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ABSTRACT
Objective: To summarize evidence and data in relation to the implications of autophagy
in periodontal disease (PD) and describe potential nutraceuticals or pharmaceuticals

able to modulate this subtype of cell death.

Design: Literature searches of different electronic databases (Medline via PubMed,
SCOPUS, Web of Science, and EMBASE) using appropriate keywords (e.g. periodontal
disease, periodontitis, alveolar bone loss, periodontal infection, tooth loss, autophagy,
programmed cell death, type 2 cell death) were performed. Then, a comprehensive

literature review of the current understanding of this link was elaborated.

Results: Autophagy plays a pivotal role in PD and it seems that its regulation may be an
interesting avenue for future periodontal research according to several in vivo and in

vitro reports.

Conclusion: Nowadays research has ascertained the role of autophagy in PD, specially
its role in the host defence against periodontal disease drivers. A bulk of research has
recognized several pharmaceuticals and nutraceuticals that can potentially modulate this
kind of cell death and serve as useful therapies. However, further research is warranted
in order to reach a clinical translation, which could be of help in the discovery of novel

host modulation therapies for PD.

KEY WORDS: autophagy; periodontal disease; disease prevention; molecular targets;

redox regulation; cell fate.
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Autophagy in periodontal disease: Evidence from a literature review.
1. Introduction

Autophagy is an evolutionarily conserved lysosome-dependent catabolic process
(Klionsky and Emr, 2000). This degradation process exerts a crucial influence on
multiple physiological processes such as cellular homeostasis, aging, development,
host-pathogen interactions, differentiation, and cell death and survival (Levine and
Kroemer, 2008). In the last two decades, autophagy-related pathways and autophagy-
related genes (ATGs) have been extensively studied in yeast and human as model

organism (Takeshige et al., 1992, Mizushima et al., 2010).

Under basal conditions, autophagy occurs in most eukaryotic cells allowing the
degradation and recycling of surplus and damaged cellular components. In disease,
dysfunction of the autophagy process has been linked to several pathological conditions
(Giampieri et al., 2018). This connection stems from autophagy role in quality control
of the proteome, organelles and cellular energetic balance. Autophagy is not only
activated in response to cellular damage (i.e., oxidative stress, endoplasmic reticulum
stress etc.), more challenging insult-induced adaptive responses can trigger autophagy
such as nutrient and growth factor withdrawal, infection, hypoxia, or heat (Galluzzi et
al., 2017). This mechanism also plays a pivotal role during cellular starvation producing
an increase in ATP levels by protein breakdown (Zhang et al., 2018). Some dying
eukaryotic cells exhibit highly enhanced autophagic activity. This kind of cell lyses has
been named as Type 2 Cell Death (T2CD) due to its distinctive biological signature in
relation to Type 1 Cell Death (T1CD) or apoptosis (Galluzzi et al., 2018).

The search of pharmacological agents and nutrition interventions which have may have
potential as autophagy regulators represents an interesting avenue for future research. In
this sense, recent reports have shown novel autophagy-based therapeutics for a raising
number of diseases (Rubinsztein et al., 2012). Despite these trends, to date there is no
single drugs approved by the US Food and Drug Administration (FDA) exclusively as
an autophagy regulator (Levine et al., 2015). Unfortunately, the knowledge available

regarding autophagy-related pathways remains limited and emerging frontiers



jeopardize its interference as a therapeutic target (Giampieri et al., 2018). At a genetic
level, several genetic aberrations in ATGs have been linked to the susceptibility of an
increasing number of diseases (van Beek et al., 2018).

There are 3 main types of autophagy: macroautophagy (MA), microautophagy (mA)
and chaperone-mediated autophagy (CMA). The different forms of autophagy mainly
differ in the mode of cargo delivery to the lysosome. The best characterised is MA,
which in turns is frequently identified simply as "autophagy”. MA (hereafter simply
referred to as autophagy unless specified) can be divided into different phases:
induction, elongation, maturation, transport to lysosomes, and degradation (Mizushima,
2007). A concise update on its mechanisms is shown on Fig. 1. mA is a form of cargo
degradation in which targeted cytoplasmatic materials are directly engulfed by the
vacuole constituting multivesicular bodies (MVBSs), subsequently cargo is cleaved by
enzymes (Sahu et al., 2011). CMA does not require the formation of MVBs; proteins
are directly internalized in lysosomal lumen. This kind of autophagy is highly selective;
it just captures proteins with the (Lys-Phe-Glu-Arg-Gln) KFERQ motif (Cuervo and
Wong, 2014).

MA is the focus of the present review. Several pathologies has been linked to this
biological process since in 1999 Liang et al. discovered its beclin 1-dependant
induction/inhibition by means of gene-transfer techniques in MCF-7 cells (Liang et al.,
1999). In this vein, a significant and increasing number of diseases have been linked to
autophagy (eg. cancer, autoimmune diseases, metabolic disorders, neurodegeneration,
or pathogen infection) (Levine et al., 2015). The role of autophagy in disease is context
dependent, this fact has been named as the “Autophagy paradox™. In this line, defective
autophagy promotes the accumulation of proteins and potentially hazardous intracellular
structures providing a protective environment for several hallmarks of diseases. On the
other line, functional autophagy exerts death promoting roles to protect cells from
insults. However, the underlying mechanism that regulates the autophagy paradox
remains unclear (Mizushima et al., 2010). In 2004, three research articles provided the
first evidences regarding autophagy role in bacterial infection (Gutierrez et al., 2004,
Ogawa et al., 2005, Nakagawa et al., 2004).

Periodontal disease (PD) is a chronic oral disease produced by a bacterial insult that
triggers an altered immune response (Page and Kornman, 1997). A recent meta-



regression analysis showed that severe PD affected the 11.2% of the global population
between 1990 and 2010 (Kassebaum et al., 2014). PD has been strongly linked to the
likelihood of suffering from different groups of human diseases such as cardiovascular
diseases (CVDs), neuroinflammatory diseases, or diabetes (Leira et al., 2017a, Leira et
al., 2017b, D'Aiuto et al., 2017). In turn, these outcomes have been heavily linked to
autophagy dependant mechanisms (Hara et al., 2006, Feng et al., 2017). A possible
hypothesis for this epidemiological relationship may be the effect of systemic
inflammation on the danger-associated molecular patterns (DAMPS) and pathogens
ability to build pathogen-associated molecular patterns (PAMPS). Thus, recent research

has focused on elucidate the link between autophagy and PD.

In the oral microenvironment, inflammation is often activated by a single bacteria
knows as P. gingivalis, which triggers the Toll-Like Receptor (TLR) pathway (Bostanci
and Belibasakis, 2012). P. gingivalis-related survival can be achieved by the subversion
of the host autophagic pathway, meaning a relevant innate immune interaction (Liu et
al., 2018). Other molecular bases for pathogenesis of PD have proven relation with
autophagy such as reactive oxygen species (ROS), neutrophil extracellular traps, and
chaperones (Hirschfeld et al., 2017, Goulhen et al., 2003). Recently several therapeutic
agents that can exert autophagy modulation in vivo have been identified for several
chronic diseases (Giampieri et al., 2018). In the case of PD, a few agents have been
identified as autophagy modulators in several cell lines of different histotypes and
animal models, establishing interesting therapeutic targets (Couve et al., 2013). Thus,
the autophagy pathway interference can mean a non-mainstream and poorly explored

approach against PD.

Although three reviews relating to the association between PD and autophagy have been
carried out, none of them has focused on the potential of autophagy interference as a
therapy for PD, the autophagy-dependent links between systemic diseases and PD, or its
relation with other relevant biological pathways implicated on the aetiology of PD (Tan
etal., 2017, Liu et al., 2017, Jiang et al., 2019). Moreover, these reviews dealt with the
linkage between only in a section of the full review (Tan et al., 2017), treated
exclusively a subtype of autophagy (i.e., pexophagy) (Liu et al., 2017), or did not
provide critical remarks and recommendations on future research in this area (Jiang et
al., 2019).



This review aims to explore existing literature regarding autophagy on PD, offer new
perspectives in relation to the discovery of novel treatment possibilities, and in the

search of mechanisms to alleviate periodontal tissues immune senescence.
2. Material and methods

The literature search was performed independently by 2 reviewers (AILP and YL). An
electronic search was performed on the following databases: Medline via PubMed,
SCOPUS, Web of Science, and EMBASE. Studies published in the last ten years,
before 31, November 2018, with full text available were considered for inclusion. For
the MEDLINE/PubMed the next keywords as MESH terms or free words were used:
(periodontal disease OR periodontitis OR alveolar bone loss OR periodontal infection
OR tooth loss) AND (autophagy OR programmed cell death OR type 2 cell death).
Additional publications screened from citations of selected papers, recovered from the
excluded group or resulting from manual searches in the most relevant periodontics and
autophagy journals, were also included. Paper selection and data extraction were
performed independently by aforementioned researchers. Any disagreement was
resolved by consulting a third investigator (MPS).

Research articles describing: 1) Implications of autophagy in periodontal-related disease
drivers, 2) autophagic-dependant links between PD and systemic diseases, 3) the
relationship between autophagy in PD and other mechanisms, and 4) the protective
effects of pharmaceuticals and nutraceuticals in vitro and/or in vivo models of PD by
regulating autophagy, 5) novel directions of autophagy research in PDs were selected
for further evaluation. There were no exclusion criteria in what concerns the study
design. Studies in other language than English, and articles abstracts were excluded.
Then, evidences were presented in the form of a narrative review. In the case of
autophagy interferers, particular attention has been paid to their molecular targets in in
vitro and in vivo studies, as well as to the diverse clinical trials that have confirmed

them to be potential therapeutic agents for PD.
3. Findings

3.1. Implications of autophagy in periodontal-related disease drivers



The implications of autophagy in PD are not fully understood, however, it seems that it
may play several roles in protecting cells from apoptosis, increasing angiogenesis in
periodontal tissues, promoting other types of cell death, and providing bacteria with a
route to evade the host response (Tsuda et al., 2012, Tan et al., 2017).

Higher levels of autophagy activity have been found in patients with PD compared with
subjects with a healthy periodontal status (Bullon et al., 2012, An et al., 2016). Bullon et
al. found increased levels of mitochondrial ROS and autophagy gene expression (LC3)
in peripheral blood mononuclear cells of periodontal patients compared to periodontally
healthy controls (Bullon et al., 2012). In addition, an in vitro investigation found that
human gingival fibroblasts treated with lipopolysaccharide (LPS) from P. gingivalis had
an increased expression of autophagy-related genes Atg-12 and LC3. Inhibition of
autophagy with 3-MeA in LPS-treated gingival fibroblasts resulted in an increased rate
of cell death by apoptosis, suggesting a protective role of autophagy (Bullon et al.,
2012). An et al. found increased levels of LC3 gene expression in periodontal ligament
(PDL) tissues from patients with PD compared to non-PD individuals (An et al., 2016).
According to previous results, activation of autophagy in PDL stem cells (PDLSCs) also
protected these cells from apoptosis (An et al., 2016). The same research group found
that PDLSCs exposed to inflammatory environments had increased levels of autophagy
and that autophagy promoted angiogenesis (Wei et al., 2018). PDLSCs were isolated
from healthy tissues and inflamed periodontal tissues. In addition, a subgroup of
PDLSCs from the healthy tissues were subsequently exposed to inflammatory cytokines
in vitro and it was demonstrated that the cells exposed to inflammatory environments
expressed basic fibroblast growth factor (b0FGF) and angiogenin (ANG), both markers
of angiogenesis. This increase in angiogenesis was also observed when autophagy was
induced by treatment of cells with rapamycin and cDNA-Beclin-1. Therefore,
autophagy appears to promote angiogenesis in PD (Wei et al., 2018).

Butyrate is a short-chain fatty acid produced by anaerobic bacteria capable of causing
direct damage to host cells due to its toxicity. An in vitro experiment found that treating
gingival epithelial cells with butyrate induced cell death (Tsuda et al., 2010). Inhibition
of apoptosis with a pan-caspase inhibitor Z-VAD-FMK did not completely suppress cell
death and the presence of autophagic cell death was confirmed by the higher levels of

LC3-1 conversion to LC3-11 in butyrate treated cells compared to control (Tsuda et al.,



2010). Therefore, the presence of butyrate induced cell death by both apoptosis and
autophagy. Ebe et al. found increased levels of necrotic cells in gingival epithelium
associated with higher levels of butyrate (Ebe et al., 2011). It has been shown that
gingival epithelial cells exposed to butyrate underwent necrosis and had the capability
of releasing of high-mobility group-box 1 protein (HMGB1). HMGBL1 can be classed as
a DAMP due to its action as a pro-inflammatory mediator when released from cells. It
can be a signalling molecule for recruitment of polymorphonucleocytes (PMNs) as well
as being able to bind to pro-inflammatory receptors such as receptor for advanced
glycations end-products (RAGE), and TLRs 2 and 4. In PD, higher quantities of
anaerobic bacteria in subgingival biofilm may therefore be associated with increased
levels of butyrate, HMGBL1 release, and autophagic cell death (Tsuda et al., 2012).

P. gingivalis is a periodontal pathogen with the ability to manipulate the processes of
autophagy to promote its own survival and invasion into host tissues. Fluorescence in
situ hybridization techniques have confirmed the invasion of gingival epithelium by
periodontal bacteria strongly associated with PD including P. gingivalis, T. forsythia, T.
denticola, and A. actinomycetemcomitans (Colombo et al., 2007). After invading host
cells, P. gingivalis can be found in multiple locations including cell cytoplasm,
endosomes, and autophagosomes (Amano et al., 2014). The contents of
autophagosomes are usually destroyed by fusion with lysosomes, however, P. gingivalis
can impair the formation of autolysosomes allowing it to survive and receive nutrients
from the autophagosome. Approximately half of P. gingivalis in endosomes is
transported to lysosomes for degradation (Takeuchi et al., 2011). A significant
proportion of remaining bacteria are reported to escape the lytic process through a
recycling pathway for exocytosis. Once exited from the initially infected cell, the
bacteria are able to enter adjacent cells, thereby penetrating further into periodontal
tissues. Furthermore, it was found that approximately 10% of exited bacteria re-entered

into new cells in vitro (Takeuchi et al., 2011).

3.2 Autophagic-dependant links between periodontal disease and systemic diseases

Periodontitis is associated with a great number of systematic pathologies by several
underlying pathophysiological mechanisms, such as bacteraemia, endotoxemia or the
release of inflammatory mediators (Van Dyke and van Winkelhoff, 2013). Up to now,
PD has been linked to 57 systemic conditions (Monsarrat et al., 2016). Three of them



were selected [i.e., Alzheimer’s disease (AD), ischemic stroke, and type Il diabetes
(T2D)] and its described autophagy-related hallmarks and possible relationships with
PD are discussed.

AD is the most common form of neurodegeneration among elderly people. The
molecular hallmarks of AD are the accumulation of amyloid beta (Ap) and the
hyperphosphorylation of tau in the brain (Reitz et al., 2011). Clinical evidence has
ascertained the link AD-PD, in this line a recent meta-analysis reported an OR 1.69,
95% (CI 1.21-2.35) (Leira et al., 2017a). On the basis of the contribution of this local
assault to systemic inflammation it is plausible that PD may be a trigger for AD (Kamer
et al., 2008). Positron emission tomography imaging has ascertained A accumulation
in AD-susceptible brain areas in PD-affected patients vs. controls (Kamer et al., 2015)
as the analysis of A peptide concentration in serum confirmed a differential expression
in periodontally compromised individuals (Gil-Montoya et al., 2017). Also in vitro
reports have given insight into the ability of periodontopathogens-related LPS to create
PAMPs and act upon these hallmarks (Pritchard et al., 2017). A great of deal of
evidence has lately found in autophagy a possible therapeutic target against
neurodegeneration. AD brains have shown an augmented accumulation of immature
autophagic vacuoles that may impede the neuroprotective effects of autophagy via an
immuno-electron microscopy study. (Nixon et al., 2005). Zheng et al. showed that Ap
production was suppressed 3-methyl adenine-dependent autophagy inhibition in vitro
(Zheng et al., 2011). A can be synthesized in the autophagosomes, which contain key
mediators in its genesis (i.e., amyloid precursor protein and Presenilin-1) (Bustos et al.,
2017). Also, tau post-translational modification can disrupt axoplasmic flow via

autophagy, specifically through dynein-dynactin motors in vitro (Ikenaka et al., 2013).

Ischemic stroke implicates the deposit of a blood clot or fatty deposit block on a brain
blood vessel. This subtype of CVD represents the 80% of all strokes (Warlow, 1998). A
relationship between this CVD and PD has been reported in several epidemiological
reports (quantified as RR 2.88 [1.53-5.41], according to a recent meta-analysis) (Leira
et al., 2017b). These diseases can be linked specially by two mechanisms endothelial
dysfunction, and invasion across the blood-brain barrier (BBB) (Leira et al., 2018,
Pussinen et al., 2004, Pussinen et al., 2007). Autophagy modulates the differentiation
and proliferation of endothelial progenitor cells (EPCs) and the equilibrium between



T2CD and T1CD in mature endothelial cells (ECs). In this line, ECs damage have been
linked to redox-induced autophagy by several in vitro studies (Sachdev and Lotze,
2017). BBB disruption has been classically linked to the ability of matrix
metalloproteinase to facilitate an increase in vascular permeability by degrading tight
junction (TJ) proteins (Gonzalez-Mariscal et al., 2003). Nonetheless, histone
deacetylase (HDAC) 9-mediated suppressed autophagy has been recently considered a
relevant signal transduction pathway that may link cerebral injury to brain epigenetics
(Shi et al., 2016).

T2D is a metabolic disorder whose main features are high blood sugar, insulin
resistance, and a sub-optimal insulin concentration (Reaven et al., 1988). Successful PD
management has proved effectiveness in the management of metabolic control, and
systemic inflammation in T2D-affected patients (D'Aiuto et al., 2018). Hyperglycemia
triggers a metabolic route (DAG-PKC-NADPH-oxidase) which generates ROS
production; the secondary B-cell death to this route represents a relevant molecular
explanation for diabetic complications (Stefano et al., 2016). PKC and mTORC1
interaction regulates apoptosis-autophagy equilibrium. In this line, PKC inhibition has
proven an interesting avenue for autophagy-related T2D therapies (Das Evcimen and
King, 2007).

A Plethora of plausible mechanisms behind the relationship between PD and systemic
diseases is available, and autophagy seems to be one of them. Further research may
contribute towards the development of novel host modulation therapies (MHTS) able to

be acts as a two-edged sword.

3.3 The relationship between autophagy in periodontal disease and other
mechanisms: Neutrophil Extracellular, and Reactive Oxygen Species and

Chaperones

As in other bacterial assaults during PD, PMNs efflux is produced as a host response to
pathogens. Specially, neutrophils are essential elements of host resistance to PD due to
their potential to act upon the disruption of PAMPs (Genco, 1992). Nevertheless, the
ability of some PD drivers to evade neutrophil microbicidal machinery and to produce a
delayed apoptosis can turn this defensive cell activity into unwanted immune responses

(Nussbaum and Shapira, 2011). To illustrate this point several quantitative and/or



qualitative alterations at the level of neutrophils secondary to genetic aberrations have
been linked to PD aggressive forms (i.e., neutropenia, leukocyte adhesion deficiency,
Chediak-Higashi syndrome, Papillon-Lefevre syndrome, chronic granulomatous disease
or Kostmann syndrome) (Hajishengallis and Hajishengallis, 2014, Carlsson et al., 2006).

NETSs are extracellular chromatin structures that can trap and degrade microbes. This
feature has helped in the identification of novel form cell death named NET cell death,
or NETosis (Brinkmann et al., 2004). NET-associated host damage has been linked to
the onset of several immune an infection-related conditions such as PD (White et al.,
2016). NETs exert DNA backbone activities but also can release several active
proteases to the ECM leading to bacterial lyses (Levy, 2004). On the other side,
bacterial entrapment by NETSs is highly variable according to the specific targeted
bacteria, due to the variable capacity of each bacterium to release nucleases into the
ECM (Papayannopoulos, 2014). Some bacterial virulence factors, such as A.
actinomycetemcomitans leukotoxin, can induce NETosis. NETs can be stimulated by
periodontopathogens and other microbes in anaerobic conditions (Lopes et al., 2018).
These capacities are especially increased in periodontopathogens of the orange and red
complexes according to Socransky classification (Socransky et al., 1998). The
production of these web-like structures relies on the generation of ROS following
assembly of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (White et
al., 2016).

ROS are chemically reactive chemical species containing oxygen (Table 1). ROS can
exert positive function under physiological conditions. However, increased ROS levels
can trigger cellular microenvironment remodelling, which induces a phenomenon called
oxidative stress (OS). This condition is necessarily accompanied by a reduction of the
effectiveness of antioxidant systems such as endogenous enzymes like catalase,
superoxide dismutase, and glutathione peroxidase, or exogenous factors such as
micronutrients deficiency (i.e., polyphenols, vitamins, trace elements etc.) (Battino et
al., 1999). Endogenous ROS major producer is mitochondria; nonetheless these radicals
can also be generated by other systems such as NADPH enzyme activity, or oxidative
protein folding at endoplasmic reticulum (Zhang et al., 2011). Mitochondrial oxidative
stress production (mtROS) can damage periodontal ligament collagen fibres and ECM

and trigger the production of several pro-inflammatory cytokines (D'Aiuto et al., 2010).



PNMs present in periodontal pockets create a microenvironment in relation to oxygen
tension and pH (a medium of 1.8% and 6.92, respectively) capable of accommodating
O, (Waddington et al., 2000).

The ROS effects on periodontium have opened an interesting perspective in the
treatment of this outcome by the use of exogenous antioxidants or modulators of
endogenous antioxidants. In this line, limited evidence regarding the usefulness of
compounds with antioxidant capacity as local adjuvant therapy or nutraceuticals for PD
is available. Among them, Coenzyme Q1o and vitamin D are highlighted (Varela-Lopez
et al., 2015, Varela-Lopez et al., 2018). Clinical trials applying classical non-surgical
periodontal therapy have proven usefulness in the reduction of some OS-related
biomarkers such as 8-hydroxydeoxiguanosine, total oxidant status, and total antioxidant
status (da Silva et al., 2018). Recent advances in PD basic research have discovered a
myriad of possible mechanism that can underlie these outcomes. Yoon et al. recently
discovered that superoxide dismutase 2 (SO2) silencing increased production of NLRP3
inflammasome components, which elucidated the defensive role of SO2 in periodontal

tissue probably via the regulation of NF-xB pathway in vitro (Yoon et al., 2018).

The cross-talk between ROS-NETS has been poorly explored. Recently, Chapple’s
group hypothesized that bacterium-stimulated NET release may not arise via NADPH
oxidase (Hirschfeld et al., 2017), and Hazeldine et al. demonstrated that reduced NET
production was not linked to aging-related PD (Hazeldine et al., 2014).

ROS inhibition via antioxidants delays both the onset of autophagy and its related
kinetics (Colotta et al., 1992). Redox imbalance can act on three substrates implicated in
the autophagic pathway: 1) mTORC1, 2) beclin 1, and 3) Atg12-Atg5. Recently Atg5
aging-related defects have been linked to an impaired NET formation. In this sense, the
interference at the level of autophagy-promoted NETs may be a promising as a
therapeutic target for chronic PD due to its link with aging (Xu et al., 2017). Autophagy
can be a contributor factor in the onset of NETosis, but superoxide is not per se required
for the induction of PNMs autophagy in vitro (Fuchs et al., 2007). Discussed literature
shows a complex interaction between ROS, autophagy and NET formation in

neutrophils following infections.



Elevated ECM calcium can trigger the differentiation of human periodontal ligament
stem cells via two mechanism calcium-sensing receptor (CaSR) and L-type voltage-
dependent calcium channel. CaSR can activate NLRP3 inflammasome via autophagy in
a process involving Hsp70 and LC3-I11 in vitro (Koori et al., 2014). Periodontal ligament
cells treated with recombinant human inducible Hsp70 subjected to compressive forces
induce an augmented expression of TNF-o and RANKL in vitro (Mitsuhashi et al.,
2011). In this line, Hsp70 plays a pivotal role in periodontal physiology, and its control
may be related to autophagy (Wolf et al., 2019).

3.4 Novel autophagy-dependent therapeutic targets for periodontal diseases

The main hallmarks of periodontal disease in which autophagy can interfere are: 1) the
regulation of PD-related disease drivers, 2) the interference with secondary immunity
and inflammation, and 3) the modulation of other kinds of cell death. Pharmacological
autophagy inhibitors and inducers can be largely classified as early- or late-stage
interferers. It is worth mentioning that some of these compounds can exert synergistic
activities. In this line, targeting autophagy can mean the induction of citoprotective
functions, but depending on the extent of autophagy, autophagy flux, and apoptosis
competence these protective roles can flip to an enhancement in cytotoxicity (Tan et al.,
2017). Unfortunately, given current limitations in measuring autophagy in patients,
what constitutes a “normal” range of autophagy activity remains unknown (Levine et
al., 2015).

Many autophagy regulators have been used in clinical medicine for years. In this vein,
several FDA approved drugs have proven interference in the autophagic pathway, as
some bioactive compounds and micronutrients have done. Nonetheless, several novel
drugs are being tested in the search of therapeutic options by means of cell cultures
and/or animal models and even some of them progressed to Phase | and 1l trials
(Galluzzi et al., 2017). Table 1 summarizes some of these compounds and its

checkpoints in the autophagic pathway.

Limited literature regarding the use of these compounds as a therapy for PDs is
available, and most of this research is based on in vitro experiments. On the other hand,
HMTs as a concept, in which drug therapies are used as adjuvant therapies, is still not a

reality in clinical periodontology as the use of dietary supplement or diet interventions



is not. Until today, the only FDA recognized adjuvant therapy for this outcome is
subantimicrobial dose doxycycline. Recent research has puts its focus on the benefits of
novel local and systemic interventions as adjuncts to traditional scaling and root
planning (SRP) (Ritchie et al., 2002, Moro et al., 2018). Below, a summary autophagic
interferers that has proven effectiveness as HMTSs are from in vitro experiments to in

vivo and clinical studies
3.4.1 Natural bioactive compounds or derivatives

Functional food ingredients containing bioactive compounds introduced systemically or
locally can exert significant biological effects and at the same time minimal side effects
on the human body (Perez-Gregorio and Simal-Gandara, 2017). In this vein, nutrition is
meaning a turning point in current periodontology (Dommisch et al., 2018). Chemical

structures are shown in Fig. 2.

Maresin 1 (MaR1), a 12-lipoxygenase-derived metabolite of docosahexaenoic acid
(DHA), can play a functional role in resolving inflammation, inducing autophagy and
inhibiting apoptosis in human PDL cells via glycogen synthase kinase-3p/B-catenin
pathway, according to an in vitro artificially induced inflammatory microenvironment
(Du et al., 2018). Wang et al. also reported that in vitro cultured macrophages derived
from monocytes isolated from peripheral blood of patients with localized aggressive PD
have a lower concentration MaR1 vs. controls (Wang et al., 2015). Coincidently a
recent systematic review of human trials has verified the relationship between low
Omega—3 fatty acids (n-3) (i.e., eicosapentaenoic acid [EPA], DHA, and aracdonic acid
[AA]) plasma concentrations and PD progression (Azzi et al., 2018).

Genistein is an isoflavone classically described as a potent antioxidant and antibacterial.
This bioactive compound can regulate the IL-1p induced activation of MAPKs in PDL
via G protein-coupled receptor 30 (Luo et al., 2012). Genistein has proven usefulness in
the attenuation of some Prevotella intermedia-LPS induced inflammation products (i.e.,
IL-6 and nitrogen reactive species [NOS]) in an in vitro study of murine macrophages
(Choi et al., 2016). Bhattarai et al. demonstrated the genistein in vitro ability to protect
periodontium via autophagy induction using RAW 264.7 macrophages and human
gingival fibroblasts (hGFs) (Bhattarai et al., 2017). Cinnamaldehyde, a naturally

synthesized flavonoid by the shikimate pathway, inhibits pro-inflammatory cytokines



secretion via NF-kB downregulation in vitro (Youn et al., 2008). This compound can
also inhibit in vivo and in vitro intracellular bacterial survival (specifically A.
actinomycetencomitans-LPS) via autophagy activation, which was evidenced by the
increase of autophagy markers (Beclin-1, ATG5, and LC3) (Chung et al., 2018).

Resveratrol is a type of natural phenol, particularly a stilbenoid, naturally produced by
plants in response to stressors such as pathogens attack or ultraviolet radiation (Catalgol
et al., 2012). Resveratrol can regulate autophagy-JNK signalling cascade in human
dental pulp stem cells (DPSCs) model under TNFa-induced inflammation in vitro
(Wang et al., 2018). When the focus is put on in vivo research there is no good evidence
regarding its positive effects on human health. A recent randomized clinical trial (RCT)
in which type 2 diabetic patients with PD were treated with scanning and root planning
with or without a resveratrol supplementation evidenced the usefulness of resveratrol as
an adjuvant therapy in this comorbidity (a significant improvement in pocket depth and
insulin resistance, respectively) (Zare Javid et al., 2017).

Curcumin is a natural phenol belonging to the curcuminoids family. Curcumin is an
unstable compound with limited bioavailability (Nelson et al., 2017). The ability to
build rationale nanoparticles (NPs) has helped to explore curcumin-related
pharmacokinetics in the management of several diseases (Beloqui et al., 2016).
Curcumin can induce autophagy through inhibition of the Akt-mTOR pathway but also
activating TFEB-lysosome pathway (Kocaadam and Sanlier, 2017). Curcumin can
inhibit the bacterial growth by inhibiting A-type proton-pumping ATPase in the P.
gingivalis membrane in vitro (Sekiya et al., 2018). Local administration of PLGA NPs
loaded with curcumin has shown effectiveness in the treatment of experimental PD in
mouse models (Zambrano et al., 2018). Muglikar et al. reported that a curcumin
mouthrinse formulation was comparable to chlorhexidine as an adjunct to SRP in
chronic PD affected patients in a clinical trial (Muglikar et al. 2013).

Melatonin is a hormone, mainly produced by the pineal gland. Nevertheless, naturally
occurring melatonin can be found in several foods (Brzezinski, 1997). Melatonin acts
on autophagy by the inhibition mTOR via AMPK activation, but it also can reverse
H>0--induced senescence via SIRT1-catalyzed deacetylation (Nopparat et al., 2017).
Melatonin has been reported to have significant beneficial effects in animal models of
PDs (Virto et al., 2018). Until today, two RCTs have ascertained the usefulness of



melatonin supplementation as a SRP adjuvant in PD (El-Sharkawy et al., 2018, Bazyar
et al., 2018), and another RCT evaluated a melatonin-based topical formulation

providing also positive results (Cutando et al., 2015).
3.4.2 Pharmaceutical drugs

Most described drugs that have potential as autophagy modulators for PDs present

significant risk of unwanted effects and are not useful on the basis of a cost-benefit
analysis (Preshaw, 2018). Bellow the most common pharmaceutical interferers with
proven effectiveness on PDs are described. Chemical structures are shown in Fig. 3.

Rapamycin, also known as sirolimus, is a non-antibiotic macrolide that exhibits high
Immunosuppressive, and antiproliferative properties due to its ability to inhibit mTOR
(Saxton and Sabatini, 2017). Back in 2009, Harrison et al. show that diet enriched with
this compound prolongs lifespan of animals via caloric restriction and down-regulation
of the insulin/insulin-like growth factor 1 (IGF-1) pathway (Harrison et al., 2009). This
outcome is theoretically relevant to PD research, because aging increases disease
susceptibility. Xia et al. demonstrated that sirolimus in vitro rejuvenates human gingival
fibroblasts (HGFs) via ROS neutralization in vitro (Xia et al., 2017). An et al. showed
that after three months of rapamycin treatment a reverse in age-associated alveolar bone

loss could be reached in a mouse model (An et al., 2017).

Statins are HMG-CoA reductase inhibitors traditionally used as lipid-lowering drugs.
They are highly used as primary and secondary coronary heart disease (CHD)
prevention methods. Strong epidemiological reports have taken notice of the
relationship between this outcome and PD, according to a systematic review performed
by Humphrey this link pooled a relative risk estimation of 1.24 (95% confidence
interval 1.01-1.51) (Humphrey et al., 2008). Statins act depleting cellular
geranylgeranyl diphosphate, which ultimately produces AMPK activation and TOR
inactivation (Araki and Motojima, 2008). Simvastatin both in vivo and in vitro provides
a janus role in osteoblasts promoting autophagy and alleviating apoptosis (Lai et al.,
2012). Local statin use as an adjunct to SRP has proven better results on PD

managements that single SRP according to several trials (Bertl et al., 2017).



Vacuolar-type H*-ATPases V-ATPases) are enzymes responsible for microenvironment
acidification. Currently, a handful of V-ATPase inhibitors are known and represent
potential therapeutic implications for several pathologies (Perez-Sayans et al., 2009).
Acidic lysosomal microenvironment triggers autophagy. Nevertheless some V-ATPase
inhibitors can use other mechanism to interfere on autophagy, specifically bafilomycin
can knockdown autophagy via Ca-P60A/SERCA mediated autophagosome—lysosome
fusion (Mauvezin et al., 2015). Bafilomycin Al is a potent and selective inhibitor with
well-known antibacterial, antifungal, antineoplastic, and immunosuppressive activities.
In addition this drug has relevant a bone-related antiresorptive capacity (Gagliardi et al.,
1999). A V-ATPases inhibitor has shown in vitro promising activities as PD treatment,
specifically FR202126 (Niikura et al., 2005, Niikura, 2006). Back in 2008, our group
discovered that intracellular pH regulation was mainly controlled by a single V-
ATPase-related gene called ATP6V1C1 (Otero-Rey et al., 2008). Later, Li et al. by
means of an in vivo model demonstrated that targeting this gene via adeno-associated
virus-mediated Atp6vlcl knockdown gene therapy prevented erosion and periodontal
inflammation (Li et al., 2015).

Metformin is a biguanide clinically used in the treatment of non-insulin-dependent
diabetes mellitus. Metformin exerts a biological function as AMPK activator and a
secondary mTORC1 does not respond to the growth factor signals triggering
gluconeogenesis inhibition via autophagy interference (Scheen et al., 2013). According
to a recent systematic review of human trials better periodontal outcomes for SRP plus
locally delivered metformin are obtained when compared to single SRP (Nicolini et al.,
2018). In this line metformin is nowadays considered a geroprotector because it erects

senescence barriers to inflammation.
3.5 Novel directions of autophagy research in PDs

Recently autophagy has been related to several more sophisticated issues in modern
dentistry. In this sense, several authors are taking advantage of autophagic properties of
several materials in the design of scaffolds for bone tissue regeneration (Li et al., 2016,
Ozeki et al., 2017, Yin et al., 2018). Autophagy is necessary for the maintenance of
cellular stemness and for osteogenic differentiation processes (Sbrana et al., 2016). Li et
al. demonstrated that the inhibition of autophagy with 3-mathyladenine, bafilomycin
Al, or NHACI before day 3 after placement of a fluorapatite-modified scaffold resulted



on a strong inhibition of osteogenesis and mineralization in a 3D cell culture (Li et al.,
2016).

Several evidences linked cathepsins (Cts) to PD. Cathepsins are a family of proteases
whose activity emerges at low lysosomal pH. The members of this family classically
related to this family are CtsK, CtsC, and CtsS (Chen et al., 2016, Korkmaz et al., 2018,
Memmert et al., 2017). In vitro research has proved that silencing CTsK by gene
therapy silences periodontal inflammation (Chen et al., 2016). NADPH oxidase-derived
superoxide mediates the activation of PNMs CtsG and neutrophil elastase in vitro
(Reeves et al., 2002). Recently Bullon et al. in a landmark paper designed a recombinant
CstC protein by means of baculovirus expression vector system (BEVS) coupled to an
insect cell culture system. This protein was able to repair autophagic dysfunction in skin
fibroblast isolated from Papillon-Lefevre syndrome patients in vitro (Bullon et al.,
2018). Papillon-Lefevre syndrome is an extremely rare autosomal recessive genetic
disorder characterised by a NET-driven severe destruction of periodontium (Van Dyke
etal., 1984, Hahn et al., 2018).

A promising resource for further research is the modulation of autophagy at the level of
saliva and salivary glands. Several autophagic dependent processes underlie salivary
gland homeostasis and stress responses (Morgan-Bathke et al., 2015). Cut-edge research
is working on the treatment of complex diseases with multiple target drugs. In this vein,
the design of ideal molecules to fulfil the polypharmacologic needs of diseases such
PDs are essential (Bastos et al., 2018). Antimicrobial salivary peptides (ASPs) play a
significant role as immune systems protectors for PD-related disease drivers at the oral
cavity and also serving in the discovery of new antimicrobial agents. Hypothetically,
autophagy may be related to ASPs due to its capacity to enable cells to eliminate

intracellular pathogens.
4. Conclusions

Autophagy underlies the biology of a significant portion of the current PD therapeutics.
The understanding of the different subtypes of cell death and its interrelationships will
mean a landmark in the discovery of novel PD-related HMTSs and the optimization of
the current ones, specifically the understanding of the balance between autophagy and

apoptosis in periodontal tissues is a key issue. The present review highlights the



importance of nutrition in the periodontal health maintenance, due to the significance of
several nutraceuticals in the autophagy pathway, as the right management of PD-related
co-morbidities seems to provide better outcomes based on this relevant catabolic
process. The potentiality of most autophagy interferers for PD has been examined only
in preclinical trials, either in vitro or in vivo. Most of the current autophagy-based
therapies rely on drugs far from being specific as they alter numerous cellular pathways
other than autophagy and numerous pharmacokinetic challenges such as bioavailability,
drug-drug interactions, and metabolic instability mean a significant shortcoming for
clinical translation. The use of specific drugs in order to act on autophagy for PDs

remains far-off.

Further basic research should explore this mechanism in order to reach clinical
translation. Genetics should explore the possible presence of ATG-related
polymorphism in the search of novel pharmacogenomics solutions. Transcriptomic
studies may help to elucidate the ATG genes expression profiles and uncover novel
transcriptional regulatory mechanisms of autophagy. Proteomic and metabolomic
profiling can help to identify different environmental stresses and formulate ways to
improve or modify cell fate on the basis of this type cell death. Future integrative multi-
omics approaches will unravel the precise autophagy mechanism at a transcriptional,

translational and post-translational level.



Figure legends:

Figure 1: The molecular machinery of autophagy. Adapted from Sbrana et al. 2016 and

reproduced with permission from Springer Nature.

Autophagy initiation is regulated by the energy and nutrition central sensor, the mTOR
kinase. Autophagy-Related 1 (ATG1)/ATG13 kinase complex directly works
downstream target of rapamycin complex 1 (TORC1) pathway. mTORC1 regulates
autophagy through serine/threonine-protein kinase (ULK1) protein phosphorylation.
mTORC1 phosphorylation of ULK complex is regulated via autophagy/Beclinl
regulator 1 (AMBRAL1). Protein kinase A (PKA) is a negative regulator of the
ATG1/ATG13 kinase complex, while energy sensor snfl/AMP-activated protein kinase

(AMPK) acts as a positive regulator.

Elongation refers to the amplification of the phagophore. In this process is involved the
class I11 P1 3-kinase. Phagophore expansion is an Ubiquitin-like (UBL)-dependant
process. In this vein, two UBL protein conjugation systems are needed in this process.
The first ATG-related UBL conjugation system covalently binds to ATG12 and ATG5.
Afterwards, this protein complex binds to ATG16L. The association of LC3-II to the
nascent phagophore is orchestrated by the activity of the first UBL conjugation system.
Once autophagosome formation is completed, soluble NSF attachment protein receptor
(SNARE)-like proteins promote autophagosomes-lysosomes fusion. Finally, the
contents of the autolysosome are degraded by various lysosomal enzymes at the lumen

and released to the cytoplasm by permeases.

Figure 2: Chemical structures of natural products and/or derivatives able modulate
autophagy in periodontal diseases (A) Maresin 1. (B) Genistein. (C) Resveratrol. (D)

Curcumin. (E) Melatonin.

Figure 3: Chemical structures of pharmaceutical drugs derivatives able modulate
autophagy in periodontal diseases (A) Rapamycin. (B) Statins [Simvastatin] (C)
Bafilomycin A (D) Metformin.



TABLE 1: Reactive oxygen species (ROS) taken from Battino et al., 1999.

Reactive Oxygen Species

Radicals Non radicals

Superoxide Oz Singlet O2
oxygen

Hydroxyl OH Hidrogen H202
peroxide

Hydroperoxyl  HO> Hypochlorous HOCI
acid

Alkoxyl RO Hypobromous HOBr
acid

Aryloxyl ArO Ozone O3

Arylperoxyl ArOO
Peroxyl ROO"
Acyloxyl RCOO
Acylperoxyl RCOOO



TABLE 2: Representative autophagy inducers and its interfering checkpoints. Original

data was collected from Galluzzi et al. [41], and Giampieri et al. [5].

Autophagy inducers
Drugs

BH3 mimetics
Clonidine

Metformin

Rapamycin (and
rapalogs)

Rilmenidine
Sodium valproate
Verapamil
Tamoxifen
Trifluoperazine
Statins

Tyrosine kinase
inhibitors

Mechanism of autophagy induction

Disrupt binding between beclin 1 and Bcl-2 family members
Lowers CAMP levels

Upregulates AMPK, which phosphorylates ULK1 and
beclin 1

Inhibits mMTORC1

Lowers CAMP levels

Lowers inositol and Ins(1,4,5)P3 levels

Inhibits L-type Ca2+ channel, lowering intracytosolic Ca2+
Increases sterol accumulation

Unknown

Depletion of geranylgeranyl diphosphate activates AMPK

Inhibit Akt-mTORsignaling and beclin 1 tyrosine
phosphorylation, increase beclin 1/Parkin interaction

Bioactive compounds/ micronutrients

Apigenin
Berberine
Caffeine
Curcumin
Cinnamaldehyde
Dioscin
Genistein
Magnolol

Omega-3
polyunsaturated fatty
acids

Inhibits mMTOR by AMPK activation

Increases protein expression of LC3-11/LC3-1 and Beclin-1
Inhibits mTORsignaling

Blocks the AKT-mTORsignaling pathway

Upregulates AMPK, and downregulates AQP-1

Decreases phosphorylation of Akt and mTOR

Inhibits Akt phosphorylation

Blocks the PI3K/PTEN/Akt pathway.

Inhibits the Akt-mTORsignaling; disrupt beclin 1 and Bcl-2
binding




Resveratrol Activates sirtuin 1
Selenium Decreases Beclin-1 and LC3-11 levels

Spermidine Acetylase inhibitor




TABLE 3: Representative autophagy inhibitors and its interfering checkpoints. Original

data was collected from Galluzzi et al. [41], and Giampieri et al. [5].

Autophagy inhibitors Mechanism of autophagy inhibition

Drugs

Hydroxychloroquine Prevents lysosomal acidification

V-ATPase inhibitors Knockdown of Atg5 and Beclin-1 expression
Vinblastine Disrupts microtubules formation
Wortmannin (and Inhibits of PI-3 kinase

derivatives)

Others
SiRNAs Multiple roles
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