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Abstract

Autophagy is a cell survival mechanism that has a key role in both physiologic and pathologic conditions. In this cellular ‘clearance’ process, damaged organelles and
macromolecules are transported to the lysosomes for degradation. With autophagy, a protection mechanism occurs in the cell under difficult conditions including oxidative
stress and lack of growth factor. Paradoxically, in autophagy under some conditions, non-apoptotic cell death can be observed via a caspase-independent pathway. Recent,
studies indicated that there is a strong correlation between the composition of the oral microbiota and the pathogenesis of oral diseases, and autophagy plays a crucial
role in the development of this process. This review is focused on the molecular mechanism of autophagy and its relationship with human oral diseases. In this review, the
importance of the autophagy mechanism in the maintenance of oral tissue health is emphasized. After examining the studies, we observed the importance of autophagy
in response to a variety of oral diseases and aimed to present this awareness. Thus, a better understanding of autophagy will be the basis for developing new therapeutic

strategies in the treatment of oral diseases.

Autophagy

Autophagy is the basic physiological process responsible
for the degradation of damaged organelles, toxic protein
aggregates, intracellular bacterial or viral pathogens [1-3].
In all eukaryotic cells with autophagy, nutrients are recycled
by providing alternative energy for cell metabolism under
conditions such as starvation, heat, inflammation, hypoxia and
oxidative stress [4]. Today, three different types of autophagy
pathways have been defined as micro-autophagy, macro-
autophagy and chaperone-mediated autophagy [5,6] (Figure
1).

Proteins to be degraded by Chaperone-Mediated Autophagy
(CMA) contain a unique motif that is biochemically associated
with the KFERQ (Figure1) [6,7]. When the protein is not correctly
folded or damaged, this motif is revealed. It is recognized
by a molecular chaperone called Hsc70 (Heat shock cognate
protein 70). Hsc70 binds to this unique motif and directs the
protein to the lysosomal surface by forming the substrate-
Hsc70 complex. The lysosomal surface has a protein called

Lysosomal Membrane Protein 2A (LAMP-2A). This protein
acts as a receptor for the substrate-Hsc70 complex [8]. LAMP-
2A creates structural changes to form a hollow, cylindrical
transport structure called the CMA translocation complex.
The unfolded substrate passes through this translocation
complex and enters the lysosomal lumen. After the substrate
enters the lysosomal lumen, the CMA translocation complex is
immediately disintegrated by Hsc70 and other proteins in the
lysosomal membrane. The substrate is degraded by proteases
in the lumen and amino acids are released into the cytosol
[6,9](Figure 1). In micro-autophagy; the cytosolic components
pass directly into the lysosome by fusing with the lysosome
membrane [6,9,10] (Figure 1).

Macro-autophagy; hereafter referred to as autophagy,
is one of the most studied and therefore the most known
molecular details of autophagy. In this autophagy; formation
of the phagophore (isolation membrane surrounding the
cytoplasmic components), autophagosome (double-membrane
vacuole formed by phagophore elongation) and autolysosome
(autophagosome and lysosome fusion for degradation of
cytosolic components) are important [11,12] (Figure 2).
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Figure 1: Three main forms; microautophagy, Chaperone-Mediated Autophagy (CMA) and macroautophagy [6].
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Figure 2: The relationship between the autophagy mechanism and chemical compounds [12]
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Many related genes and regulatory proteins are involved
in the activation of autophagy. In nutrient deficiency; AMP-
Activated Protein Kinase (AMPK), an energy hemostasis
sensor, triggers autophagosome formation. AMPK; inhibits
the mammalian target of rapamycin complex 1 (mTORC1),
which is the general suppressor of autophagy. Besides, AMPK
activates the autophagosome-initiating complex such as
Unc-51-like kinase 1 (ULK1), class III phosphatidylinositol 3
kinase (PI3 K) [13,14]. The class III PI3K/PtdIns(3) K complex
is consists of ‘vacuolar protein sorting 34 (VPS34/ PIK3C3),
Vpsi15 (PIK3R4), Beclin-1 and Atg14. This complex is important
for the phosphatidylinositol 3-phosphate (PI(3)P) production
and autophagosomal membrane formation [15]. The increase
in PI(3)P concentration is a precursor in the formation of
autophagosomes and it triggers the accumulation of proteins
associated with autophagy. Also, intracellular two different
molecular systems take part in the elongation of autophagosome
membrane. They are known as ‘Atg5-Atgi2- Atgl6’ and
‘microtubule-associated protein light chain 3 isoform I (LC3I)’
systems [16,17]. With the Atg5-Atgi2- Atgi6 complex, the
vesicle is enlarged [18]. The microtubule-associated protein
light chain 3 isoform II (LC3II) acts as a link for many proteins
involved in autophagy and is responsible for elongation and
closure of the phagophore membrane. Besides, the increase
in the ratio of LC3II / LC3I shows an increase in the number
of autophagosomes, so it is an important marker that should
be examined in the studies [19-21]. Degradation of cytosolic
components, which is the last step of autophagy, is completed
by the fusion of the autophagosome with lysosomal membrane
(autolysosome) [22]. After lysosome and autophagosome
junction; cytosolic components are broken down by hydrolytic
enzymes and they are released back into the cytoplasm for use
in the re-synthesis of biological molecules (Figure 2)[12].

Recent studies have shown that intracellular autophagy
disruptions contribute to disease formation and progression
[23]. Various chemical agents have provided us with detailed
information about the effect of autophagy on the progression
of some diseases. From these chemical agents, 3-methylamine
(3-MA) and Bafilomycin A1 are known to inhibit autophagy, but
rapamycin and lithium are known to induce autophagy (Figure
2)[12]. With the help of these chemical agents, previous studies
have demonstrated that autophagy is an endogenous defense
mechanism for cells to regulate multiple cellular pathways
involved in anti-aging, tumor suppression and promotion,
inflammation, and immune response [24-26]. In this review,
the effect of autophagy on bone resorption, inflammation of
periodontal tissues and oral cancer progression was evaluated.

Autophagy and bone resorption

Molecular mechanisms involved in the formation of the
bone structure of the craniofacial region; differ in terms of
the organization and embryonic origin from other parts of
the skeleton [27]. Any deterioration in this unique structure
can lead to craniofacial dysmorphology and associated
morbidities [28]. In previous studies, various factors affecting
the development of craniofacial skeletal structure was reported
[29,30]. Besides, the role of autophagy on craniofacial skeletal

development and regulatory mechanisms has been examined
in the studies. Thomas et al. shared the results of their study
investigating the effects of Fip200 and Atg5 deletion on
craniofacial skeletal development [27]. According to this; it
was determined that osteoblast mineralization was negatively
affected and osteopenia was observed due to autophagy
suppression [27].Onal, et al. demonstrated the suppression of
autophagy via deletion of Atg7 gene in osteocytes of 6-month-
old mice [31]. Also, they found that cancellous bone volume and
cortical thickness decreased and cortical porosity increased.
These results showed that both Atg5 and Atg7 genes are
important for phagophore formation in autophagy and normal
bone metabolism.

Bone is a dynamic tissue that undergoes continuous
remodeling due to osteoblast-mediated bone formation and
osteoclast-mediated bone resorption [32]. Producing and
mineralizing the bone matrix is one of the basic functions of
osteoblasts [33].Inadequate autophagicactivation in osteoblasts
due to the accumulation of oxidative stress associated with
advanced age is a recognized fact [33]. According to the study
of Nollet et al. the induction of autophagy was associated with
increased bone matrix mineralization[33]. After inhibition of
autophagy in osteoblast cells, a decrease in bone mineralization
capacity was reported [33].

As known, osteoporosis is a condition characterized by
low Bone Mineral Density (BMD) and an increased risk of
fracture [34]. A decrease in the production of growth factors or
estrogen hormone (especially in postmenopausal women) are
one of the extrinsic mechanism and they are associated with
osteoporosis in advanced age [35]. Besides, long-term corticoid
treatment, inadequate physical exercise also contributes to the
development of osteoporosis [36,37]. Currently, autophagy
has been suggested to be an intrinsic mechanism affecting
the survival of osteoblasts, osteoclasts, and chondrocytes in
hypoxia [38].Li et al. investigated the effect of Atg7 during the
developmental and remodeling stages of bone in vivo [35]. They
found that Atg 7 deficiency triggered endoplasmic reticulum
(ER) stress in osteoblasts [35]. Also, decreased bone mass and
mineralization in both stages were observed [35]. Altogether,
the studies demonstrated the protective role of autophagy on
bone metabolism.

Autophagy and periodontal diseases

The periodontium is the specialized tissue that both
surrounds and supports the teeth, dissipates the forces
generated during chewing-speaking-swallowing and preserve
the integrity of oral mucosa. The gingiva, periodontal ligament,
cementum and alveolar bone components that make up this
structure exhibit morphological and functional integrity
[39]. Periodontal disease develops with chronic bacterial
inflammation of these tissues that make up the periodontium.
Destruction of the periodontium due to chronic inflammation
is the most important cause of tooth loss in adults [40].
Although the primary cause of periodontal diseases is bacterial
plaque, there is a consensus that some systemic and metabolic
factors increase the risk of periodontitis by affecting disease
severity and prognosis [39,41]. Smoking, poor oral hygiene,
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hyperglycemia, occlusal trauma, osteoporosis, Chediak-
Higashi syndrome, cyclic neutropenias, agranulocytosis,
leukocyte adhesion deficiency and Papillon Lefevre syndrome
are potential risk factors for the development of periodontitis
(42].

Gram-negative bacteria such as Bacteroides forsythus,
Aggregatibacter actinomycetemcomitans (A.a) and Porphyromonas
gingivalis (Pg) are well-established periodontal pathogens,
and existence great numbers of these bacteria in the sulcular
epithelium is the first step for the development of periodontal
diseases [3, 43]. Any deficiency in the attached keratinized
gingiva would hamper to maintain efficient oral hygiene and
lead the penetration of microbial plaque into the gingival
crevice which would trigger the activation of neutrophils,
monocyte/macrophage, Band T cells around the inflamed tissue
[44,45]. Overresponsive monocyte/macrophage, B and T cells
phenotyping in patients with periodontitis causes excessive
production of catabolic factors and increases the destruction
of connective tissue and bone [46]. Bullon et al. investigated
the role of autophagy in peripheral blood mononuclear cells
from patients with periodontitis [47]. They found that patients
with periodontitis have a higher level of Autophagy-Related
Genes (ATGs) in peripheral blood mononuclear cells compared
to healthy participants [47]. Chung, et al. investigated the
anti-inflammatory effect of Trans-Cinnamic Aldehyde (TCA)
against Aggregatibacter actinomycetemcomitans (Aa) infection
in human macrophages and mice [48]. After TCA treatment,
it was found that the release of proinflammatory mediators
such as tumor necrosis factor-a and interleukin (IL)-1beta
decreased [48]. These proinflammatory mediators are involved
in the destruction of periodontal tissues, and their decreased
levels have shown that bone loss is inhibited [48]. Also, the
autophagosome formation and the expressions of autophagy
markers including Beclin-1, ATG5, and LC3 were increased
[48]. Another result of this study is the inhibition of the NF-
kB signaling pathway after TCA administration (48]. NF-«B, a
transcription factor, plays an important role in regulating the
release of pro-inflammatory and anti-inflammatory cytokines
that are effective in the coordination of the immune system
and it induces transcription of pro-inflammatory genes [49].

Another study from Du et al. investigated the anti-
inflammatory effect of Maresin 1 (MaR-1) in periodontal
ligament cells [50]. Pro-inflammatory cytokine levels
in the cells exposed to Porphyromonas gingivalis and its
lipopolysaccharide (Pg-LPS) were evaluated after MaR-1
therapy [50]. As known, MaR1 is derived from docosahexaenoic
acid and it has an anti-inflammatory effect in many cell types
[51]. This study showed decreased levels of pro-inflammatory
cytokines such as IL-6, IL-8, TNF-q, and IL-1p after MaR-1
therapy [50]. Also, the activation of autophagy occurs through
the glycogen synthase kinase-3p (GSK-3p)/B-catenin signal
pathway. As a result of this study, increased LC3I, Beclin-I
expression and decreased p62 expression were interpreted as
the survival-promoting effect of MaR-1 therapy in periodontal
ligament cells [50]. Collectively, these studies demonstrate the
efficacy of various chemical components to induce autophagy
and maybe a potential therapeutic approach to control the
progression of periodontal diseases.

The effect of dental plaque composition on autophagy
and periodontal destruction

The dental plaque composition has a significant impact on
the growth of periodontal pathogens. Butyrate, which is one of
the components of dental plaque is the metabolite of periodontal
pathogenic bacteria such as Porphyromonas gingivalis (Pg) [52].
Butyrate inhibits the proliferation of gingival fibroblasts while
triggering pro-inflammatory cytokine expression [53]. Tsuda et
al. investigated the effect of butyrate on gingival epithelial cells
[54]). They found that butyrate induced caspase-independent
autophagic cell death and phosphatidylserine redistribution
in gingival cells [54]. Also increased LC3 II accumulation (a
marker of autophagy) was observed [54]. These results showed
that; although autophagy is a programmed cell survival
mechanism in both physiologic and pathologic conditions,
excessive autophagic activation leads to cell death [55-57].

Reactive oxygen species (ROS) and total antioxidant
concentrations In periodontitis and their potential lin-
kage with autophagy

Previously, it was reported that periodontal pathogens
alone are not sufficient for the development of tissue damage
[58]. Inadequate host immune response and ROS are other
accompanying factors for the development of periodontal
cell damage [58]. ROS are many chemically reactive
molecules derived from molecular oxygen [59]. They play
an important role in the regulation of cellular processes. At
low concentrations, ROS stimulates the proliferation and
differentiation of human periodontal ligament fibroblasts,
while at higher concentrations, they have cytotoxic effects on
periodontal tissues and participate in pathogen killing [60,61].
Polymorphonuclear leukocytes (PMNLs), osteoclast, fibroblasts,
activated in inflammation and they are endogenous sources
leading to ROS production [62]. It was found that intracellular
production and extracellular secretion of ROS can be induced
by stimulation of PMNLs by periodontal pathogens [63].
These produced free radicals evoke bone destruction through
NF-kB [64]). They play an important role in the remodeling
of alveolar bone affected by periodontitis [65]. Bullon et al.
found that peripheral blood mononuclear cells from patients
with periodontitis have mitochondrial dysfunction, decreased
CoQi0 levels and citrate synthase activity with high levels of
ROS production [47]. For the survival of the cell, there are two
mechanisms to remove these harmful radicals. The first is the
enzymatic antioxidant system, which consists of superoxide
dismutase (SOD)/catalase (CAT)/glutathione peroxidase (GPx),
neutralize the potentially toxic ROS. Second, the nonenzymatic
antioxidant system, which consists of reduced glutathione
(GSH), a-tocopherol, ascorbic acid, and coenzyme Q_[66].

The intimate relationship between ROS/antioxidant system
and periodontitis has long been evaluated. Many recent studies
have reported that serum total antioxidant concentrations have
been downregulated in patients with periodontitis [67,68].
Concordant results were obtained with previous findings
in the study of Brock et al [69]. In this study, antioxidant
concentration in gingival crevicular fluid (GCF) was compared
between healthy controls and patients with periodontitis. They
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found that GCF antioxidant concentration was significantly
lower in patients with periodontitis compared to healthy
controls [69].

Hagio-Izaki et al. showed that intracellular ROS increased
in the Porphyromonas gingivalis Lipopolysaccharide (PgLPS)
exposed cells [3]. Lipopolysaccharide (LPS), a biologically
active endotoxin derived from the cell wall of the gram-
negative bacteria, plays a significant role in the pathogenesis
of periodontitis [70]. In this study, the upregulation of AMPK
activity and autophagy was observed in PgLPS-exposed
cells. However, the expression of Beclin-I, LC3, and ROS was
suppressed in the cells after N-acetylcysteine (NAC) therapy
[3]. NAC, which has anti-ROS activity, is efficient for the ROS
suppression in PgLPS-exposed cells. As a result, it is accepted
that the deterioration of the homeostatic balance between
ROS and enzymatic/nonenzymatic antioxidant systems is an
important factor in the development of periodontitis [67].

ROS and nuclear factor erythroid 2-related factor 2(Nrf-
2) In periodontitis

Nrf-2is a transcription activator which has vital importance
on cell survival from oxidative stress and inflammation [71,72].
Normally, Nrf-2 localized in the cytoplasm and linked to the
protein called Keap1 [73]. When exposed to ROS, Nrf-2 breaks
off the Keap1 link and changes position towards the nucleus
to increase the expression of genes with Antioxidant Response
Elements (ARE) [72,73]. The association of Nrf-2 with AREs in
the nucleus initiates the transcription of several antioxidant
genes [74,75] (Figure 3).

To elucidate whether Nrf-2 increased the genomic
expression of antioxidant enzymes, Sima et al. investigated the
oxidative state of polymorphonuclear neutrophils in patients
with periodontitis [76]. They found that Nrf-2expression has
been downregulated in periodontitis and this leads to severe
bone loss associated with high oxidative stress [76]. It has also
been shown that osteoclastic bone resorption is substantially
promoted in Nrf-2 deficient osteoclast precursor cells [77].
For the moment, suffice it to say that Nrf-2 has significant
importance in oxidative-stress-associated periodontal damage.

Hypoxia and autophagy

Hypoxia is common environmental stress involved in
many pathophysiological conditions [78,79]. The activation of
angiogenesis, osteoclast maturation, and anaerobic glycolysis
are regulated by hypoxia [80,81]. Several recent studies have
shown that hypoxia could promote osteoclast differentiation
[82-84]. Osteoclasts, which have been demonstrated as
monocyte-macrophage derived multinuclear cells, are principal
resorptive cells of bone [85]. Arnett et al. showed that hypoxia
stimulates bone resorption by accelerating the formation
of large osteoclasts [82]. Besides, Chung et al. showed that
the Beclin-1 plays an important role in receptor activator of
nuclear factor-kB (NF-kB) ligand (RANKL) induced osteoclast
differentiation by inducing the production of reactive oxygen
species [86].

As an essential regulator in hypoxia-induced bone
development, Hypoxia-induced factor-1 alpha (HIF-1a)
has an important role in chondrogenesis and osteogenesis
[87]. Huang et al. investigated HIF-1a, BNIP3, pAMPK, and
autophagy-related proteins (LC3, beclin-1, Atg5-12, and p62)
in human inflammatory periapical lesions [88]. They evaluated
samples from patients with radicular cysts (RCs), Periapical
Granulomas (PGs) and healthy dental pulp tissues. After
immunohistochemical analysis, the expression of autophagy
and hypoxia-related proteins in each group were compared
with each other [88]. In periapical lesions, HIF-1ca, Bnip3,
PAMPK, LC3II, and Atg5-12 proteins were significantly higher
than those in healthy dental pulp tissues [88]. The results
showed that autophagy is involved in the development and
maintenance of hypoxia-associated periapical lesions.

It has long been recognized that hypoxia increases the
expression of several cytokines in human Periodontal Ligament
Cells (PDLCs), gingival fibroblasts and synovial fibroblasts
[89,90]. Song et. al investigated the effects of hypoxia on human
Periodontal Ligament Cells (PDLCs) [91]. They used CoCl2 to
establish hypoxic conditions. Results indicated that increased
expression of, IL-13, MMP-8, Bnip3 mRNA and LC3-I in CoCl2
treated cells [91]. However, these values were reversed in cells
treated with N-acetylcysteine (NAC). This evidence suggests
that CoCl2 induced hypoxia results in hypoxic cell death in
human PDLCs via HIF-10 pathway [91].

Intriguingly, immunohistochemical analysis showed
that HIF-10 protein was present in detectable amounts in
benign tumors, increased amounts in malignant tumors, and
excessive amounts in metastases, although not in normal
tissues [92,93]. This overexpression of HIF has been possible
as a result of intratumoral hypoxia or genetic alterations
[94,95]. As the tumor size increases, the tumor mass gradually
becomes hypoxic until sufficient blood vessels are formed. So,
the importance of hypoxia in the cellular process through gene
expression and its critical role in oxygen hemostasis suggest
that it acts as the conductor of cell metabolic function.

Role of autophagy in oral cancer

Oral cancers are one of the major causes of morbidity and
mortality, including a wide range of cancers originating from
mucosal, salivary gland, or other soft and hard tissues of the
mouth. More than 90% of these are squamous cell carcinomas
that develop from the surface epithelium of the mucosa
[96,97]. Genetic predisposition and exposure to environmental
carcinogens such as tobacco, alcohol, chronicinflammation, and
viral infection are the major etiologic factors for Oral Squamous
Cell Carcinomas (OSCC) development [98]. Sambandam et al.
investigated the autophagosome marker proteins, LC3-II and
ATG5 expression in OSCC specimens [99]. They identified high
levels of LC3-1I in these tumor cells. Similar to this study, high
levels of several autophagy-related genes (Atg), Beclin 1 and
LC3-I have been detected in gastrointestinal cancers [100,101].
Also, autophagosome formation was detected in invasive and
metastatic melanoma cells [102].

Autophagy is a highly evolutionarily conservative
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Figure 3: Cytoprotective and cytotoxic function in the development of periodontitis [75].

cellular metabolic pathway. Accumulating pieces of evidence
suggest that autophagy is a switchable mechanism in cancer
progression [103,104]. Autophagy can inhibit the initial stages
of carcinogenesis [105], but also support the survival and
growth of established cancers [106-108]. Yue et al. investigated
the role of Beclin 1 and autophagy in tissue homeostasis [109].
They found that the deletion of Beclin 1 in mice contributes
to tumor formation through the deregulation of autophagy
[109]. On the other hand, Degenhardt et al. showed that
defects in apoptosis due to either Bax/Bak deficiency or Bcl-2
expression reveal autophagy in response to metabolic stress,
which is required for cell survival [110]. The growth of tumor
cells is initially limited due to insufficient blood supply. Then,
autophagy and angiogenesis are triggered to withstand this
hypoxic environment, resulting in the survival of tumor cells
[110,111] (Figure 4).

Recent evidence suggests that autophagy provides a
protective function to limit tumor necrosis and inflammation,

and to mitigate genome damage in tumor cells in response
to metabolic stress (Figure 4) [111]. However, in tumor cells
possessing apoptotic and autophagy defects, necrotic cell
death is triggered in metabolically stressed tumor regions.
This necrosis develops due to the activation of an inflammatory
response with the recruitment of inflammatory cells, cytokine
production, and nuclear factor-«B (NFxB) activation and
followed by DNA damage and tumor progression [110,112-115].

The mechanisms that regulate the mutually opposed
survival-supporting and death-promoting roles for autophagy
are still far from resolution. The most plausible explanation is
that catabolism through autophagy is predominantly survival-
supporting, but that an imbalance in cell metabolism, where
autophagic cellular consumption exceeds the cellular capacity
for synthesis, promotes cell death. Although current studies
address the role of autophagy in tumor cells, there is a need to
investigate how autophagy can be controlled and regulated in
suppressing tumor growth.
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Conclusion

Understanding the autophagy mechanism and their
interrelationships with oral diseases will lead the way in
the discovery of novel treatment modalities. This review
highlights the importance of the autophagy mechanism in the
maintenance of oral tissue health. Future studies will likely be
focused on understanding the association with autophagy and
oral diseases.
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