIRT5 protected against hypoxia-induced mitochondrial depolarization and 

ROS generation. In addition, SIRT5 reversed hypoxia-enhanced cytochrome c release, activation 

of caspase-3 and cleavage of PARP. In our preliminary experiments with MC3T3-E1 murine 

osteoblasts, hypoxia treatment also downregulated SIRT5 and its overexpression reversed 

hypoxia-enhanced ROS formation as well (data not shown), which imply that the protective effect 

of SIRT5 is common in mammalian osteoblastic cells. Taken together, our results suggest that 

SIRT5 is able to alleviate mitochondria-mediated osteoblast apoptosis induced by hypoxia. 

Augmentation of SIRT5 may restrict periapical lesion-induced osteolysis.

Mitochondria is the major source of ROS in mammalian cells and many cellular responses to 

hypoxia are secondary to ROS production at mitochondria. Mitochondrial ROS are known to 

regulate cell proliferation, differentiation and survival (Hamanaka & Chandel, 2010). Apoptosis is 

a form of programmed cell death and generally executed through either the extrinsic (death 

receptor) or intrinsic (mitochondrial) pathway. In the intrinsic pathway, stress signals trigger A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

mitochondrial depolarization and subsequent leakage of cytochrome c and other pro-apoptotic 

factors from mitochondria to cytoplasm, where they activate caspases and induce cell death. ROS 

have multiple effects on this pathway, including stimulation of cytochrome c release and caspase 

activation (Wu & Bratton, 2013). Protection of mitochondria to curtail ROS production has the 

potential to become a novel therapy for inflammatory diseases (Rimessi et al., 2016). Here we 

demonstrated that SIRT5 is a mitochondrial protector in osteoblasts under oxidative stress. Recent 

studies have also shown that SIRT5 is involved in the regulation of mitochondrial function in 

cardiovascular tissues (Yu et al., 2019, Zhang et al., 2019), liver (Zhang et al., 2017) and brain (Li 

& Liu, 2016, Morris-Blanco et al., 2016). Thus evidence has begun to accumulate that SIRT5 is an 

important mitochondrial enzyme for protection against oxidative stress in a plethora of tissues. 

Modulation of SIRT5 has promising therapeutic potential in diseases associated with 

mitochondrial dysfunction (Zou et al., 2018).

In the study, we observed that hypoxia inhibited SIRT5 expression and osteoblastic SIRT5 

was downregulated in apical periodontitis. Expression of SIRT5 was found to be negatively 

correlated with inflammation in other clinical situations (Fan et al., 2019, Jukarainen et al., 2016). 

The signaling pathways underlying SIRT5 suppression in the inflammatory environment are not 

clear. Experiments in hepatocytes demonstrated that overexpression of peroxisome 

proliferator-activated receptor-γ coactivator-1α (PGC-1α) upregulated and forced expression of 

5’-adenosine monophosphate-activated protein kinase (AMPK) downregulated SIRT5 expression 

(Buler et al., 2014). Hypoxia was shown to suppress PGC-1α in hepatocytes and endothelial cells 

(Liu et al., 2014, Ye et al., 2016). More interestingly, a study found that hypoxia enhanced AMPK 

in osteoblasts (Hao et al., 2015). Therefore, hypoxia may regulate SIRT5 through its effects on 

PGC-1α and AMPK. However, future studies are required to delineate the control mechanism of 

SIRT5 expression in osteoblasts under inflammatory conditions.A
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The downstream targets of SIRT5 in relation to its protective effects on mitochondria remain 

uncertain. SIRT5 is a lysine deacylase involved in the regulation of protein acetylation, 

succinylation, malonylation and glutarylation (Kumar & Lombard, 2018). An earlier study 

revealed that SIRT5 is a global regulator of protein succinylation in mitochondria (Rardin et al., 

2013). More recent research indicated that through lysine desuccinylation, SIRT5 promotes the 

functions of electron transport chain (Zhang et al., 2017) and ATP synthase (Zhang et al., 2019) on 

the inner mitochondrial membrane. Therefore, SIRT5 may protect mitochondria against oxidative 

stress by regulating cellular energy metabolism. However, since SIRT5 is able to deacetylate other 

mitochondrial proteins, including cytochrome c, a protein essential for oxidative metabolism and 

initiation of apoptosis (Schlicker et al., 2008), the exact mechanism responsible for mitochondrial 

protection by SIRT5 deserves further clarification.

Many dysregulated cellular processes in various inflammatory conditions converge on 

mitochondria (Koenitzer & Freeman, 2010, Voloboueva & Giffard, 2011). As a unique regulator 

of post-translational modifications of proteins in mitochondria, SIRT5 may provide 

anti-inflammatory protection by modulating multiple mitochondrial functions. In our study, we 

demonstrated that SIRT5 prevents mitochondrial dysfunction and osteoblast apoptosis provoked 

by hypoxia and it is downregulated in apical periodontitis. Clarification of the signaling 

mechanism underlying SIRT5 suppression and pathways through which SIRT5 mediates 

mitochondrial protection in osteoblasts may help identify new treatment modalities for 

inflammatory bone diseases.
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Figure legends

FIGURE 1. Development of induced apical periodontitis in rats. Apical periodontitis was induced 

in rats by pulp exposure at the distal fossa of right mandibular first molars. The animals were 

randomly assigned into two groups and sacrificed on day 10 or 30. Representative conventional 

radiographs and microcomputed tomographs are shown. Arrowheads indicate lesions at the distal 

root apices of right mandibular first molars. (A) and (C), 10-day specimens; (B) and (D), 30-day 

specimens.

FIGURE 2. Progression of apical periodontitis was associated with SIRT5 downregulation and 

increased oxidative apoptosis in bone-lining cells. (A) Histopathologic examination of 10-day 

lesions showed moderate inflammatory cell infiltration and bone resorption. (B) Heavier 

inflammatory infiltrate and more bone resorption were noted in 30-day lesions. (C) In 10-day 

lesions, SIRT5+ bone-lining cells were frequently observed. (D) The number of SIRT5+ 

bone-lining cells significantly decreased in 30-day lesions. (E) In 10-day specimens, the oxidative 

lesion 8-OHdG was occasionally noted in bone-lining cells. (F) Oxidative damage of bone-lining 

cells was more commonly found in 30-day specimens. (G) Apoptosis of bone-lining cells was 

infrequently found in 10-day lesions as revealed by the scarce TUNEL+ cells. (H) The number of 

TUNEL+ bone-lining cells markedly increased in 30-day lesions. (A) and (B), H&E stain, 100X; 

Ap, root apex. (C) to (H), magnification of the rectangled regions in (A) and (B), 

streptavidin-biotin stain, 400X; arrowheads, positively stained bone-lining cells.

FIGURE 3. SIRT5 ameliorated hypoxia-induced mitochondrial dysfunction in osteoblasts. (A) 

Human osteoblasts were cultured under hypoxia (2% O2) for the indicated time points. Expression A
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of SIRT5 was examined by Western analysis. (B) After hypoxia treatment, flow cytometry of 

MitoSOX Red-labelled cells was performed. Increased fluorescence intensity indicated enhanced 

ROS formation. (C) Lentiviral-based expression of SIRT5 or empty vector (Flag) was conducted. 

After 24-h hypoxia treatment, MitoSOX Red fluorescence was examined by flow cytometry. (D) 

Hypoxia-treated cells were labelled with JC-1 dye and examined by flow cytometry. A decrease of 

fluorescence ratio signified mitochondrial membrane potential loss. (E) Cells transduced with 

lentiviral-SIRT5 or empty vector were incubated for 24 h under hypoxia and JC-1 fluorescence 

was examined. Data are mean ± standard deviation of 3 independent experiments. *P < 0.05 vs. 

0-h.

FIGURE 4. SIRT5 repressed hypoxia-induced osteoblast apoptosis. (A) Human osteoblasts were 

cultured under normoxia or hypoxia (2% O2) for 24 h. Immunofluorescence staining for 

cytochrome c (CytC, green) and confocal imaging was performed. Mitotracker Red (Mito) and 

DAPI (blue) were used to label mitochondria and nuclei respectively. Accumulation of 

cytochrome c in mitochondria and leakage of cytochrome c are respectively indicated by orange 

and green dots. (B) Cells transduced with lentiviral-SIRT5 or empty vector (Flag) were incubated 

for 24 h under hypoxia. Immunofluorescence staining for cytochrome c, mitochondria and nuclei 

was conducted. (C) Human osteoblasts were cultured under hypoxia for the indicated time points. 

Cleavage of caspase-3 was examined by Western analysis. (D) Cells transduced with 

lentiviral-SIRT5 or empty vector were cultured under hypoxia for 24 h. Cleavage of caspase-3 was 

examined by Western analysis. (E) Human osteoblasts were cultured under hypoxia for the 

indicated time points. Fragmentation of PARP was examined by Western analysis. (F) Cells 

transduced with lentiviral-SIRT5 or empty vector were cultured under hypoxia for 48 h. 

Fragmentation of PARP was examined by Western analysis.A
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Table 1. Lesion size and percentages of osteoblasts stained positive for SIRT5, 8-

OHdG or TUNEL in induced rat apical periodontitis  

 

 10-day lesions (n = 10) 30-day lesions (n = 10) 

Lesion size   

Conventional radiography (mm2) 0.35 ± 0.14  0.82 ± 0.24* 

Micro-CT (mm3) 0.32 ± 0.11  0.91 ± 0.31* 

Positively-stained osteoblasts (%)   

SIRT5 72.2 ± 9.3 13.2 ± 3.5* 

8-OHdG 12.3 ± 4.2 31.2 ± 6.2* 

TUNEL 12.1 ± 3.4 40.3 ± 8.5* 

 

All v alues are mean ± standard deviation. 

*P < 0.05 vs. 10-day lesions. 
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