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Abstract: Oral inflammatory diseases (OIDs) include many common diseases such as periodontitis
and pulpitis. The causes of OIDs consist microorganism, trauma, occlusal factors, autoimmune
dis-eases and radiation therapy. When treated unproperly, such diseases not only affect oral health
but also pose threat to people’s overall health condition. Therefore, identifying OIDs at an early stage
and exploring new therapeutic strategies are important tasks for oral-related research. Mitochondria
are crucial organelles for many cellular activities and disruptions of mitochondrial function not only
affect cellular metabolism but also indirectly influence people’s health and life span. Mitochondrial
dysfunction has been implicated in many common polygenic diseases, including cardiovascular and
neurodegenerative diseases. Recently, increasing evidence suggests that mitochondrial dysfunction
plays a critical role in the development and progression of OIDs and its associated systemic diseases.
In this review, we elucidated the critical insights into mitochondrial dysfunction and its involvement
in the inflammatory responses in OIDs. We also summarized recent research progresses on the
treatment of OIDs targeting mitochondrial dysfunction and discussed the underlying mechanisms.

Keywords: mitochondrial dysfunction; oxidative stress; redox balance; periodontitis pathogenesis;
periodontitis treatment

1. Introduction

A mitochondrion is a double membrane-enclosed organelle found in most eukaryotic
cells, with a size ranging from 0.5 to 10 µm in diameter and the number of mitochondria per
cell varying according to energy demand. Mitochondria are often referred to as the cellular
power plants or energy center because they generate most of the adenosine-5′-triphosphate
(ATP) via oxidative phosphorylation (OXPHOS) as the major source of chemical energy for
physiological processes. Since mitochondria generate most reactive oxygen species (ROS)
via OXPHOS and possess effective antioxidant systems, they play a central role in regulating
oxidative stress and cellular redox homeostasis [1,2]. In addition to generating cellular
energy, mitochondria are involved in many other processes, such as lipid metabolism,
cellular differentiation, immune regulation, apoptosis, autophagy, cell growth and protein
synthesis [3–5]. Given that mitochondria play pleiotropic roles in cellular physiology,
mitochondrial dysfunction can directly regulate cell and tissue homeostasis and participate
in the pathological process of many systemic diseases such as diabetes mellitus, cancer and
autoimmune diseases [6–8].

Oral inflammatory diseases (OIDs) such as chronic periodontitis and pulpitis are
becoming increasingly common, which not only damage orofacial tissue but also contribute
to the increased risks of many systemic diseases [9,10]. Since OIDs have both high preva-
lence and recurrence, and present treatment methods for OIDs are mostly symptomatic
treatment, many patients are constantly suffering from the negative impact of OIDs on
life quality [11–13]. Therefore, it is imperative to explore the underlying causes of OIDs as
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well as develop new therapeutic strategies. Recently, mitochondrial dysfunction gained
increasing attention in the pathogenesis and progression of OIDs by regulating oxidative
stress and activating immune responses [14–16]. Here, we summarized the latest research
regarding how mitochondrial dysfunction contributes to OIDs including periodontitis,
pulpitis, osteoradionecrosis of the jaw and Sjögren’s syndrome. We also discussed whether
targeting mitochondria could act as a possible strategy for OIDs treatment in the future.

2. Materials and Methods

Disrupted mitochondrial homeostasis may damage redox balance and affect normal
cellular metabolism, which finally results in pro-inflammatory responses. Recently, accumu-
lating evidence further uncovered the role of mitochondrial dysfunction in the pathogenesis
and progression of oral inflammatory diseases such as periodontitis and pulpitis. Databases
MEDLINE (through PubMed) and Web of Science were searched for the latest research
on mitochondrial dysfunction in OIDs using the keywords “Mitochondrial dysfunction”,
“Oral inflammatory diseases”, “Periodontitis”, “Pulpitis”, “Osteoradionecrosis” and “Sjö-
gren’s syndrome”.

3. Role of Mitochondrial Dysfunction in Inflammatory Diseases

In the past, mitochondria have been considered to be the center of energy production
for cellular energy needs; however, it has become more recognized that mitochondria also
play central roles in ROS production, calcium homeostasis, cellular signaling and immune
responses [17,18]. Under a pathological context, cell and tissue stress caused by a series of
stimulations, including pathogens, senescence and exposure to environmental toxicants,
can directly or indirectly lead to mitochondrial dysfunction [19–21]. Typical features of mi-
tochondrial dysfunction are impaired respiratory chain function, structural abnormalities,
depletion of cell ATP pool, disrupted cellular signaling and increased mitochondria-derived
ROS (mtROS) generation [22,23]. Excessive mtROS will induce oxidative stress and cause
oxidative damage to the mitochondrial structure and function, forming a vicious cycle [24].
Such stimulations can also disrupt mitochondrial membrane integrity, leading to the re-
lease of mitochondrial ligands or damage-associated molecular patterns (DAMPs) [25,26].
Mitochondrial DAMPs include N-formylated peptides, cardiolipin exposure, mtROS and
mitochondrial DNA (mtDNA). These molecules then activate pattern recognition recep-
tors (PRRs) of the immune system and trigger a wide array of inflammatory responses,
including neutrophil activation, NLRP3 (NOD-, LRR- and pyrin domain-containing 3) in-
flammasome activation and pro-inflammatory cytokine and chemokine production [27,28].
In addition, mitochondrial dysfunction can also regulate immune responses via directly
affecting the metabolism of immune cells, such as T cells, B cells and macrophages [29–32].
For example, mitochondrial dysfunction induced by excessive uptake of free fatty acids
could drive the activation of the NLRP3 inflammasome in macrophages and induce the
release of interleukin (IL)-1β [33]. Therefore, mitochondria are essential organelles for the
regulation of innate immunity and inflammatory responses against infectious pathogens or
in the context of autoimmune diseases (Table 1). In this section, we briefly summarize how
mitochondrial dysfunction affects immune responses in different kinds of inflammatory
diseases, according to recent studies.

Table 1. The role of mitochondrial dysfunction in regulating immune responses in inflamma-
tory diseases.

Origin of Inflammation Pathogen/Disease Effect of Mitochondrial Dysfunction on
Immune Responses References

Viral infection Dengue Virus (DENV)

Mitochondria elongation alleviates DENV-induced
retinoic acid inducible gene 1-dependent innate

immunity by suppressing interferon-λ1 production,
which favors DENV replication.

[34]



Int. J. Mol. Sci. 2023, 24, 15483 3 of 15

Table 1. Cont.

Origin of Inflammation Pathogen/Disease Effect of Mitochondrial Dysfunction on
Immune Responses References

Viral infection

Epstein Barr virus (EBV)

EBV reduces autophagy, decreases intracellular ROS
and counteracts mitochondrial biogenesis in

differentiating monocytes to prevent the formation of
dendritic cells; EBV triggers extensive mitochondrial

remodeling and upregulates mitochondrial 1C
metabolism in newly infected B cells.

[29,35]

Herpes simplex virus 1
(HSV-1)

Mitochondria-associated vaccinia virus-related kinase
2 promotes mtDNA release, leading to the

cGAS-mediated innate immune response and
upregulation of antiviral genes Ifnb1 and Cxcl10.

[36]

Human immunodeficiency
virus (HIV)

mtDNA correlated negatively with inflammatory
marker sCD163; platelet mitochondrial function is

disturbed in HIV patients, which may contribute to
platelet dysfunction and subsequent complications.

[37]

Severe fever with
thrombocytopenia

syndrome virus (SFTSV)

SFTSV infection induces mitochondrial damage and
mtROS release, triggering excessive inflammatory
responses via NLRP3 inflammasome activation.

[38]

Bacterial infection

Pseudomonas aeruginosa
(P. aeruginosa)

In vivo adaptation to high succinate generates
P. aeruginosa strains which retain the ability to activate

mtROS and promote a mitochondrial itaconate response
in the airway cells, which suppresses inflammation.

[39]

Legionella pneumophila
(L. pneumophila)

L. pneumophila exerts highly dynamic interactions with
host mitochondria by inducing mitochondrial

fragmentation and a Warburg-like metabolism in
macrophages that favors bacterial replication.

[40]

Escherichia coli and
Neisseria gonorrhoeae

Outer membrane vesicles from Escherichia coli induce
mitochondrial apoptosis and NLRP3 inflammasome

activation; the activation and release of interleukin-1β in
response to Neisseria gonorrhoeae OMVs is regulated by

mitochondrial apoptosis in vivo.

[41]

Autoimmune factors

Systemic lupus
erythematosus (SLE)

Extracellular release of oxidized mitochondrial DNA
stimulates type I interferon signaling; mtROS are

necessary for neutrophil extracellular traps of
low-density granulocytes from SLE patients.

[42]

Type 1 diabetes

mtDNA activates endothelial NLRP3 inflammasome by
Ca2+ influx and mtROS generation, which leads to

vascular inflammatory damage and
endothelial dysfunction.

[43]

Inflammatory bowel disease

mtDNA is released into the serum and acts as a
pro-inflammatory factor and damage-associated

molecular pattern (DAMP) for immune cell activation;
the release of mtROS and mtDNA into the cytosol are

key upstream events in NLRP3
inflammasome activation.

[44,45]

Atherosclerosis

Lack of mitochondrial uncoupling protein 1 leads to
activation of the NLRP3 inflammasome and maturation

of interleukin-1β, which exacerbates endothelial
dysfunction and vascular inflammation.

[46]

Rheumatoid arthritis (RA)

Mitochondrial dysfunction induced by tumor necrosis
factor-like ligand 1A and tumor necrosis factor receptor

2 increases inflammatory response in RA patients via
ROS production.

[47]
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4. Mitochondrial Dysfunction in the Pathogenesis, Progression and Treatment of OIDs
4.1. Periodontitis
4.1.1. The Role of Mitochondrial Dysfunction in the Etiopathogenesis of the
Chronic Periodontitis

As one of the most common human diseases, periodontitis is a chronic inflammatory
disease that affects about 45% of adults, rising to over 60% in people aged over 65, which
creates a significant healthcare, social and economic burden when left untreated or not
treated appropriately [48,49]. Common features of periodontitis include gingival inflamma-
tion, clinical attachment loss and alveolar bone loss [50]. Although the main causative factor
is microorganisms which colonize the subgingival dental plaque—inducing an exaggerated
inflammatory response—genetic predisposition, smoking, poor oral hygiene and malnutri-
tion are also important factors in the pathogenesis and progression of periodontitis [51–54].
Despite recent advances in the understanding of the pathological process, common treat-
ments for periodontitis, including basic treatment, periodontal surgery and adjuvant drug
administration, still provide insufficient periodontal tissue repair [55–57]. Recently, many
studies have suggested that mitochondrial dysfunction could also contribute to the ini-
tiation of periodontitis and increase the risk of its related systemic diseases [52,58–60].
Govindaraj et al. conducted a study focusing on mitochondrial dysfunction in the peri-
odontal tissue of chronic periodontitis (CP) patients and found that compared to healthy
subjects, mitochondrial membrane potential and oxygen consumption rate of gingival
cells from CP patients were reduced by four- and five-fold, respectively, whereas, ROS
production was increased by 18%. Moreover, mitochondrial DNA sequencing revealed
14 mutations existed only in periodontal tissues but not in circulation, suggesting that
mitochondrial dysfunction and genetic heterogeneity could contribute to the pathogenesis
of CP [61]. These studies highlighted the value of mitochondrial function analysis in the
early diagnosis of periodontitis.

Periodontal ligament stem cells (PDLSCs) are a kind of somatic mesenchymal stromal
cell (MSC) which show typical mesenchymal stromal cell properties, such as self-renewal,
multilineage differentiation and immunoregulation, which are essential for homeostasis in
periodontal tissue [62]. Notably, PDLSCs are impaired under periodontitis and are involved
in the progression of inflammation by aggravating immune response and stimulating os-
teoclast differentiation [63,64]. Li et al. adopted a quantitative proteomic technique to
investigate the protein expression pattern during human PDLSCs osteogenesis. They found
that protein related to OXPHOS may be essential in the osteogenesis process, which high-
lighted the role of mitochondria in regulating PDLSCs’ differentiation ability [65]. Chen
et al. found that mitochondria abnormalities are present in the oxidative stress-induced
periodontal ligament fibroblast apoptosis, judging by the increased mtROS amounts, upreg-
ulated mitochondrial membrane potential and ATP production [66]. Liu et al. showed that
LPS-induced inflammatory responses in human gingival fibroblasts (HGFs) were partially
dependent on the interaction between P53 and ROS. Upon activation, P53 and ROS formed
a feedback loop and led to disrupted redox imbalance and mitochondrial dysfunction
in periodontitis, triggering increased secretion of IL-1β, IL-6 and tumor necrosis factor
(TNF)-α [67]. Liu et al. collected a gingiva tissue sample from CP patients and observed
greater mitochondrial structure destruction, reduced mtDNA copy and lower mitochon-
drial protein PDK2 levels, compared with those samples from healthy individuals [68].
Similarly, HGFs from periodontitis patients exhibited increased levels of mitochondrial p53,
enhanced mtROS production and secretion of pro-inflammatory cytokines, as compared to
HGFs from healthy donors [69].

In an experimental periodontitis rat model, Franca et al. observed morphometric
changes in renal tissues and disruption of the brush border in renal tubules, accompanied
by an increase in oxidative stress and lipid peroxidation in kidneys [70]. In another study,
melatonin treatment in periodontitis rats was found to be effective in restoring redox
balance in gingival tissue and reducing oxidative stress levels in circulation, which could
alleviate kidney injury [71]. Sun et al. observed that diabetic rats with periodontitis
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presented more severe mitochondrial dysfunction than non-diabetic rats with periodontitis,
reflected by the decreased ATP production, reduced gene expression of electron transport
chain complex I subunits and weaker mitochondrial biogenesis. They demonstrated a close
correlation between these mitochondrial events and periodontal tissue damage, proving
that impaired mitochondrial function contributed to the pathogenesis of periodontitis in
diabetic rats [72]. Another study found that diabetic rats displayed enhanced macrophages
infiltration and M1 polarization in periodontal lesions, compared with vehicle-treated
rats. Under LPS or IL-4 stimulation, RAW264.7 macrophage cells showed elevated ROS
levels and increased expression of M1 macrophage markers, which could be reversed by
N-acetylcysteine treatment [73].

Atherosclerosis (AS) is a chronic artery disease characterized by plaque formation and
chronic vascular inflammation. Many epidemiological studies have described the correla-
tion between periodontitis and carotid AS [74,75]. Porphyromonas gingivalis (P. gingivalis),
a well-known pathogen in periodontitis progression, has been shown to accelerate lipid
droplet accumulation in macrophages, partially through the induction of ROS production,
leading to disturbed lipid homeostasis and foam cell formation during AS [76]. P. gingivalis
infection can also induce mitochondrial fragmentation, disrupt redox balance and decrease
ATP concentration in vascular endothelial cells. Researchers suggested that the phospho-
rylation and recruitment of Drp1, a key protein involved in mitochondrial fission, might
be the key events leading to mitochondrial dysfunction in P. gingivalis-infected endothe-
lial cells, providing new insights into how periodontal pathogen-induced mitochondrial
dysfunction exacerbates atherosclerotic lesions [77].

Taken together, the findings mentioned above indicate that mitochondrial dysfunction
participates in the pathogenesis and progression of periodontitis by affecting oxidative
stress and regulating inflammatory responses (Figure 1). Therefore, developing novel strate-
gies to evaluate mitochondrial function in periodontitis patients may assist the diagnosis
and treatment of such disease as well as its complications.
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Figure 1. Mitochondrial dysfunction in the pathogenesis and progression of periodontitis. Mitochon-
drial dysfunction leads to metabolic disruptions and promotes the release of mtROS, mtDNA and
N-formylated peptides to regulate immune responses and inflammation in periodontal tissue.

4.1.2. Mitochondrial Dysfunction-Targeted Therapies

Liu et al. identified TRPA1, an important transient receptor potential (TRP) cation
channel, as an important factor in periodontium destruction in periodontitis. Inhibiting
TRPA1 markedly reduced oxidative stress and apoptotic levels in LPS-treated PDLSCs, via
the inhibition of endoplasmic reticulum (ER), and mitochondria stress, via downregulating
PERK/eIF2α/ATF-4/CHOP pathways [78]. Periodontitis is closely related to hypoxic
microenvironment. Previous studies have demonstrated that oxygen saturation in peri-
odontal microenvironment reduced by 6% [79]. Cementoblasts possess similar characteris-
tics with osteoblasts and generate cementum in the reconstruction process of periodontal
tissue [80,81]. Wang et al. showed that overexpression of peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PGC-1α), a critical regulator of mitochondrial biogen-
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esis, can partially reverse the inhibition of cementoblasts mineralization and mitochondrial
biogenesis caused by CoCl2-induced hypoxia [82].

Since oxidative stress is recognized as one of the key regulators in periodontitis, the
therapeutic efficacy of several antioxidants on periodontitis are examined. Zhao et al.
showed that rutin treatment inhibited the release of ROS, increased the secretion of antiox-
idative factors and promoted PDLSCs proliferation via the PIK3/AKT signaling pathway
under an inflammatory environment [83]. Similar effects were also observed on hyper-
glycemic periodontitis rats [84]. Hydroxytyrosol (HT), a natural phenolic compound
possessing antioxidative abilities, could inhibit mitochondrial dysfunction by decreasing
optic atrophy 1 (OPA1) cleavage and by elevating AKT and GSK3β phosphorylation, which
helped prevent oxidative stress-induced osteoblast apoptosis [85]. HT was also reported to
exert a therapeutic effect on the periodontitis mice model via repressing RANKL-induced
osteoclast maturation and promoting osteogenic differentiation. Such effect was partly
dependent on attenuating mitochondrial dysfunction and inhibiting ERK and JNK path-
ways [86]. In addition to antioxidants, photodynamic therapy (PDT) has shown a protective
effect on periodontitis by targeting mitochondria as well. Jiang et al. found methylene
blue-mediated PDT could induce macrophage apoptosis in vitro and in rats with peri-
odontitis via regulating ROS levels and reducing mitochondrial-dependent apoptosis,
suggesting that the potential of PDT in treating periodontitis does not only rely on its
antimicrobial capacity [87,88].

Recently, nanomaterials showed great potential in the field of periodontitis ther-
apy [89,90]. Ren et al. synthesized a nanocomposite with ROS-scavenging activity by
combining CeO2 nanoparticles (CeO2 NPs) onto the surface of mesoporous silica. Peri-
odontal administration of such nanoparticles efficiently reduced ROS levels and improved
the osteogenic differentiative capacity of hPDLSCs with H2O2-induced oxidative stress
injury [91]. The same group synthesized controlled drug release nanoparticles by encasing
mitoquinone (MitoQ, an autophagy enhancer) into tailor-made ROS-cleavable amphiphilic
polymer nanoparticles. Once exposed to ROS under oxidative stress conditions, the ROS-
cleavable structure disintegrated, promoting the release of the encapsulated MitoQ. The
released MitoQ efficiently induced mitophagy through the PINK1-Parkin pathway and
reduced oxidative stress, which contributed to a redox homeostasis and facilitated pe-
riodontal tissue regeneration [92]. Qiu et al. fabricated a ROS-cleavable nanoplatform
by encapsulating N-acetylcysteine into tailor-made amphiphilic polymer nanoparticles
which could decrease osteoclast activity and inflammation in the periodontitis rat model
and improve the restoration of destroyed periodontal tissue [93]. Zhai et al. showed that
obstructed mitophagy and Ca2+ overload led to dysfunctional mitochondria accumula-
tion in MSCs isolated from periodontitis and osteoarthritis patients. They engineered
mitochondria-targeting and intracellular microenvironment-responsive nanoparticles to
attract Ca2+ around mitochondria in MSCs to regulate calcium flux into mitochondria,
which successfully restored the mitochondrial function of diseased MSCs and rescued
periodontal tissue damage [94].

In addition to alleviating periodontitis-induced periodontal tissue damage, targeting
mitochondrial dysfunction in periodontitis also contributes to ameliorating the complica-
tions of periodontitis. Li et al. demonstrated that resveratrol could prevent periodontal
tissue destruction, as indicated by the improvement in pocket depth, gingival bleeding and
tooth mobility. Meanwhile, resveratrol administration also alleviated periodontitis-induced
kidney injury by means of decreasing oxidative stress, regulating mitochondrial membrane
potential and increasing mtDNA such as Sirtuin 1 and PGC-1α [1]. Febuxostat, a potent
xanthine oxidase inhibitor, has been shown to attenuate the progression of periodontitis
in rats by reducing inflammatory cytokine levels and oxidative stress. It also attenuated
periodontitis-induced glucose intolerance and blood pressure elevations, suggesting its
therapeutic potential in treating patients with both diabetes and periodontitis [95].
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4.2. Pulpitis

Pulpitis is one of the most common OIDs affecting millions of people worldwide and
it is a major cause of tooth loss [96]. According to Global Burden of Diseases, Injuries, and
Risk Factors Study 2016 data, dental caries was the most prevalent among all diseases and
it is recognized as a direct contributor to pulpitis [97]. Bacterial infection and immune
responses are closely related to the initiation and progression of pulpitis, so, blocking
bacterial invasion and alleviating pulp inflammation at an early stage are crucial for
pulpitis prevention and treatment. However, recent studies have revealed the imbalance
in mitochondrial dynamics associated with irreversible pulpitis. Vaseenon et al. analyzed
mitochondrial quality control-related protein expression in inflamed dental pulp tissue
harvested from pulpitis patients. Compared to the control group, dynamin-related protein
1 (Drp1) was significantly higher in the pulpitis group, while mitofusin 2 (MFN2) and
OPA1 were significantly lower, indicating a hyper-activated mitochondria fission status [98].
Buzoglu et al. collected samples from healthy donors and pulpitis donors to investigate
the difference in oxidative stress cycles. They revealed that caries-related inflammatory
response altered the oxidative stress cycle in pulp tissue and GSH (glutathione) levels were
upregulated due to the increase in ROS levels, which improved the defensive capacity of the
dental pulp [99]. Vengerfeldt et al. found higher levels of oxidative stress in pulpitis, and
periodontitis patients were associated with increased dental pain and bone destruction [100].
The results mentioned above reveal how mitochondrial dysfunction and oxidative stress
affected pulpitis pathogenesis and its related symptoms.

Pan et al. showed that lysophosphatidic acid protected human dental pulp cell injury
from ischemia-induced injury by maintaining mitochondrial membrane potential and
preventing mitochondrial-mediated apoptosis [101]. Guo et al. found that saxagliptin
can exert a protective effect on LPS-induced damage in dental pulp cells by targeting
mitochondrial dysfunction. In brief, saxagliptin ameliorated LPS-induced overproduction
of ROS and reduction in glutathione (GSH). Saxagliptin treatment also prevented LPS-
induced mitochondrial dysfunction by restoring mitochondrial membrane potential and
ATP production [102]. Interestingly, Zhang et al. found that mitochondria from healthy
dental pulp stem cells (DPSCs) could transfer to injured DPSCs, after being co-cultured,
and promoted functional recovery. An in vivo study demonstrated that transplantation
of exogenous dental pulp stem cells can exert a mitochondrial transfer function to repair
injured pulp tissue and promote pulp–dentin complex recovery, which can be modulated
by Mfn2 expression [103].

Odontoblasts play an essential role in maintaining a stable pulp microenvironment.
During the progression of dental caries, odontoblasts can identify and respond to bacteria
invasion and form reparative dentin to protect pulp tissue [104]. Zhang et al. revealed
that leakage of mtDNA upon LPS stimulation promotes pulpitis progression through
GSDMD-mediated pyroptosis. Secretion of the pro-inflammatory cytokines CXCL10 and
IFN-β was also induced following mtDNA release [105]. They also identified mtDNA
from damaged mitochondria in the cytosol as an activator of the cGAS-STING pathway
and IL-6 secretion [16]. They confirmed that odontoblasts could receive exogenous mi-
tochondria through tunneling nanotubes, thereby reducing mitochondrial dysfunction
and ROS-NLRP3 inflammasome-triggered cell pyroptosis. When stress conditions occur,
pyroptotic odontoblasts would increase TNF-αto-promoted tunneling nanotubes formation
via NF-κB signaling, resulting in elevated mitochondrial transfer efficiency, which can
be recognized as a self-defense mechanism [106]. To sum up, stabilizing mtDNA and
developing effective measures to remove cytosolic mtDNA in time and transferring healthy
mitochondria may be important for controlling inflammatory response and preventing
irreversible pulp damage.

4.3. Osteoradionecrosis

Osteoradionecrosis (ORN), also known as radiation osteomyelitis, is a chronic clinical
complication in patients with head and neck cancer following radiotherapy (RT), with an
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incidence of 5–10% [107]. Symptoms of ORN include pain, trismus, pathological fracture
and orocutaneous fistulae, which severely impair patients’ quality of life. Histomorpho-
metric analysis showed that necrotic bone, inflammatory infiltration and reactive bone
formation were present in samples from ORN patients [108]. Danielsson et al. found oxida-
tive stress response affected individual radiosensitivity and induced healthy tissue damage
following RT [109]. RT can induce high levels of ROS, leading to microvascular structure
disruption, ischemia and inflammatory responses [110]. These studies indicate that mito-
chondrial dysfunction and oxidative stress are extensively implicated in the pathogenesis
and development of ORN.

Wang et al. fabricated CeO2 NPs and tested the protective effect on MC3T3-E1
osteoblast-like cells treated with X-ray irradiation. Both intracellular ROS production
and extracellular H2O2 concentration increased after X-ray exposure but reduced after
CeO2 NPs treatment. They suggested that CeO2 NPs treatment is effective in reducing
osteoblast injury following X-ray irradiation and may be a novel therapy for ORN [111]. Li
et al. demonstrated that pretreatment with α2-macroglobulin (α2M) reduced the apopto-
sis rate and improved the antioxidant capacity in bone marrow mesenchymal stem cells
treated with 8 Gy irradiation. In the ORN animal model, α2M administration suppressed 8-
hydroxy-2’-deoxyguanosine expression in mandibular bone and tongue paraffin-embedded
sections, which is an indicator of oxidative damage, and increased SOD2 expression in
mucosa and tongue paraffin-embedded sections. Microstructural analysis showed that
mandibular bone loss was alleviated by α2M administration [112]. The studies mentioned
above showed that alleviating oxidative stress and mitochondrial dysfunction might be the
key to the management of ORN but still requires further clinical evidence.

4.4. Sjögren’s Syndrome

Sjögren’s syndrome (SS) is a chronic autoimmune disease characterized by B cell
hyperactivity and lymphocytic infiltration of the exocrine glands, especially the lacrimal
and salivary glands. The estimated SS prevalence is 0.5–1.5% worldwide and the male to
female ratio is about 1:10 [113]. Typical symptoms of SS include keratoconjunctivitis sicca,
xerostomia, fatigue and musculoskeletal pain, which negatively affect both the physical
and mental health of SS patients. Genetic susceptibility, mental stress and viral infection
are recognized as potential contributors to SS, but the mechanism of SS pathogenesis re-
mains unclear [114,115]. Recent studies showed that autoimmune-based mitochondrial
dysfunction might be involved in SS pathogenesis. Li et al. observed ultrastructure
changes in cellular organelles in both acini and ducts from salivary glands, including the
swelling of mitochondria and disrupted membrane integrity [116]. They also identified four
mitochondria-related genes (CD38, CMPK2, TBC1D9, PYCR1) as a potential link between
mitochondrial dysfunction and immune response activation of SS, postulating the signifi-
cance of disrupted mitochondrial dynamics and impaired respiratory chain stability on SS
development [117]. Katsiougiannis et al. collected salivary gland epithelial cells (SGEC)
and found that the mitochondrial proteome of SGEC was significantly altered compared
to the control group, especially enzymes related to pyruvate metabolism, fatty acid β-
oxidation and TCA cycle. Morphological alterations were also captured under transmission
electron microscopy, where mitochondria in SS-SGEC displayed strong reduction in cristae
abundance, disrupted cristae contour and hypodense matrix [118]. Zhao et al. performed
a mtDNA-based analysis among female SS patients to evaluate its association with the
development of SS and suggested that single nucleotide polymorphisms (SNPs) in the
mitochondrial displacement loop could modify SS progression by regulating inflammatory
cytokine expression [119]. Benedittis et al. observed a significant increase in mitochondrial
dynamics-related gene expression in SS patients, specifically in mitochondrial fission and
fusion homeostasis, such as mitofusin-1 (MFN1), and mitochondrial transcription factor A
(TFAM). Their research suggested a possible involvement of mitochondrial dysfunctions
in the pathogenesis of SS [120]. Yoon et al. found that mitochondrial double-stranded
RNAs (mt-dsRNAs) were elevated in the saliva and tears of SS patients and in the salivary
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glands of diabetic mice with salivary dysfunction. They constructed a three-dimensional
culture of human salivary gland cells and found that mt-dsRNAs were induced by ex-
ogenous dsRNAs stimulation. Treatment of dsRNAs also activated the innate immune
system, triggered IFN-mediated immune alterations and promoted glandular phenotypes.
Direct suppression of mt-dsRNAs reversed the glandular phenotypes of SS [121]. The
same group also demonstrated the therapeutic efficacy of muscarinic receptor ligand acetyl-
choline and resveratrol in reversing the activated response to immunogenic stressors in
salivary gland acinar cells [122]. Xu et al. confirmed that lactate levels were significantly
upregulated in the salivary glands of patients with SS and lactate triggered an inflamma-
tory response by damaging mtDNA and causing mtDNA leakage in glandular epithelial
cells. They suggested that mitochondrial dysfunction activated NF-κB signaling through
cGAS-STING recognition, which exacerbated the immune response and contributed to
SS pathogenesis [123].

However, despite recent advances in the understanding of SS pathogenesis, many
details of the correlation between mitochondrial dysfunction and the immune responses
are still unknown. More studies are required to investigate how mitochondrial dysfunc-
tion affects immune cell behavior during SS progression and explore whether alleviating
mitochondrial dysfunction could contribute to the clinical management of SS.

5. Discussion and Conclusions

OIDs affect people’s health and quality of life through damaging oral and craniofacial
tissue and increasing the risk of non-oral systemic diseases. Recently, there has ben in-
creasing evidence indicating that mitochondrial dysfunction also plays a critical role in the
pathogenesis and progression of OIDs and its associated non-oral systemic diseases such as
diabetes and atherosclerosis. On the one hand, previous studies showed that mitochondria
play an important role in the innate immune response, as they affect the main pathways
involved in the immune response such as toll-like receptors, (NOD)-like receptors and
retinoic acid-inducible gene I (RIG-I)-like receptors [124–126]. So, when mitochondrial
function is disrupted, the release of mtROS, oxidized mtDNA and DAMPs can affect im-
mune responses and aggravate oral inflammatory condition. On the other hand, infection
and inflammatory response may also contribute to the disruption of mitochondrial phys-
iological function. For instance, reduced ATP production was observed in both human
gingival fibroblast and endothelial cells following P. gingivalis and its LPS treatment [77,127].
Verma et al. found that P. gingivalis-LPS significantly upregulated the expression of several
proinflammatory markers such as iNOS, IL-1β, IL-6 and TNF-α in SH-SY5Y cells and
altered the mitochondrial respiration in complex I, II and IV. Mitochondrial genes involved
in mitochondria biogenesis, fission and fusion were also downregulated after LPS treat-
ment [15]. A similar phenomenon was also found in immune cells. P. gingivalis infection
promoted a metabolic shift toward glycolysis and triggered mitochondrial dysfunction in
macrophages. These changes were consistent with the alteration in TCA cycle genes and
increased glycolytic gene expression [128]. He et al. revealed that under inflammatory con-
ditions, mitochondrial calcium overload in macrophages triggered the persistent opening
of mitochondrial permeability transition pores, aggravating calcium overload and inducing
mitochondrial dysfunction, forming an adverse cycle which contributed to the activation
of periodontitis in vivo [129].

However, current studies are insufficient to describe the exact role of mitochondrial
dysfunction in those diseases. For example, whether mitochondrial dysfunction occurs
before or after clinical symptoms are shown remains unclear. Several antioxidants such
as rutin and resveratrol have shown favorable therapeutic efficacy in alleviating OIDs by
regulating mitochondrial membrane potential and improving mitochondrial biogenesis.
Nanomaterials designed to target mitochondrial dysfunction also demonstrated huge
potential in treating periodontitis. Novel therapeutic approaches, like mitochondria transfer
from healthy donor MSCs, have been investigated in treating pulpitis both in vivo and
in vitro.
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However, the therapeutic strategies mentioned above failed to provide data on the
long-term prognosis, and the mechanisms of how improvement in mitochondrial dys-
function affects the prognosis of OIDs were poorly investigated. Therefore, it is vital
to characterize the underlying mechanisms by which mitochondrial dysfunction affects
OIDs pathogenesis and developing new diagnostic and therapeutic interventions targeting
mitochondrial dysfunction in OIDs may be a promising therapeutic strategy in the future.

To sum up, mitochondrial dysfunction has been widely implicated in a wide range of
diseases. Disrupted mitochondria integrity and abnormal structure were present in many
common oral inflammatory diseases. Several studies have revealed the correlation between
mitochondrial dysfunction and the pathogenesis and progression of OIDs, as well as their
complications. Further studies should focus on targeting mitochondrial dysfunction in
treating those diseases and try to explore the underlying mechanism of how mitochondrial
dysfunction affects the occurrence and severity of OIDs, which is a promising field in
the future.

Author Contributions: Conceptualization, H.H.; methodology, Z.D.; writing—original draft prepara-
tion, Z.D.; writing—review and editing, H.H. and L.W.; funding acquisition, H.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 81800956 and the Guangdong Basic and Applied Basic Research Foundation, grant number
2021A1515010562.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created.

Acknowledgments: We acknowledge Figdraw (www.figdraw.com, accessed on 9 September 2022)
for the assistance in creating Figure 1.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; in
the decision to publish the results.

References
1. Li, X.; Liu, X.C.; Ding, X.; Liu, X.M.; Cao, N.B.; Deng, Y.; Hou, Y.B.; Yu, W.X. Resveratrol protects renal damages induced by

periodontitis via preventing mitochondrial dysfunction in rats. Oral. Dis. 2022, 29, 1812–1825. [CrossRef] [PubMed]
2. Willems, P.H.; Rossignol, R.; Dieteren, C.E.; Murphy, M.P.; Koopman, W.J. Redox Homeostasis and Mitochondrial Dynamics. Cell

Metab. 2015, 22, 207–218. [CrossRef] [PubMed]
3. Abate, M.; Festa, A.; Falco, M.; Lombardi, A.; Luce, A.; Grimaldi, A.; Zappavigna, S.; Sperlongano, P.; Irace, C.; Caraglia, M.; et al.

Mitochondria as playmakers of apoptosis, autophagy and senescence. Semin. Cell Dev. Biol. 2020, 98, 139–153. [CrossRef]
[PubMed]

4. Spinelli, J.B.; Haigis, M.C. The multifaceted contributions of mitochondria to cellular metabolism. Nat. Cell Biol. 2018, 20, 745–754.
[CrossRef]

5. Chan, D.C. Mitochondrial Dynamics and Its Involvement in Disease. Annu. Rev. Pathol. 2020, 15, 235–259. [CrossRef]
6. Sangwung, P.; Petersen, K.F.; Shulman, G.I.; Knowles, J.W. Mitochondrial Dysfunction, Insulin Resistance, and Potential Genetic

Implications. Endocrinology 2020, 161, bqaa017. [CrossRef]
7. Moro, L. Mitochondrial Dysfunction in Aging and Cancer. J. Clin. Med. 2019, 8, 1983. [CrossRef]
8. Zhao, M.; Wang, Y.; Li, L.; Liu, S.; Wang, C.; Yuan, Y.; Yang, G.; Chen, Y.; Cheng, J.; Lu, Y.; et al. Mitochondrial ROS promote

mitochondrial dysfunction and inflammation in ischemic acute kidney injury by disrupting TFAM-mediated mtDNA maintenance.
Theranostics 2021, 11, 1845–1863. [CrossRef]

9. Gong, W.; Wang, F.; He, Y.; Zeng, X.; Zhang, D.; Chen, Q. Mesenchymal Stem Cell Therapy for Oral Inflammatory Diseases:
Research Progress and Future Perspectives. Curr. Stem Cell Res. Ther. 2021, 16, 165–174. [CrossRef]

10. Bitencourt, F.V.; Nascimento, G.G.; Costa, S.A.; Andersen, A.; Sandbæk, A.; Leite, F.R.M. Co-occurrence of Periodontitis and
Diabetes-Related Complications. J. Dent. Res. 2023, 102, 1088–1097. [CrossRef]

11. Vujovic, S.; Desnica, J.; Stevanovic, M.; Mijailovic, S.; Vojinovic, R.; Selakovic, D.; Jovicic, N.; Rosic, G.; Milovanovic, D. Oral
Health and Oral Health-Related Quality of Life in Patients with Primary Sjögren’s Syndrome. Medicina 2023, 59, 473. [CrossRef]
[PubMed]

www.figdraw.com
https://doi.org/10.1111/odi.14148
https://www.ncbi.nlm.nih.gov/pubmed/35146845
https://doi.org/10.1016/j.cmet.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26166745
https://doi.org/10.1016/j.semcdb.2019.05.022
https://www.ncbi.nlm.nih.gov/pubmed/31154010
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1210/endocr/bqaa017
https://doi.org/10.3390/jcm8111983
https://doi.org/10.7150/thno.50905
https://doi.org/10.2174/1574888X15666200726224132
https://doi.org/10.1177/00220345231179897
https://doi.org/10.3390/medicina59030473
https://www.ncbi.nlm.nih.gov/pubmed/36984474


Int. J. Mol. Sci. 2023, 24, 15483 11 of 15

12. Sødal, A.T.T.; Skudutyte-Rysstad, R.; Diep, M.T.; Koldsland, O.C.; Hove, L.H. Periodontitis in a 65-year-old population: Risk
indicators and impact on oral health-related quality of life. BMC Oral Health 2022, 22, 640. [CrossRef] [PubMed]

13. Taha, N.A.; Abuzaid, A.M.; Khader, Y.S. A Randomized Controlled Clinical Trial of Pulpotomy versus Root Canal Therapy in
Mature Teeth with Irreversible Pulpitis: Outcome, Quality of Life, and Patients’ Satisfaction. J. Endod. 2023, 49, 624–631.e622.
[CrossRef] [PubMed]

14. Jiang, W.; Wang, Y.; Cao, Z.; Chen, Y.; Si, C.; Sun, X.; Huang, S. The role of mitochondrial dysfunction in periodontitis: From
mechanisms to therapeutic strategy. J. Periodontal Res. 2023, 58, 853–863. [CrossRef] [PubMed]

15. Verma, A.; Azhar, G.; Zhang, X.; Patyal, P.; Kc, G.; Sharma, S.; Che, Y.; Wei, J.Y.P. gingivalis-LPS Induces Mitochondrial
Dysfunction Mediated by Neuroinflammation through Oxidative Stress. Int. J. Mol. Sci. 2023, 24, 950. [CrossRef]

16. Zhou, L.; Zhang, Y.F.; Yang, F.H.; Mao, H.Q.; Chen, Z.; Zhang, L. Mitochondrial DNA leakage induces odontoblast inflammation
via the cGAS-STING pathway. Cell Commun. Signal 2021, 19, 58. [CrossRef]

17. Seo, B.J.; Yoon, S.H.; Do, J.T. Mitochondrial Dynamics in Stem Cells and Differentiation. Int. J. Mol. Sci. 2018, 19, 3893. [CrossRef]
18. Faas, M.M.; de Vos, P. Mitochondrial function in immune cells in health and disease. Biochim. Biophys. Acta Mol. Basis Dis. 2020,

1866, 165845. [CrossRef]
19. Chen, X.; Zhang, Z.; Li, H.; Zhao, J.; Wei, X.; Lin, W.; Zhao, X.; Jiang, A.; Yuan, J. Endogenous ethanol produced by intestinal

bacteria induces mitochondrial dysfunction in non-alcoholic fatty liver disease. J. Gastroenterol. Hepatol. 2020, 35, 2009–2019.
[CrossRef]

20. Shang, C.; Liu, Z.; Zhu, Y.; Lu, J.; Ge, C.; Zhang, C.; Li, N.; Jin, N.; Li, Y.; Tian, M.; et al. SARS-CoV-2 Causes Mitochondrial
Dysfunction and Mitophagy Impairment. Front. Microbiol. 2021, 12, 780768. [CrossRef]

21. Lee, J.H.; Yoon, Y.M.; Song, K.H.; Noh, H.; Lee, S.H. Melatonin suppresses senescence-derived mitochondrial dysfunction in
mesenchymal stem cells via the HSPA1L-mitophagy pathway. Aging Cell 2020, 19, e13111. [CrossRef] [PubMed]

22. Forbes, J.M.; Thorburn, D.R. Mitochondrial dysfunction in diabetic kidney disease. Nat. Rev. Nephrol. 2018, 14, 291–312. [CrossRef]
[PubMed]

23. Chistiakov, D.A.; Shkurat, T.P.; Melnichenko, A.A.; Grechko, A.V.; Orekhov, A.N. The role of mitochondrial dysfunction in
cardiovascular disease: A brief review. Ann. Med. 2018, 50, 121–127. [CrossRef] [PubMed]

24. Bhatti, J.S.; Bhatti, G.K.; Reddy, P.H. Mitochondrial dysfunction and oxidative stress in metabolic disorders—A step towards
mitochondria based therapeutic strategies. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 1066–1077. [CrossRef]

25. West, A.P. Mitochondrial dysfunction as a trigger of innate immune responses and inflammation. Toxicology 2017, 391, 54–63.
[CrossRef] [PubMed]

26. Marchi, S.; Guilbaud, E.; Tait, S.W.G.; Yamazaki, T.; Galluzzi, L. Mitochondrial control of inflammation. Nat. Rev. Immunol. 2022,
23, 159–173. [CrossRef]

27. Dela Cruz, C.S.; Kang, M.J. Mitochondrial dysfunction and damage associated molecular patterns (DAMPs) in chronic inflamma-
tory diseases. Mitochondrion 2018, 41, 37–44. [CrossRef]

28. Koenig, A.; Buskiewicz-Koenig, I.A. Redox Activation of Mitochondrial DAMPs and the Metabolic Consequences for Develop-
ment of Autoimmunity. Antioxid. Redox Signal 2022, 36, 441–461. [CrossRef]

29. Wang, L.W.; Shen, H.; Nobre, L.; Ersing, I.; Paulo, J.A.; Trudeau, S.; Wang, Z.; Smith, N.A.; Ma, Y.; Reinstadler, B.; et al.
Epstein-Barr-Virus-Induced One-Carbon Metabolism Drives B Cell Transformation. Cell Metab. 2019, 30, 539–555.e511. [CrossRef]

30. Chávez, M.D.; Tse, H.M. Targeting Mitochondrial-Derived Reactive Oxygen Species in T Cell-Mediated Autoimmune Diseases.
Front. Immunol. 2021, 12, 703972. [CrossRef]

31. Wang, Y.; Shi, P.; Chen, Q.; Huang, Z.; Zou, D.; Zhang, J.; Gao, X.; Lin, Z. Mitochondrial ROS promote macrophage pyroptosis by
inducing GSDMD oxidation. J. Mol. Cell Biol. 2019, 11, 1069–1082. [CrossRef] [PubMed]

32. Yuan, Y.; Chen, Y.; Peng, T.; Li, L.; Zhu, W.; Liu, F.; Liu, S.; An, X.; Luo, R.; Cheng, J.; et al. Mitochondrial ROS-induced lysosomal
dysfunction impairs autophagic flux and contributes to M1 macrophage polarization in a diabetic condition. Clin. Sci. 2019,
133, 1759–1777. [CrossRef] [PubMed]

33. Xu, L.; Yan, X.; Zhao, Y.; Wang, J.; Liu, B.; Yu, S.; Fu, J.; Liu, Y.; Su, J. Macrophage Polarization Mediated by Mitochondrial
Dysfunction Induces Adipose Tissue Inflammation in Obesity. Int. J. Mol. Sci. 2022, 23, 9252. [CrossRef] [PubMed]

34. Chatel-Chaix, L.; Cortese, M.; Romero-Brey, I.; Bender, S.; Neufeldt, C.J.; Fischl, W.; Scaturro, P.; Schieber, N.; Schwab, Y.;
Fischer, B.; et al. Dengue Virus Perturbs Mitochondrial Morphodynamics to Dampen Innate Immune Responses. Cell Host Microbe
2016, 20, 342–356. [CrossRef] [PubMed]

35. Gilardini Montani, M.S.; Santarelli, R.; Granato, M.; Gonnella, R.; Torrisi, M.R.; Faggioni, A.; Cirone, M. EBV reduces autophagy,
intracellular ROS and mitochondria to impair monocyte survival and differentiation. Autophagy 2019, 15, 652–667. [CrossRef]
[PubMed]

36. He, W.R.; Cao, L.B.; Yang, Y.L.; Hua, D.; Hu, M.M.; Shu, H.B. VRK2 is involved in the innate antiviral response by promoting
mitostress-induced mtDNA release. Cell Mol. Immunol. 2021, 18, 1186–1196. [CrossRef] [PubMed]

37. van der Heijden, W.A.; van de Wijer, L.; Jaeger, M.; Grintjes, K.; Netea, M.G.; Urbanus, R.T.; van Crevel, R.; van den Heuvel, L.P.;
Brink, M.; Rodenburg, R.J.; et al. Long-term treated HIV infection is associated with platelet mitochondrial dysfunction. Sci. Rep.
2021, 11, 6246. [CrossRef]

https://doi.org/10.1186/s12903-022-02662-9
https://www.ncbi.nlm.nih.gov/pubmed/36566179
https://doi.org/10.1016/j.joen.2023.04.001
https://www.ncbi.nlm.nih.gov/pubmed/37080387
https://doi.org/10.1111/jre.13152
https://www.ncbi.nlm.nih.gov/pubmed/37332252
https://doi.org/10.3390/ijms24020950
https://doi.org/10.1186/s12964-021-00738-7
https://doi.org/10.3390/ijms19123893
https://doi.org/10.1016/j.bbadis.2020.165845
https://doi.org/10.1111/jgh.15027
https://doi.org/10.3389/fmicb.2021.780768
https://doi.org/10.1111/acel.13111
https://www.ncbi.nlm.nih.gov/pubmed/31965731
https://doi.org/10.1038/nrneph.2018.9
https://www.ncbi.nlm.nih.gov/pubmed/29456246
https://doi.org/10.1080/07853890.2017.1417631
https://www.ncbi.nlm.nih.gov/pubmed/29237304
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1016/j.tox.2017.07.016
https://www.ncbi.nlm.nih.gov/pubmed/28765055
https://doi.org/10.1038/s41577-022-00760-x
https://doi.org/10.1016/j.mito.2017.12.001
https://doi.org/10.1089/ars.2021.0073
https://doi.org/10.1016/j.cmet.2019.06.003
https://doi.org/10.3389/fimmu.2021.703972
https://doi.org/10.1093/jmcb/mjz020
https://www.ncbi.nlm.nih.gov/pubmed/30860577
https://doi.org/10.1042/CS20190672
https://www.ncbi.nlm.nih.gov/pubmed/31383716
https://doi.org/10.3390/ijms23169252
https://www.ncbi.nlm.nih.gov/pubmed/36012516
https://doi.org/10.1016/j.chom.2016.07.008
https://www.ncbi.nlm.nih.gov/pubmed/27545046
https://doi.org/10.1080/15548627.2018.1536530
https://www.ncbi.nlm.nih.gov/pubmed/30324853
https://doi.org/10.1038/s41423-021-00673-0
https://www.ncbi.nlm.nih.gov/pubmed/33785841
https://doi.org/10.1038/s41598-021-85775-5


Int. J. Mol. Sci. 2023, 24, 15483 12 of 15

38. Li, S.; Li, H.; Zhang, Y.L.; Xin, Q.L.; Guan, Z.Q.; Chen, X.; Zhang, X.A.; Li, X.K.; Xiao, G.F.; Lozach, P.Y.; et al. SFTSV Infection
Induces BAK/BAX-Dependent Mitochondrial DNA Release to Trigger NLRP3 Inflammasome Activation. Cell Rep. 2020,
30, 4370–4385.e4377. [CrossRef]

39. Riquelme, S.A.; Lozano, C.; Moustafa, A.M.; Liimatta, K.; Tomlinson, K.L.; Britto, C.; Khanal, S.; Gill, S.K.; Narechania, A.;
Azcona-Gutiérrez, J.M.; et al. CFTR-PTEN-dependent mitochondrial metabolic dysfunction promotes Pseudomonas aeruginosa
airway infection. Sci. Transl. Med. 2019, 11, eaav4634. [CrossRef]

40. Escoll, P.; Song, O.R.; Viana, F.; Steiner, B.; Lagache, T.; Olivo-Marin, J.C.; Impens, F.; Brodin, P.; Hilbi, H.; Buchrieser, C. Legionella
pneumophila Modulates Mitochondrial Dynamics to Trigger Metabolic Repurposing of Infected Macrophages. Cell Host Microbe
2017, 22, 302–316.e307. [CrossRef]

41. Deo, P.; Chow, S.H.; Han, M.L.; Speir, M.; Huang, C.; Schittenhelm, R.B.; Dhital, S.; Emery, J.; Li, J.; Kile, B.T.; et al. Mitochondrial
dysfunction caused by outer membrane vesicles from Gram-negative bacteria activates intrinsic apoptosis and inflammation. Nat.
Microbiol. 2020, 5, 1418–1427. [CrossRef]

42. Lood, C.; Blanco, L.P.; Purmalek, M.M.; Carmona-Rivera, C.; De Ravin, S.S.; Smith, C.K.; Malech, H.L.; Ledbetter, J.A.; Elkon,
K.B.; Kaplan, M.J. Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are interferogenic and contribute to
lupus-like disease. Nat. Med. 2016, 22, 146–153. [CrossRef]

43. Pereira, C.A.; Carlos, D.; Ferreira, N.S.; Silva, J.F.; Zanotto, C.Z.; Zamboni, D.S.; Garcia, V.D.; Ventura, D.F.; Silva, J.S.; Tostes, R.C.
Mitochondrial DNA Promotes NLRP3 Inflammasome Activation and Contributes to Endothelial Dysfunction and Inflammation
in Type 1 Diabetes. Front. Physiol. 2019, 10, 1557. [CrossRef] [PubMed]

44. Verma, A.; Pittala, S.; Alhozeel, B.; Shteinfer-Kuzmine, A.; Ohana, E.; Gupta, R.; Chung, J.H.; Shoshan-Barmatz, V. The role of
the mitochondrial protein VDAC1 in inflammatory bowel disease: A potential therapeutic target. Mol. Ther. 2022, 30, 726–744.
[CrossRef] [PubMed]

45. Boyapati, R.K.; Dorward, D.A.; Tamborska, A.; Kalla, R.; Ventham, N.T.; Doherty, M.K.; Whitfield, P.D.; Gray, M.; Loane, J.;
Rossi, A.G.; et al. Mitochondrial DNA Is a Pro-Inflammatory Damage-Associated Molecular Pattern Released During Active IBD.
Inflamm. Bowel Dis. 2018, 24, 2113–2122. [CrossRef] [PubMed]

46. Gu, P.; Hui, X.; Zheng, Q.; Gao, Y.; Jin, L.; Jiang, W.; Zhou, C.; Liu, T.; Huang, Y.; Liu, Q.; et al. Mitochondrial uncoupling protein 1
antagonizes atherosclerosis by blocking NLRP3 inflammasome-dependent interleukin-1β production. Sci. Adv. 2021, 7, eabl4024.
[CrossRef]

47. Al-Azab, M.; Qaed, E.; Ouyang, X.; Elkhider, A.; Walana, W.; Li, H.; Li, W.; Tang, Y.; Adlat, S.; Wei, J.; et al. TL1A/TNFR2-mediated
mitochondrial dysfunction of fibroblast-like synoviocytes increases inflammatory response in patients with rheumatoid arthritis
via reactive oxygen species generation. FEBS J. 2020, 287, 3088–3104. [CrossRef]

48. Demmer, R.T.; Papapanou, P.N. Epidemiologic patterns of chronic and aggressive periodontitis. Periodontol. 2000 2010, 53, 28–44.
[CrossRef]

49. Genco, R.J.; Sanz, M. Clinical and public health implications of periodontal and systemic diseases: An overview. Periodontol. 2000
2020, 83, 7–13. [CrossRef]

50. Papapanou, P.N.; Sanz, M.; Buduneli, N.; Dietrich, T.; Feres, M.; Fine, D.H.; Flemmig, T.F.; Garcia, R.; Giannobile, W.V.;
Graziani, F.; et al. Periodontitis: Consensus report of workgroup 2 of the 2017 World Workshop on the Classification of Periodontal
and Peri-Implant Diseases and Conditions. J. Periodontol. 2018, 89 (Suppl. S1), S173–S182. [CrossRef]

51. Laine, M.L.; Crielaard, W.; Loos, B.G. Genetic susceptibility to periodontitis. Periodontol. 2000 2012, 58, 37–68. [CrossRef]
[PubMed]

52. Tóthová, L.; Celec, P. Oxidative Stress and Antioxidants in the Diagnosis and Therapy of Periodontitis. Front. Physiol. 2017,
8, 1055. [CrossRef] [PubMed]

53. Kinane, D.F.; Stathopoulou, P.G.; Papapanou, P.N. Periodontal diseases. Nat. Rev. Dis. Primers 2017, 3, 17038. [CrossRef] [PubMed]
54. Genco, R.J.; Borgnakke, W.S. Risk factors for periodontal disease. Periodontol. 2000 2013, 62, 59–94. [CrossRef]
55. Graziani, F.; Karapetsa, D.; Alonso, B.; Herrera, D. Nonsurgical and surgical treatment of periodontitis: How many options for

one disease? Periodontol. 2000 2017, 75, 152–188. [CrossRef]
56. Kwon, T.; Lamster, I.B.; Levin, L. Current Concepts in the Management of Periodontitis. Int. Dent. J. 2021, 71, 462–476. [CrossRef]
57. Prietto, N.R.; Martins, T.M.; Santinoni, C.D.S.; Pola, N.M.; Ervolino, E.; Bielemann, A.M.; Leite, F.R.M. Treatment of experimental

periodontitis with chlorhexidine as adjuvant to scaling and root planing. Arch. Oral. Biol. 2020, 110, 104600. [CrossRef]
58. Xie, M.; Tang, Q.; Nie, J.; Zhang, C.; Zhou, X.; Yu, S.; Sun, J.; Cheng, X.; Dong, N.; Hu, Y.; et al. BMAL1-Downregulation

Aggravates Porphyromonas Gingivalis-Induced Atherosclerosis by Encouraging Oxidative Stress. Circ. Res. 2020, 126, e15–e29.
[CrossRef]

59. Bullon, P.; Newman, H.N.; Battino, M. Obesity, diabetes mellitus, atherosclerosis and chronic periodontitis: A shared pathology
via oxidative stress and mitochondrial dysfunction? Periodontol. 2000 2014, 64, 139–153. [CrossRef]

60. Li, L.; Zhang, Y.L.; Liu, X.Y.; Meng, X.; Zhao, R.Q.; Ou, L.L.; Li, B.Z.; Xing, T. Periodontitis Exacerbates and Promotes the
Progression of Chronic Kidney Disease through Oral Flora, Cytokines, and Oxidative Stress. Front. Microbiol. 2021, 12, 656372.
[CrossRef]

61. Govindaraj, P.; Khan, N.A.; Gopalakrishna, P.; Chandra, R.V.; Vanniarajan, A.; Reddy, A.A.; Singh, S.; Kumaresan, R.; Srinivas, G.;
Singh, L.; et al. Mitochondrial dysfunction and genetic heterogeneity in chronic periodontitis. Mitochondrion 2011, 11, 504–512.
[CrossRef]

https://doi.org/10.1016/j.celrep.2020.02.105
https://doi.org/10.1126/scitranslmed.aav4634
https://doi.org/10.1016/j.chom.2017.07.020
https://doi.org/10.1038/s41564-020-0773-2
https://doi.org/10.1038/nm.4027
https://doi.org/10.3389/fphys.2019.01557
https://www.ncbi.nlm.nih.gov/pubmed/32009974
https://doi.org/10.1016/j.ymthe.2021.06.024
https://www.ncbi.nlm.nih.gov/pubmed/34217890
https://doi.org/10.1093/ibd/izy095
https://www.ncbi.nlm.nih.gov/pubmed/29718255
https://doi.org/10.1126/sciadv.abl4024
https://doi.org/10.1111/febs.15181
https://doi.org/10.1111/j.1600-0757.2009.00326.x
https://doi.org/10.1111/prd.12344
https://doi.org/10.1002/JPER.17-0721
https://doi.org/10.1111/j.1600-0757.2011.00415.x
https://www.ncbi.nlm.nih.gov/pubmed/22133366
https://doi.org/10.3389/fphys.2017.01055
https://www.ncbi.nlm.nih.gov/pubmed/29311982
https://doi.org/10.1038/nrdp.2017.38
https://www.ncbi.nlm.nih.gov/pubmed/28805207
https://doi.org/10.1111/j.1600-0757.2012.00457.x
https://doi.org/10.1111/prd.12201
https://doi.org/10.1111/idj.12630
https://doi.org/10.1016/j.archoralbio.2019.104600
https://doi.org/10.1161/CIRCRESAHA.119.315502
https://doi.org/10.1111/j.1600-0757.2012.00455.x
https://doi.org/10.3389/fmicb.2021.656372
https://doi.org/10.1016/j.mito.2011.01.009


Int. J. Mol. Sci. 2023, 24, 15483 13 of 15

62. Tomokiyo, A.; Wada, N.; Maeda, H. Periodontal Ligament Stem Cells: Regenerative Potency in Periodontium. Stem Cells Dev.
2019, 28, 974–985. [CrossRef] [PubMed]

63. Zhang, Z.; Deng, M.; Hao, M.; Tang, J. Periodontal ligament stem cells in the periodontitis niche: Inseparable interactions and
mechanisms. J. Leukoc. Biol. 2021, 110, 565–576. [CrossRef] [PubMed]

64. Zheng, Y.; Dong, C.; Yang, J.; Jin, Y.; Zheng, W.; Zhou, Q.; Liang, Y.; Bao, L.; Feng, G.; Ji, J.; et al. Exosomal microRNA-155-5p
from PDLSCs regulated Th17/Treg balance by targeting sirtuin-1 in chronic periodontitis. J. Cell Physiol. 2019, 234, 20662–20674.
[CrossRef] [PubMed]

65. Li, J.; Wang, Z.; Huang, X.; Wang, Z.; Chen, Z.; Wang, R.; Chen, Z.; Liu, W.; Wu, B.; Fang, F.; et al. Dynamic proteomic profiling of
human periodontal ligament stem cells during osteogenic differentiation. Stem Cell Res. Ther. 2021, 12, 98. [CrossRef]

66. Chen, Y.; Ji, Y.; Jin, X.; Sun, X.; Zhang, X.; Chen, Y.; Shi, L.; Cheng, H.; Mao, Y.; Li, X.; et al. Mitochondrial abnormalities
are involved in periodontal ligament fibroblast apoptosis induced by oxidative stress. Biochem. Biophys. Res. Commun. 2019,
509, 483–490. [CrossRef]

67. Liu, J.; Zeng, J.; Wang, X.; Zheng, M.; Luan, Q. P53 mediates lipopolysaccharide-induced inflammation in human gingival
fibroblasts. J. Periodontol. 2018, 89, 1142–1151. [CrossRef]

68. Liu, J.; Wang, X.; Xue, F.; Zheng, M.; Luan, Q. Abnormal mitochondrial structure and function are retained in gingival tissues and
human gingival fibroblasts from patients with chronic periodontitis. J. Periodontal Res. 2022, 57, 94–103. [CrossRef]

69. Liu, J.; Wang, X.; Zheng, M.; Luan, Q. Oxidative stress in human gingival fibroblasts from periodontitis versus healthy counterparts.
Oral. Dis. 2021, 29, 1214–1225. [CrossRef]

70. França, L.F.C.; Vasconcelos, A.; da Silva, F.R.P.; Alves, E.H.P.; Carvalho, J.S.; Lenardo, D.D.; de Souza, L.K.M.; Barbosa, A.L.R.;
Medeiros, J.R.; de Oliveira, J.S.; et al. Periodontitis changes renal structures by oxidative stress and lipid peroxidation. J. Clin.
Periodontol. 2017, 44, 568–576. [CrossRef]

71. Kose, O.; Kurt Bayrakdar, S.; Unver, B.; Altin, A.; Akyildiz, K.; Mercantepe, T.; Bostan, S.A.; Arabaci, T.; Turker Sener, L.; Emre
Kose, T.; et al. Melatonin improves periodontitis-induced kidney damage by decreasing inflammatory stress and apoptosis in
rats. J. Periodontol. 2021, 92, 22–34. [CrossRef] [PubMed]

72. Sun, X.; Mao, Y.; Dai, P.; Li, X.; Gu, W.; Wang, H.; Wu, G.; Ma, J.; Huang, S. Mitochondrial dysfunction is involved in the
aggravation of periodontitis by diabetes. J. Clin. Periodontol. 2017, 44, 463–471. [CrossRef] [PubMed]

73. Zhang, B.; Yang, Y.; Yi, J.; Zhao, Z.; Ye, R. Hyperglycemia modulates M1/M2 macrophage polarization via reactive oxygen species
overproduction in ligature-induced periodontitis. J. Periodontal Res. 2021, 56, 991–1005. [CrossRef] [PubMed]

74. Zeng, X.T.; Leng, W.D.; Lam, Y.Y.; Yan, B.P.; Wei, X.M.; Weng, H.; Kwong, J.S. Periodontal disease and carotid atherosclerosis: A
meta-analysis of 17,330 participants. Int. J. Cardiol. 2016, 203, 1044–1051. [CrossRef] [PubMed]

75. Priyamvara, A.; Dey, A.K.; Bandyopadhyay, D.; Katikineni, V.; Zaghlol, R.; Basyal, B.; Barssoum, K.; Amarin, R.; Bhatt, D.L.; Lavie,
C.J. Periodontal Inflammation and the Risk of Cardiovascular Disease. Curr. Atheroscler. Rep. 2020, 22, 28. [CrossRef] [PubMed]

76. Rho, J.H.; Kim, H.J.; Joo, J.Y.; Lee, J.Y.; Lee, J.H.; Park, H.R. Periodontal Pathogens Promote Foam Cell Formation by Blocking
Lipid Efflux. J. Dent. Res. 2021, 100, 1367–1377. [CrossRef]

77. Xu, T.; Dong, Q.; Luo, Y.; Liu, Y.; Gao, L.; Pan, Y.; Zhang, D. Porphyromonas gingivalis infection promotes mitochondrial
dysfunction through Drp1-dependent mitochondrial fission in endothelial cells. Int. J. Oral. Sci. 2021, 13, 28. [CrossRef]

78. Liu, Q.; Guo, S.; Huang, Y.; Wei, X.; Liu, L.; Huo, F.; Huang, P.; Wu, Y.; Tian, W. Inhibition of TRPA1 Ameliorates Periodontitis by
Reducing Periodontal Ligament Cell Oxidative Stress and Apoptosis via PERK/eIF2α/ATF-4/CHOP Signal Pathway. Oxid. Med.
Cell Longev. 2022, 2022, 4107915. [CrossRef]

79. Gölz, L.; Memmert, S.; Rath-Deschner, B.; Jäger, A.; Appel, T.; Baumgarten, G.; Götz, W.; Frede, S. Hypoxia and P. gingivalis
synergistically induce HIF-1 and NF-κB activation in PDL cells and periodontal diseases. Mediat. Inflamm. 2015, 2015, 438085.
[CrossRef]

80. Zhao, J.; Faure, L.; Adameyko, I.; Sharpe, P.T. Stem cell contributions to cementoblast differentiation in healthy periodontal
ligament and periodontitis. Stem Cells 2021, 39, 92–102. [CrossRef]

81. Arzate, H.; Zeichner-David, M.; Mercado-Celis, G. Cementum proteins: Role in cementogenesis, biomineralization, periodontium
formation and regeneration. Periodontol. 2000 2015, 67, 211–233. [CrossRef] [PubMed]

82. Wang, H.; Wang, X.; Ma, L.; Huang, X.; Peng, Y.; Huang, H.; Gao, X.; Chen, Y.; Cao, Z. PGC-1 alpha regulates mitochondrial
biogenesis to ameliorate hypoxia-inhibited cementoblast mineralization. Ann. N.Y. Acad. Sci. 2022, 1516, 300–311. [CrossRef]
[PubMed]

83. Zhao, B.; Zhang, W.; Xiong, Y.; Zhang, Y.; Zhang, D.; Xu, X. Effects of rutin on the oxidative stress, proliferation and osteogenic
differentiation of periodontal ligament stem cells in LPS-induced inflammatory environment and the underlying mechanism.
J. Mol. Histol. 2020, 51, 161–171. [CrossRef] [PubMed]

84. Iova, G.M.; Calniceanu, H.; Popa, A.; Szuhanek, C.A.; Marcu, O.; Ciavoi, G.; Scrobota, I. The Antioxidant Effect of Curcumin and
Rutin on Oxidative Stress Biomarkers in Experimentally Induced Periodontitis in Hyperglycemic Wistar Rats. Molecules 2021,
26, 1332. [CrossRef]

85. Cai, W.J.; Chen, Y.; Shi, L.X.; Cheng, H.R.; Banda, I.; Ji, Y.H.; Wang, Y.T.; Li, X.M.; Mao, Y.X.; Zhang, D.F.; et al. AKT-GSK3β
Signaling Pathway Regulates Mitochondrial Dysfunction-Associated OPA1 Cleavage Contributing to Osteoblast Apoptosis:
Preventative Effects of Hydroxytyrosol. Oxid. Med. Cell Longev. 2019, 2019, 4101738. [CrossRef]

https://doi.org/10.1089/scd.2019.0031
https://www.ncbi.nlm.nih.gov/pubmed/31215350
https://doi.org/10.1002/JLB.4MR0421-750R
https://www.ncbi.nlm.nih.gov/pubmed/34043832
https://doi.org/10.1002/jcp.28671
https://www.ncbi.nlm.nih.gov/pubmed/31016751
https://doi.org/10.1186/s13287-020-02123-6
https://doi.org/10.1016/j.bbrc.2018.12.143
https://doi.org/10.1002/JPER.18-0026
https://doi.org/10.1111/jre.12941
https://doi.org/10.1111/odi.14103
https://doi.org/10.1111/jcpe.12729
https://doi.org/10.1002/JPER.20-0434
https://www.ncbi.nlm.nih.gov/pubmed/33251634
https://doi.org/10.1111/jcpe.12711
https://www.ncbi.nlm.nih.gov/pubmed/28207937
https://doi.org/10.1111/jre.12912
https://www.ncbi.nlm.nih.gov/pubmed/34190354
https://doi.org/10.1016/j.ijcard.2015.11.092
https://www.ncbi.nlm.nih.gov/pubmed/26638053
https://doi.org/10.1007/s11883-020-00848-6
https://www.ncbi.nlm.nih.gov/pubmed/32514778
https://doi.org/10.1177/00220345211008811
https://doi.org/10.1038/s41368-021-00134-4
https://doi.org/10.1155/2022/4107915
https://doi.org/10.1155/2015/438085
https://doi.org/10.1002/stem.3288
https://doi.org/10.1111/prd.12062
https://www.ncbi.nlm.nih.gov/pubmed/25494602
https://doi.org/10.1111/nyas.14872
https://www.ncbi.nlm.nih.gov/pubmed/35917205
https://doi.org/10.1007/s10735-020-09866-9
https://www.ncbi.nlm.nih.gov/pubmed/32222858
https://doi.org/10.3390/molecules26051332
https://doi.org/10.1155/2019/4101738


Int. J. Mol. Sci. 2023, 24, 15483 14 of 15

86. Zhang, X.; Jiang, Y.; Mao, J.; Ren, X.; Ji, Y.; Mao, Y.; Chen, Y.; Sun, X.; Pan, Y.; Ma, J.; et al. Hydroxytyrosol prevents periodontitis-
induced bone loss by regulating mitochondrial function and mitogen-activated protein kinase signaling of bone cells. Free Radic.
Biol. Med. 2021, 176, 298–311. [CrossRef]

87. Jiang, C.; Yang, W.; Wang, C.; Qin, W.; Ming, J.; Zhang, M.; Qian, H.; Jiao, T. Methylene Blue-Mediated Photodynamic
Therapy Induces Macrophage Apoptosis via ROS and Reduces Bone Resorption in Periodontitis. Oxid. Med. Cell Longev. 2019,
2019, 1529520. [CrossRef]

88. Chambrone, L.; Wang, H.L.; Romanos, G.E. Antimicrobial photodynamic therapy for the treatment of periodontitis and peri-
implantitis: An American Academy of Periodontology best evidence review. J. Periodontol. 2018, 89, 783–803.

89. Sui, L.; Wang, J.; Xiao, Z.; Yang, Y.; Yang, Z.; Ai, K. ROS-Scavenging Nanomaterials to Treat Periodontitis. Front. Chem. 2020,
8, 595530. [CrossRef]

90. Mok, Z.H.; Proctor, G.; Thanou, M. Emerging nanomaterials for dental treatments. Emerg. Top. Life Sci. 2020, 4, 613–625.
91. Ren, S.; Zhou, Y.; Fan, R.; Peng, W.; Xu, X.; Li, L.; Xu, Y. Constructing biocompatible MSN@Ce@PEG nanoplatform for enhancing

regenerative capability of stem cell via ROS-scavenging in periodontitis. Chem. Eng. J. 2021, 423, 130207. [CrossRef]
92. Li, X.; Zhao, Y.; Peng, H.; Gu, D.; Liu, C.; Ren, S.; Miao, L. Robust intervention for oxidative stress-induced injury in periodontitis

via controllably released nanoparticles that regulate the ROS-PINK1-Parkin pathway. Front. Bioeng. Biotechnol. 2022, 10, 1081977.
[CrossRef] [PubMed]

93. Qiu, X.; Yu, Y.; Liu, H.; Li, X.; Sun, W.; Wu, W.; Liu, C.; Miao, L. Remodeling the periodontitis microenvironment for osteogenesis
by using a reactive oxygen species-cleavable nanoplatform. Acta Biomater. 2021, 135, 593–605. [CrossRef] [PubMed]

94. Zhai, Q.; Chen, X.; Fei, D.; Guo, X.; He, X.; Zhao, W.; Shi, S.; Gooding, J.J.; Jin, F.; Jin, Y.; et al. Nanorepairers Rescue Inflammation-
Induced Mitochondrial Dysfunction in Mesenchymal Stem Cells. Adv. Sci. 2022, 9, e2103839. [CrossRef]

95. Nessa, N.; Kobara, M.; Toba, H.; Adachi, T.; Yamamoto, T.; Kanamura, N.; Pezzotti, G.; Nakata, T. Febuxostat Attenuates the
Progression of Periodontitis in Rats. Pharmacology 2021, 106, 294–304. [CrossRef]

96. Kassebaum, N.J.; Bernabé, E.; Dahiya, M.; Bhandari, B.; Murray, C.J.; Marcenes, W. Global Burden of Severe Tooth Loss: A
Systematic Review and Meta-analysis. J. Dent. Res. 2014, 93, 20s–28s. [CrossRef]

97. Carapetis, J.R.; Dadi, A.F. Global, regional, and national incidence, prevalence, and years lived with disability for 328 diseases
and injuries for 195 countries, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet 2017,
390, 1211–1259.

98. Vaseenon, S.; Weekate, K.; Srisuwan, T.; Chattipakorn, N.; Chattipakorn, S. Observation of Inflammation, Oxidative Stress,
Mitochondrial Dynamics, and Apoptosis in Dental Pulp following a Diagnosis of Irreversible Pulpitis. Eur. Endod. J. 2023,
8, 148–155. [CrossRef]

99. Dogan Buzoglu, H.; Ozcan, M.; Bozdemir, O.; Aydin Akkurt, K.S.; Zeybek, N.D.; Bayazit, Y. Evaluation of oxidative stress cycle in
healthy and inflamed dental pulp tissue: A laboratory investigation. Clin. Oral Investig. 2023, 27, 5913–5923. [CrossRef]

100. Vengerfeldt, V.; Mändar, R.; Saag, M.; Piir, A.; Kullisaar, T. Oxidative stress in patients with endodontic pathologies. J. Pain Res.
2017, 10, 2031–2040. [CrossRef]

101. Pan, H.; Cheng, L.; Yang, H.; Zou, W.; Cheng, R.; Hu, T. Lysophosphatidic acid rescues human dental pulp cells from ischemia-
induced apoptosis. J. Endod. 2014, 40, 217–222. [CrossRef]

102. Guo, X.; Chen, J. The protective effects of saxagliptin against lipopolysaccharide (LPS)-induced inflammation and damage in
human dental pulp cells. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1288–1294. [CrossRef]

103. Zhang, X.; Wang, C.; Zhou, Z.; Zhang, Q. The mitochondrial-endoplasmic reticulum co-transfer in dental pulp stromal cell
promotes pulp injury repair. Cell Prolif. 2023, e13530. [CrossRef]

104. Galler, K.M.; Weber, M.; Korkmaz, Y.; Widbiller, M.; Feuerer, M. Inflammatory Response Mechanisms of the Dentine-Pulp
Complex and the Periapical Tissues. Int. J. Mol. Sci. 2021, 22, 1480. [CrossRef] [PubMed]

105. Zhang, Y.F.; Zhou, L.; Mao, H.Q.; Yang, F.H.; Chen, Z.; Zhang, L. Mitochondrial DNA leakage exacerbates odontoblast inflamma-
tion through gasdermin D-mediated pyroptosis. Cell Death Discov. 2021, 7, 381. [CrossRef]

106. Wang, K.; Zhou, L.; Mao, H.; Liu, J.; Chen, Z.; Zhang, L. Intercellular mitochondrial transfer alleviates pyroptosis in dental pulp
damage. Cell Prolif. 2023, 56, e13442. [CrossRef] [PubMed]

107. Mendenhall, W.M.; Suárez, C.; Genden, E.M.; de Bree, R.; Strojan, P.; Langendijk, J.A.; Mäkitie, A.A.; Smee, R.; Eisbruch, A.; Lee,
A.W.M.; et al. Parameters Associated with Mandibular Osteoradionecrosis. Am. J. Clin. Oncol. 2018, 41, 1276–1280. [CrossRef]

108. Shuster, A.; Reiser, V.; Trejo, L.; Ianculovici, C.; Kleinman, S.; Kaplan, I. Comparison of the histopathological characteristics of
osteomyelitis, medication-related osteonecrosis of the jaw, and osteoradionecrosis. Int. J. Oral. Maxillofac. Surg. 2019, 48, 17–22.
[CrossRef]

109. Danielsson, D.; Brehwens, K.; Halle, M.; Marczyk, M.; Sollazzo, A.; Polanska, J.; Munck-Wikland, E.; Wojcik, A.; Haghdoost, S.
Influence of genetic background and oxidative stress response on risk of mandibular osteoradionecrosis after radiotherapy of
head and neck cancer. Head Neck 2016, 38, 387–393. [CrossRef] [PubMed]

110. Xu, J.; Zheng, Z.; Fang, D.; Gao, R.; Liu, Y.; Fan, Z.; Zhang, C.; Shi, S.; Wang, S. Mesenchymal stromal cell-based treatment of jaw
osteoradionecrosis in Swine. Cell Transplant. 2012, 21, 1679–1686. [CrossRef]

111. Wang, C.; Blough, E.; Dai, X.; Olajide, O.; Driscoll, H.; Leidy, J.W.; July, M.; Triest, W.E.; Wu, M. Protective Effects of Cerium Oxide
Nanoparticles on MC3T3-E1 Osteoblastic Cells Exposed to X-ray Irradiation. Cell Physiol. Biochem. 2016, 38, 1510–1519. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.freeradbiomed.2021.09.027
https://doi.org/10.1155/2019/1529520
https://doi.org/10.3389/fchem.2020.595530
https://doi.org/10.1016/j.cej.2021.130207
https://doi.org/10.3389/fbioe.2022.1081977
https://www.ncbi.nlm.nih.gov/pubmed/36588945
https://doi.org/10.1016/j.actbio.2021.08.009
https://www.ncbi.nlm.nih.gov/pubmed/34390848
https://doi.org/10.1002/advs.202103839
https://doi.org/10.1159/000513034
https://doi.org/10.1177/0022034514537828
https://doi.org/10.14744/eej.2022.74745
https://doi.org/10.1007/s00784-023-05203-y
https://doi.org/10.2147/JPR.S141366
https://doi.org/10.1016/j.joen.2013.07.015
https://doi.org/10.1080/21691401.2019.1596925
https://doi.org/10.1111/cpr.13530
https://doi.org/10.3390/ijms22031480
https://www.ncbi.nlm.nih.gov/pubmed/33540711
https://doi.org/10.1038/s41420-021-00770-z
https://doi.org/10.1111/cpr.13442
https://www.ncbi.nlm.nih.gov/pubmed/37086012
https://doi.org/10.1097/COC.0000000000000424
https://doi.org/10.1016/j.ijom.2018.07.002
https://doi.org/10.1002/hed.23903
https://www.ncbi.nlm.nih.gov/pubmed/25352150
https://doi.org/10.3727/096368911X637434
https://doi.org/10.1159/000443092
https://www.ncbi.nlm.nih.gov/pubmed/27050501


Int. J. Mol. Sci. 2023, 24, 15483 15 of 15

112. Li, J.; Yin, P.; Chen, X.; Kong, X.; Zhong, W.; Ge, Y.; She, Y.; Xian, X.; Qi, L.; Lin, Z.; et al. Effect of α2-macroglobulin in the early
stage of jaw osteoradionecrosis. Int. J. Oncol. 2020, 57, 213–222. [CrossRef] [PubMed]

113. Qin, B.; Wang, J.; Yang, Z.; Yang, M.; Ma, N.; Huang, F.; Zhong, R. Epidemiology of primary Sjögren’s syndrome: A systematic
review and meta-analysis. Ann. Rheum. Dis. 2015, 74, 1983–1989. [CrossRef] [PubMed]

114. Imgenberg-Kreuz, J.; Rasmussen, A.; Sivils, K.; Nordmark, G. Genetics and epigenetics in primary Sjögren’s syndrome. Rheuma-
tology 2021, 60, 2085–2098. [CrossRef]

115. Liu, Z.; Chu, A. Sjögren’s Syndrome and Viral Infections. Rheumatol. Ther. 2021, 8, 1051–1059. [CrossRef]
116. Li, N.; Li, L.; Wu, M.; Li, Y.; Yang, J.; Wu, Y.; Xu, H.; Luo, D.; Gao, Y.; Fei, X.; et al. Integrated Bioinformatics and Validation Reveal

Potential Biomarkers Associated with Progression of Primary Sjögren’s Syndrome. Front. Immunol. 2021, 12, 697157. [CrossRef]
117. Li, N.; Li, Y.; Hu, J.; Wu, Y.; Yang, J.; Fan, H.; Li, L.; Luo, D.; Ye, Y.; Gao, Y.; et al. A Link Between Mitochondrial Dysfunction and

the Immune Microenvironment of Salivary Glands in Primary Sjogren’s Syndrome. Front. Immunol. 2022, 13, 845209. [CrossRef]
118. Katsiougiannis, S.; Stergiopoulos, A.; Moustaka, K.; Havaki, S.; Samiotaki, M.; Stamatakis, G.; Tenta, R.; Skopouli, F.N. Salivary

gland epithelial cell in Sjögren’s syndrome: Metabolic shift and altered mitochondrial morphology toward an innate immune cell
function. J. Autoimmun. 2023, 136, 103014. [CrossRef]

119. Zhao, Y.; Peng, C.; Zhang, J.; Lai, R.; Zhang, X.; Guo, Z. Mitochondrial Displacement Loop Region SNPs Modify Sjögren’s
Syndrome Development by Regulating Cytokines Expression in Female Patients. Front. Genet. 2022, 13, 847521. [CrossRef]

120. De Benedittis, G.; Latini, A.; Colafrancesco, S.; Priori, R.; Perricone, C.; Novelli, L.; Borgiani, P.; Ciccacci, C. Alteration of
Mitochondrial DNA Copy Number and Increased Expression Levels of Mitochondrial Dynamics-Related Genes in Sjögren’s
Syndrome. Biomedicines 2022, 10, 2699. [CrossRef]

121. Yoon, J.; Lee, M.; Ali, A.A.; Oh, Y.R.; Choi, Y.S.; Kim, S.; Lee, N.; Jang, S.G.; Park, S.; Chung, J.H.; et al. Mitochondrial double-
stranded RNAs as a pivotal mediator in the pathogenesis of Sjögren’s syndrome. Mol. Ther. Nucleic Acids 2022, 30, 257–269.
[CrossRef] [PubMed]

122. Yoon, J.; Ku, D.; Lee, M.; Lee, N.; Im, S.G.; Kim, Y. Resveratrol Attenuates the Mitochondrial RNA-Mediated Cellular Response to
Immunogenic Stress. Int. J. Mol. Sci. 2023, 24, 7403. [CrossRef]

123. Xu, J.; Chen, C.; Yin, J.; Fu, J.; Yang, X.; Wang, B.; Yu, C.; Zheng, L.; Zhang, Z. Lactate-induced mtDNA Accumulation Activates
cGAS-STING Signaling and the Inflammatory Response in Sjögren’s Syndrome. Int. J. Med. Sci. 2023, 20, 1256–1271. [CrossRef]
[PubMed]

124. Costa, T.J.; Potje, S.R.; Fraga-Silva, T.F.C.; da Silva-Neto, J.A.; Barros, P.R.; Rodrigues, D.; Machado, M.R.; Martins, R.B.; Santos-
Eichler, R.A.; Benatti, M.N.; et al. Mitochondrial DNA and TLR9 activation contribute to SARS-CoV-2-induced endothelial cell
damage. Vascul. Pharmacol. 2022, 142, 106946. [CrossRef]

125. Andrieux, P.; Chevillard, C.; Cunha-Neto, E.; Nunes, J.P.S. Mitochondria as a Cellular Hub in Infection and Inflammation. Int. J.
Mol. Sci. 2021, 22, 11338. [CrossRef] [PubMed]

126. Mills, E.L.; Kelly, B.; O’Neill, L.A.J. Mitochondria are the powerhouses of immunity. Nat. Immunol. 2017, 18, 488–498. [CrossRef]
[PubMed]

127. Napa, K.; Baeder, A.C.; Witt, J.E.; Rayburn, S.T.; Miller, M.G.; Dallon, B.W.; Gibbs, J.L.; Wilcox, S.H.; Winden, D.R.; Smith, J.H.; et al.
LPS from P. gingivalis Negatively Alters Gingival Cell Mitochondrial Bioenergetics. Int. J. Dent. 2017, 2017, 2697210. [CrossRef]

128. Fleetwood, A.J.; Lee, M.K.S.; Singleton, W.; Achuthan, A.; Lee, M.C.; O’Brien-Simpson, N.M.; Cook, A.D.; Murphy, A.J.;
Dashper, S.G.; Reynolds, E.C.; et al. Metabolic Remodeling, Inflammasome Activation, and Pyroptosis in Macrophages Stimulated
by Porphyromonas gingivalis and Its Outer Membrane Vesicles. Front. Cell Infect. Microbiol. 2017, 7, 351. [CrossRef]

129. He, P.; Liu, F.; Li, M.; Ren, M.; Wang, X.; Deng, Y.; Wu, X.; Li, Y.; Yang, S.; Song, J. Mitochondrial Calcium Ion Nanogluttons
Alleviate Periodontitis via Controlling mPTPs. Adv. Healthc. Mater. 2023, 12, e2203106. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3892/ijo.2020.5051
https://www.ncbi.nlm.nih.gov/pubmed/32377713
https://doi.org/10.1136/annrheumdis-2014-205375
https://www.ncbi.nlm.nih.gov/pubmed/24938285
https://doi.org/10.1093/rheumatology/key330
https://doi.org/10.1007/s40744-021-00334-8
https://doi.org/10.3389/fimmu.2021.697157
https://doi.org/10.3389/fimmu.2022.845209
https://doi.org/10.1016/j.jaut.2023.103014
https://doi.org/10.3389/fgene.2022.847521
https://doi.org/10.3390/biomedicines10112699
https://doi.org/10.1016/j.omtn.2022.09.020
https://www.ncbi.nlm.nih.gov/pubmed/36284513
https://doi.org/10.3390/ijms24087403
https://doi.org/10.7150/ijms.83801
https://www.ncbi.nlm.nih.gov/pubmed/37786436
https://doi.org/10.1016/j.vph.2021.106946
https://doi.org/10.3390/ijms222111338
https://www.ncbi.nlm.nih.gov/pubmed/34768767
https://doi.org/10.1038/ni.3704
https://www.ncbi.nlm.nih.gov/pubmed/28418387
https://doi.org/10.1155/2017/2697210
https://doi.org/10.3389/fcimb.2017.00351
https://doi.org/10.1002/adhm.202203106

	Introduction 
	Materials and Methods 
	Role of Mitochondrial Dysfunction in Inflammatory Diseases 
	Mitochondrial Dysfunction in the Pathogenesis, Progression and Treatment of OIDs -9pt
	Periodontitis 
	The Role of Mitochondrial Dysfunction in the Etiopathogenesis of the Chronic Periodontitis 
	Mitochondrial Dysfunction-Targeted Therapies 

	Pulpitis 
	Osteoradionecrosis 
	Sjögren’s Syndrome 

	Discussion and Conclusions 
	References

