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The turnover of intracellular proteins is a highly selective and regulated process.
This process is responsible for avoiding injury and irreparable breakdown of cellular
constituents. Its impairment disrupts cellular stability, integrity, and homeostasis. The
ubiquitin-proteasome system (UPS) is responsible for this programmed degradation of
most intracellular proteins. This process involves a cascade of enzymes that involves the
ubiquitin conjugation to a target substrate protein, its recognition and degradation by the
proteasome. The turn-over of intracellular proteins is a non-stop ubiquitous process that
regulates a series of mechanisms, for instance transcription, translation, endocytosis. In
addition, proteasome act by releasing peptides that may serve to other purposes, such
as antigen presentation in immune actions and enzymatic flagging toward biosynthesis
and gluconeogenesis. The role of the UPS impairment in periodontal diseases is gaining
growing. This acquaintance might contribute to the development of novel therapeutic
applications. Thus, this review focuses on the latest progresses on the role of the UPS
and its signaling pathways in Periodontal Medicine. Furthermore, we discuss the potential
of UPS-based drugs development to be used in periodontal disease therapy.

Keywords: ubiquitin-proteasome system, ubiquitin, proteasome, ubiquitination, periodontal disease, periodontitis,
oral health

INTRODUCTION

The ubiquitin-proteasome system (UPS) is a vital intracellular protein degradation network in
eukaryotes (1-4) (Figure 1). This highly regulated, selective and programmed protein degradation
system is involved in proteolytic and non-proteolytic functions (such as proteasomal degradation
of proteins, receptor internalization and downregulation, multiprotein complexes assembly,
intracellular transportation, inflammatory signaling, autophagy, DNA repair and regulation of
enzymatic activity) (5-8). Therefore, this recycling process prevents damage or surplus proteins
from building up and becoming toxic to the cell, and it is estimated to degrade more than 80% of
normal and abnormal intracellular proteins (8).

The consequences of UPS impairment have been of great interest. Currently, UPS dysfunction
has been implicated in several diseases, for instance Alzheimer’s disease, Amyotrophic Lateral
Sclerosis, cancer, diabetes mellitus, renal disease, inflammatory bowel disease or rheumatic
conditions (9-15). Comprehensively, the impact of UPS in these illnesses relies on a clearance
deficit toward misfolded proteins (16, 17), and as a consequence, these result in intracellular protein
aggregation, cytotoxicity, and cell death.
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FIGURE 1 | The Ubiquitin-Proteasome System (UPS). Ubiquitination is a highly regulated control system that post-translationally modifies marked proteins for
degradation. Initially, the ubiquitin (Ub) is covalently coupled to lysine residues on target protein carried out by activating (E1). This process requires energy in the form
of adenosine triphosphate (ATP). The activated Ub is then transferred through transfer ubiquitination reaction from E1 to a second enzyme called E2
ubiquitin-conjugating enzyme. This enzyme acts as an escort for Ub to its next destination, the E3 ubiquitin ligase enzyme. This last acts as a platform in which the
target protein substrate and the active E2 Ub complex can meet and interact. Subsequently, both proteins and the Ub are loaded onto the E3 ligase enzyme, the Ub
is transferred to the target protein substrate. This process can be repeated several times to create a polyubiquitin chain on the protein. This polyubiquitin creates a
clear signal to the proteasome. Proteasomes are shaped like barrels that remove polyubiquitin and open at one end to allow target protein to enter and at the other

end to allow broken down pieces of protein to exit (5).

The involvement of the UPS disability in the Periodontal
Medicine field has been a topic of growing interest for their
role in the periodontal diseases and their prospective application
as therapeutic (18). This review aimed to focus on the latest
advances on the role of UPS in the field of Periodontal Medicine.
Furthermore, we discuss the potential of UPS-based drugs
development to be used in periodontal disease therapy.

THE UBIQUITIN-PROTEASOME SYSTEM
Ubiquitins

At a cellular level, the crucial plethora of physiological processes,
including cell survival and differentiation and innate and
adaptive immunity, is carried out by the ubiquitin conjugation
system (5, 19-21). As described in Figure 1, ubiquitins are small
peptides that “flag” a target protein toward its destruction by
the proteasome through polyubiquitination, a process that results
from a cascade of enzymes. These small peptides are composed by
a 76-amino acid protein that can covalently link to lysine or N-
terminal residues, through a process known as ubiquitylation, of
the target proteins (22).

This intricate process starts with the formation of a thioester
bond of a ubiquitin-activating enzyme (E1) with ubiquitin via an
ATP-dependent formation process. Then, ubiquitin is transferred
to ubiquitin conjugases (E2) and, then, it is conjugated with
a ubiquitin ligase (E3), that provides substrate recognition and
catalyze the covalent attachment of ubiquitin to the target
substrate via an isopeptide bond. Subsequently, both proteins and
the ubiquitin are loaded onto the E3 ligase enzyme, the ubiquitin
is transferred to the target protein substrate. This process takes
place repeatedly causing the polyubiquitination of the substrate
leading to its signal for degradation by the proteasome complex
(Figure 1) (23, 24).

Recent studies unraveled the human genome contains two
El enzymes, more than 40 E2 enzymes, and more than 600
E3 ligase, thus the potential of a mutation is quite high in one
of those proteins (21, 25). This structural hierarchy, that is, a
limited number of E2s and a higher number of E3s foment
specific interactions.

Proteasome

Following polyubiquitination, signaled proteins are degraded by
a multiprotein complex called the 26S proteasome (24). The
26S proteasome is a multicatalytic enzim complex expressed in
the nucleus and cytoplasm of all eukariotic cells (24), and its
structure consists of a 20S core particle that is capped by one
or two 19S regulatory particles. The 20S core is a cylinder with
four rings, composed with 14 different but related subunits,
with low proteolytic activity in its cellular milieu (24). The two
external rings of the 20S core, each containing seven different
a subunits (a rings), form a narrow channel where denatured
proteins may pass only, while the two internal heptameric rings
each containing seven different B subunits (B rings), constitute
the catalytic chamber that degrades proteins (26). The a-subunits
bind to the 19S regulatory proteins, regulating the selectivity
and entry of specific substrates into the polymeric chain (13).
Target proteins are then degraded by the core particle in a
progressive fashion, generating peptides with about 3-25 amino
acids in length (27). Each 19S unit can bind polyubiquitin chains
that are signalizing proteins, forwarding the protein into the
proteolytic core where protein degradation takes place (28).
The 19S regulatory proteins is a large complex composed by
two heteromeric subcomplexes term “base” and “lid”, the “base”
recognizes ubiquitin-tagged proteins, a step that is followed
by the unfolding and translocation of the substrates through
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the proteolytic chamber of the 20S proteasome, the “lid” main
function is the deubiquitylation of the entering substrates (29).

Dysregulation of the Ubiquitin-Proteasome
System

To ensure homeostasis, cells evolved to adapt to new
environmental conditions and to avoid unnecessary damage
to survival (30). The dysregulation of the UPS is consistently
interplaying with several conditions. From a pathological
point-of-view, dysfunctional UPS is associated with Alzheimer’s
disease, Parkinson’s disease, Amyotrophic Lateral Sclerosis,
neuronal degeneration, remodeling and regeneration after spinal
cord injury, Transmissible Spongiform Encephalopathies, and
Huntington’s disease (31), Renal Diseases (12), and others. The
mechanism through which the UPS impact neurological or
renal disorders is related to the impairment in the clearance
of misfolded proteins that cause an abnormal aggregation of
intracellular protein and, as a consequence, cytotoxicity and cell
death (16, 17).

THE UBIQUITIN-PROTEASOME SYSTEM
IN PERIODONTAL DISEASE

Periodontal Diseases
Periodontal diseases are a group of inflammatory non-
communicable conditions triggered by a dysbiotic plaque that
damages the periodontium (32-34). Periodontitis is an endemic
disease and a worldwide public health problem (35, 36),
and its symptoms start with gum inflammation (gingivitis)
to an exacerbated and unrestrained inflammatory reaction
from the host immune system (37-39). The destruction of
the periodontium permits bacterial penetration through the
ulcerated epithelium and, then, they spread through the
circulatory system.

The plausible mechanism through which periodontitis

impacts systemic homeostasis might be the result
of an inflammatory cascade triggered by subgingival
periodontopathogenic  bacteria. Initially a local acute

inflammatory response, subsequently evolves to a systemic
inflammation reaction, consistently associated with vascular
dysfunction (40, 41) and systemic inflammation (42).
Consequently, the infectious nature of periodontitis promote
bacterial invasion trough the periodontal tissues via the ulcerated
epithelium, and immune and inflammatory pathways are
triggered toward this periodontal injury (43-45).

For the past decades, periodontitis has been consistently
linked with several systemic diseases, such as diabetes mellitus
(46), cardiovascular diseases (47, 48), adverse pregnancy
outcomes (49), rheumatic diseases (50), stress (51), male and
female infertility-related conditions (52, 53), Alzheimer’s Disease
(54), inflammatory bowel disease (55), metabolic syndrome or
even some types of cancers (56). In a patient-centered view,
periodontitis has a negative impact on oral health-related quality
of life (57), though periodontal treatment through non-surgical
procedures showed to be effective to its recovery (58).

Several of these pathologies that have already been associated
with periodontitis have also been thoroughly studied for the role
of the UPS on its pathogenesis, for instance Alzheimer’s Disease
or Renal Disease (12, 31).

Mindful of the strong link of periodontitis with systemic
health, the role of genetics and epigenetics in Periodontal
Medicine is still in its early stages. The involvement of
inflammasome components in periodontal health and subtypes
of disease as well the recent genome-wide association studies
unraveled conceivable routes of association (59). Recent
researches in transcriptomic, proteomic, and metabolomic
have deepened the molecular pathogenesis of periodontitis
highlighting new host-microbe interactions, processes, and
pathways that might improve diagnostic and treatment strategies
for periodontitis (60, 61). Further, the role of UPS in periodontitis
has undergone important advances increasing our knowledge
of molecular pathways and potential new drugs. These lines
of evidence are contributing to move forward a tailored and
personalized treatment for each patient according to its particular
characteristics (62). However, the notion of the role of UPS is
slightly different from expected since in periodontitis the UPS
is exacerbated and promotes destruction of proteins possibly
resulting in the destruction of the periodontium. Therefore, the
rationale for an action has been emphasized in blocking these
pathways with blocking therapeutics.

Periodontopathogenic Bacteria

The current postulated scheme for periodontitis onset and
progression relies as symbiosis between a dysbiotic plaque
and host immune system. This concept is based on microbial
succession followed by reciprocal host-bacterial interaction (63),
where this microbial progression triggers gingival inflammation,
and the increase of inflammation results in increased growth of
colonizing species (64, 65). Then, a comprehensive and thorough
DNA analysis by Socransky et al. (66) found associations between
all pairs of species resulted in similarity matrices subjected to
cluster analysis. These analyses supported the existence of distinct
complexes of microorganisms in subgingival bio-films, now
named complexes (63, 67-70). These works were fundamental
and valuable in that they confirmed the complexes described
by the pairwise cluster analyses and proposed the nature of
the relationships of the complexes (communities) to each other
(63). The establishment of such complexes provided a framework
for describing and understanding the subgingival ecosystem,
where a red complex stands out (Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola), since this group
categorization is based on their association with severe forms of
periodontal disease.

Remarkably, several lines of evidence have emerged novel
considerations about subgingival microbiota of the aging mouth.
The complex organization of the oral microbiota, poses enduring
difficulties due to a huge environment diversity and a unique
ability to promote rapid phenotypic alterations that occur within
the environment where they stand (63, 67, 68). Following
this rationale, a multicentre research was carried out using
data from two centers, the Center for Clinical Research at
Guarulhos University (Sdo Paulo, Brazil) and The Forsyth
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Institute (Cambridge, United States of America [USA]) (71). This
data comprised data from patient within periods longer than
10 years, and this study aimed to investigate the evolution of
the periodontal microbiota throughout life using DNA counts
of about forty bacterial species. Hence, subgingival microbiota
composition might not be age-related and, consequently, age
is not a determinant of the oral microbiome (71). Individuals
with severe periodontitis had higher levels of Tannerella forsythia,
Porphyromonas gingivalis and Treponema denticola, pathogens
that compose the red complex (71). Besides, a previous research
also evidenced this apparent microbial community stability
across lifespan, however human microbiota can rapidly and
markedly be changed due to host lifestyle, for instance traveling
to developing countries or enteric infections (72). Interestingly,
patients with persistent aggressive periodontitis have more
dysbiotic subgingival biofilm than patients that have been
treated with clinical success (73). Nevertheless, even well-
maintained periodontitis cases present more dysbiotic microbial
community than healthy individuals, with described higher
diversity, disordered structure, pathogenic microbiota, and more
host-destructive metabolism pathways (74). For this reason, the
bacterial load is theorized to happen throughout life and its
associations and biological interactions may perpetuate.

Studies on UPS in Human Periodontal and

Oral Cell Lineages

In 2002, Krisanaprakornkit et al. (75) investigated the role of
NEF-kB in human p-defensins (hBDs) mRNA of human gingival
epithelial cells (hGECs) after activation through Fusobacterium
nucleatum cell wall extract (FnCW). As a result, the authors
hypothesized that MG132 likely promotes the accumulation
of ubiquitinated proteins, resulting in superinduction of hBD-
2 mRNA. Subsequently, Yin et al. (76) in 2007 investigated
how hGECs gene expression was altered on the presence of
Fusobacterium nucleatum (through F. nucleatum Cell Wall
(FnCW) extracts) or hBDs (mimicking the secretion of hBDs
inducted by commensal flora). Both FnCW and hBD2 were
found to induce significant changes in the expression of genes
associated with immune and defense responses (76). One
particular finding was that FnCW extracts suppressed the UPS.
Such suppression was seen as likely inhibiting inflammatory
markers, similarly to previous reports in intestinal epithelial
cells in response to non-pathogenic Salmonella spp. (77) and
Lactobacillus casei (78).

In 2010, Ghosh et al. (79) investigated the extracellular
matrix in signaling for tissue remodeling and cell survival
in inflammatory diseases such as periodontitis. In human
primary periodontal ligament cell culture isolated from extracted
tooth they found that proapoptotic fibronectin matrix induces
ubiquitination and degradation of p53 in the proteasome.
Further, pre-treatment using proteasomal inhibitors MG132 and
lactacystin rescued the cells from apoptosis (79).

The role of nuclear factor (NF)-kB gene expression in the
initiation of inflammation signaling and subsequent release
of proinflammatory cytokines has led to the development
of inhibitors of this pathway for the treatment of chronic
inflammation (80). The zinc finger protein A20 is encoded
by an immediate early response gene and inhibits activation

of NF-kB via inflammatory cytokines receptors (80). The
induction of A20 occur by different stimulus such as tumor
necrosis factor-a (TNF-a), interleukin (IL)-18 and bacterial
lipopolysaccharides (LPS) in a variety of cell types (81). The
NEF-kB signaling pathway is regulated by ubiquitination, and
although it was studied as a regulator of numerous chronic
inflammatory conditions, literature is still scarce on its function
in the oral mucosa (82). In 2015, Hong et al. assessed the
A20 expression in patients with periodontitis, the effects
of A20 overexpression on inflammatory response and on
osteoblastic differentiation in LPS- and nicotine-stimulated
human periodontal ligament cells (hPDLCs) (83). They found
that pre-treatment with A20 overexpression markedly had anti-
inflammatory effects and blocked osteoclastic differentiation
in LPS- and nicotine-stimulated hPDLCs models. More
specifically, A20 overexpression reduced LPS- and nicotine-
induced production of prostaglandin E2, cyclooxygenase-2
and proinflammatory cytokines, inhibited the number and
size of tartrate-resistant acid phosphatase-stained osteoclasts,
and downregulated osteoclast-specific gene expression (83).
Later, Li et al. (84) reported alike results regarding the A20
inflammatory response regulation through its effect on NF-kB
signaling and cytokine production using a combination of
in vivo and ex vivo disease models. Further, A20 depletion
via gene editing in human macrophage-like cells (THP-1)
significantly increased cytokine secretion (84). Still, in mice
infected with Porphyromonas gingivalis, bone marrow-derived
macrophages from A20-deficient showed increased NF-kB
activity and cytokine production compared with cells isolated
from A20-competent mice (84). Recently, Li et al. (85) in 2020
reported a specific role of an ubiquitin editing molecule in
gingival keratinocyte inflammatory response, indicated that
sufficient A20 levels is a major determinant to control apoptosis
in response to microbial and inflammatory injury. Also, the A20
expression in response to oral bacterial depends among different
cells and, therefore, it is essential studying the cell-type specific
A20 responses and their effect on disease phenotype to develop
targeted therapies (85). Another mechanism that could explain
the ability of transforming growth factor § (TGFp) to inhibit
Toll-like receptor (TLR)-NFkB signaling is protein arginine
methyltransferase 1 (PRMT1)-induced Smad6 methylation.
This Smadé6 is expressed in the gingival epithelium and the
methylation signaling promotes tissue homeostasis by limiting
inflammation (86).

Others, the importance of hypoxic entourage during
the chronic periodontal inflammation showed that oxygen
concentration is a crucial regulating factor of physiological
processes and pathogenesis in periodontal disease (87, 88).
Regarding the proteomic profile, 220 differentially expressed
proteins under hypoxia and three main processes were identified
in hypoxia-treated hPDLCs, namely energy metabolism,
autophagy and adaptive response to stimuli such as adhesion
and inflammation (87). Further, hPDLCs obtained from
premolars extracted under 2% O? exhibited decreased A20
expression and increased receptor activator of nuclear factor-
kappa B (RANKL)/osteoprotegerin (OPG) ratio. These findings
suggest that A20 may be a key gene target during bone loss in
periodontitis (88).
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A study investigating Apolipoprotein mice deficient in
nucleotide binding oligomerization domain-containing protein 2
(NOD2) and subjected to an oral gavage of P. gingivalis reported
elevated serum inflammatory cytokines, cholesterol, alveolar
bone loss, and atherosclerosis (89). This research proposed a
pivotal role of a Muramyl DiPeptide (MDP)/NOD?2 signaling
pathways in P. gingivalis-induced periodontitis/atherosclerosis.
Later, Maekawa et al. (90) in 2014 unveiled a possible
model of P. gingivalis subversion of neutrophils resulting
in dysbiotic inflammation. In this proposed model in mice,
P. gingivalis coactivates Toll-like receptor-2 (TLR2) and C5a
receptor (C5aR) in neutrophils, causing ubiquitination and
proteasomal degradation of MyD88, thereby inhibiting a
host-protective antimicrobial response (90). Accordingly, this
mechanism could contribute to dysbiotic diseases through
microbial communities persistence. Additionally, Cai et al.
(91) in 2016 have further explored a new signaling pathway
for TNF-a induction activated after exposing macrophages to
both P. gingivalis and muramyl dipeptide (MDP)-high, where
they found that MDP-high affected the ubiquitin editing-
enzyme A20 and activator protein 1. On the other hand,
Bengtsson et al. (92) in 2017 showed that low concentrations
of bacteriocin PLNC8 af have a potent antimicrobial action on
P. gingivalis and stimulate cell proliferation. Thus, PLNC8 af
antagonizes the pathogenic activity of P. gingivalis in cell culture
model, prevents cytotoxicity mediated by this bacteria, increases
the expression of proteins associated with the cytoskeleton
rearrangement, increases the vesicle transport and restores the
levels of inflammatory mediators.

Recently, the outcome of hPDLCs exposure to hydrogen
peroxide (H,0,) was studied (93). The authors demonstrated
that 400 and 500 M concentration of H,O,; decreases
Periodontal Ligament Stem Cells (PDLSCs) viability in 40% to
50% with the, respectively, with a downregulation of Pellino-1
mRNA. The Pellino proteins family are a defining feature of the
RING class of E3 ubiquitin ligase. Further, in this study the author
found that overexpression of Pellino-1 inhibited H,O;-induced
cellular apoptosis through the activation of the NF-kB signaling
pathway. Therefore, Pellino-1 might be relevant for cell survival
in the presence of oxidative elements (93).

Proteasome Inhibitors in the Treatment of
Periodontal Disease

A number of drugs that target the proteasome have been
developed in the past decades. Presently, only Bortezomib (BTZ)
has been investigated within a potential application in the
diseased periodontium. BTZ was the first proteasome inhibitor
approved by the US Food and Drugs Administration for anti-
multiple myeloma (94). Ever since proteasome inhibitors have
been mainly used in the management of patients with multiple
myeloma and mantle-cell lymphoma (95), and emerged a
potential therapeutic in the treatment of periodontitis (Figure 2).

Despite its anti-tumoral effects, BTZ has been shown to
ameliorate the inflammatory milieu and to regulate bone
remodeling pathways (96, 97). Under this rationale, Kitagaki
et al. (98) tested whether BTZ could induce the differentiation

of hPDLCs into hard-tissue-forming cells. This study was the
first to demonstrate a cytodifferentiation and mineralization
roles of BTZ on hPDLCs, by enhancing the accumulation of
B-catenin (inside the cytosol and the nucleus) and increasing
the expression of Bmp-2,—4 and—6 mRNAs (98). A subsequent
study from the same group found that safe concentrations
of BTZ (between 0.25 and 1nM) inhibited proinflammatory
cytokines releasing in LPS-stimulated hPDLCs via NF-kB,
p38/extracellular- signal-regulated kinase (ERK5), and mitogen-
activated protein kinase (MAPK)/activator protein-1 (AP-1)
pathways (99). Also, this experiment showed that BTZ was
able to suppress the expression of TNF-a, IL-1f, IL-6, and IL-
8, reduced the ratio of RANKL/OPG, and prevented alveolar
bone absorption in a lipopolysaccharide and ligature-induced
periodontitis rat model (99).

Also, Kim et al. (100) showed that BTZ directly inhibited the
receptor activator NF-kB ligand (RANKL)- and LPS-dependent
osteoclast differentiation in a mouse model of periodontitis. BTZ
showed to prevent alveolar bone erosion induced by P. gingivalis-
LPS (100). These results corroborated the primary results on the
novel applications of BTZ beyond its use as an antimyeloma
agent. Nevertheless, BTZ presents noteworthy adverse effects,
namely fatigue, nausea, diarrhea, thrombocytopenia, peripheral
edema and dyspnea (101, 102). Therefore, although some
evidence has been describing BTZ as a possible therapy, further
studies are imperative to weigh the advantage and disadvantage
of prescribing this drug in the Periodontal Medicine setting.

Very recently, the potential of nanosized Alumina (Al)
particles and low doses of BTZ were investigated for treating
titanium particle-induced inflammatory reaction in human
osteosarcoma cells and in mouse calvarial osteolysis model (103).
This study concluded that Al particles and BTZ attenuated
the expression of inflammatory cytokines (such as IL-1f, IL-
6, TNF-a).

DISCUSSION AND FUTURE TRENDS IN
PERIODONTAL RESEARCH

The understanding of the UPS has escalated for the past decades
(9-15). Interestingly, periodontal diseases have been consistently
linked to these conditions both in associative and mechanistic
relationships (46-48, 50, 54, 104, 105). Ergo, we anticipate
that the number of pre-clinical and clinical studies reporting
the association of periodontal disease with these diseases
through UPS will increase. It is never too much to stress the
importance of bioinformatics in the study of these associations
since strategies like protein-protein analysis, arrays studies, and
other methodologies might strength possible biological routes
of communication.

The way in which periodontal disease can interfere
with systemic diseases has been based on the existence of
chronic subclinical inflammation, bacterial dispersion in
the bloodstream and metabolic influence. However, the
confirmation of a systemic interference path through the
UPS can open an unprecedented area of investigation in
Periodontal Medicine.
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FIGURE 2 | Proteasome Inhibitors in the treatment of Periodontal disease. The diagram depicts the plausible biological mechanisms unveiled in mice (upper) and

human cell lineages (lower).

Henceforth, it will not be surprising to the
first randomized clinical trials taking place the
coming years, namely the use of BTZ as an adjunct

see
in

in non-surgical and periodontal surgical treatment.
Additionally, it is expected the discovery of novel
ubiquitin-regulatory =~ enzymes, factors and  pathways
that will support the development of new selective

therapeutic compounds.

CONCLUSIONS

The UPS might be involved in the regulation of physiological
and pathophysiological processes in periodontium. Despite
increasing knowledge regarding the process of the highly
complex UPS in periodontal disease, the unknown by far exceeds
the currently known. Nevertheless, the recent advancements on
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