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Oxidative stress is involved in the pathogenesis of a variety of inflammatory disorders.

Apical periodontitis (AP) usually results in the formation of an osteolytic apical lesion

(AL) caused by the immune response to endodontic infection. Reactive oxygen species

(ROS) produced by phagocytic cells in response to bacterial challenge represent an

important host defense mechanism, but disturbed redox balance results in tissue injury.

This mini review focuses on the role of oxidative stress in the local and associated

systemic events in chronic apical periodontitis. During endodontic infection, ligation

of Toll-like receptors (TLRs) on phagocytes’ surface triggers activation, phagocytosis,

synthesis of ROS, activation of humoral and cellular responses, and production of

inflammatory mediators, such as, cytokines and matrix metalloproteinases (MMPs). The

increment in ROS perturbs the normal redox balance and shifts cells into a state of

oxidative stress. ROS induce molecular damage and disturbed redox signaling, that

result in the loss of bone homeostasis, increased pro-inflammatory mediators, and MMP

overexpression and activation, leading to apical tissue breakdown. On the other hand,

oxidative stress has been strongly involved in the pathogenesis of atherosclerosis, where

a chronic inflammatory process develops in the arterial wall. Chronic AP is associated

with an increased risk of cardiovascular diseases (CVD) and especially atherogenesis.

The potential mechanisms linking these diseases are also discussed.
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INTRODUCTION

Prevalent chronic inflammatory diseases that affect periodontal tissues include apical periodontitis
(AP) and chronic marginal periodontitis (CP) (Gamonal et al., 2010; Graves et al., 2011). Both
share similar etiological factors and pathogenesis—often Gram-negative anaerobic bacteria—
and elicitation of a chronic immune-inflammatory host response. AP is initiated by endodontic
infection and CP, by subgingival microbiota, both leading to periodontal tissue breakdown (Cotti
et al., 2011a). In this review, we will focus on the role of oxidative stress in the local and associated
systemic events in chronic apical periodontitis.
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Apical periodontitis usually results from pulpal infection
caused by anaerobic bacteria inside the root canal of the teeth
where they organize in biofilms. The endodontic offenders
and their products trigger the immune-inflammatory response.
The host attempts to localize the infection and prevent
further dissemination at the expense of apical periodontal
tissue breakdown, involving periodontal ligament, radicular
cementum, and alveolar bone. During the chronic phase a bone
resorptive lesion results evident as an apical radiolucent area
in a radiograph. Histologically, apical lesions (AL) consist of
granulation tissue (apical granuloma) which can progress to
form a radicular cyst, a pathological cavity lined by squamous
epithelium. Both lesions seem to represent different stages from
the same process (Nair, 2004).

Generation of reactive oxygen species (ROS) is an integral
feature of normal cellular metabolism and takes part in cell
signaling and metabolic processes, affecting cellular functions,
which include gene expression, proliferation, cell death,
migration, and inflammation (Xiang and Fan, 2010). Various
ROS-producing catalytic pathways mediated by enzymes are
differentially localized inside the cells, including NO synthases
(NOS), enzymes of the respiratory chain, cytochrome P450
monoxygenases, xanthine oxidase, and NADPH oxidase
(Shackelford et al., 2000). ROS include oxygen-derived free
radicals and non-radicals. The former correspond to species
that contain one or more unpaired electrons and are generally
reactive with other species. They classically include superoxide
(O −

2 ) and hydroxyl anion (•OH). Non-radical species are
oxidizing agents or are easily converted into radicals, or both,
such as, hydrogen peroxide (H2O2), among others (Chapple,
1997; Trivedi and Lal, 2017). Additionally, other reactive species
derived from nitrogen and chlorine can be of importance in
disease, such as, nitric oxide (NO•) and hypochlorous acid
(HOCl), among others (Biswas, 2016).

Antioxidants antagonize the effects of free radicals, and can
be defined as “those substances which when present at low
concentrations, compared to those of an oxidizable substrate,
will significantly delay or inhibit oxidation of that substrate”
(Halliwell and Gutteridge, 2015). Antioxidant mechanisms
involve both, enzymatic and non-enzymatic reactions. Primary
enzymes are superoxide dismutase (SOD), catalase (CAT),
and thiol-dependent peroxidases, namely glutathione peroxidase
(GSH-PX) and peroxiredoxins. In general, non-enzymatic
antioxidants include either metabolic antioxidants, such as, thiol
antioxidants, coenzymeQ10, uric acid, or bilirubin; or substances
obtained exogenously from nutrients, which include both water
and fat-soluble vitamins, polyphenolic compounds, and trace
elements (carotenoids, ascorbic acid, tocopherols, polyphenols,
folic acid, and cysteine) (Chapple and Matthews, 2007; Carocho
and Ferreira, 2013; Flohe, 2016).

In general terms, ROS and antioxidant mechanisms interact
in balance to maintain normal physiologic processes. Oxidative
stress is “a disturbance in the pro-oxidant-antioxidant balance
in favor of the former, leading to a disruption of redox signaling
and/or molecular damage” (Halliwell and Whiteman, 2004).
Oxidative stress induces local periapical tissue injury and also
contributes to systemic diseases, including atherosclerosis,

arthritis, and cancer (Akalin et al., 2007, 2008). Current
epidemiologic evidence sustains that AL associate with
increased risk of cardiovascular diseases (CVD) and especially
atherogenesis in young adults, but the mechanisms are yet
unclear (Paraskevas et al., 2008).

LOCAL EFFECTS OF OXIDATIVE STRESS
IN APICAL PERIODONTITIS

During endodontic infection, ligation of Toll-like receptors
(TLRs) on phagocytes’ surface by bacterial motifs or dying
cells (Chapple, 1997) triggers activation, phagocytosis, synthesis
of ROS, activation of humoral and cellular responses, and
production of inflammatory mediators, such as, cytokines and
matrix metalloproteinases (MMPs) (Dezerega et al., 2012; Sima
and Glogauer, 2013; Holden et al., 2014). ROS constitute an
important host defense mechanism against invading pathogens.
Hence, the combination of bacterial phagocytosis and secretion
of proteolytic enzymes and immuno-modulatory compounds
that assist in the killing and digestion of bacteria is accompanied
by the “respiratory burst.” The sudden increase in non-
mitochondrial oxidative metabolism, results in the generation of
superoxide radicals and a battery of other ROS, via the NADPH-
oxidase complex (Babior, 1984). However, oxidants can also
cause tissue injury through DNA and protein damage, involving
enzymes and matrix constituents, lipid peroxidation, induction
of pro-inflammatory cytokines, and hydrolytic enzymes, such
as, MMPs, as well as inactivation of protease inhibitors
(Chapple, 1997; Graves et al., 2011). Additionally, H2O2

overproduced extracellularly, can even pass through biologic
membranes freely and act as intracellular second messengers,
activating a variety of signal transduction pathways (Lamster
and Novak, 1992; Mody et al., 2001; Canakci et al., 2005,
2006).

Given the close relation between inflammation and oxidative
stress the role of ROS and antioxidant systems in the
pathogenesis of periodontal tissue injury has regained attention
in the last years. Malondialdehyde (MDA), a product of
polyunsaturated fatty acid peroxidation, was reported to be
significantly elevated and GSH-PX activity reduced in periapical
granulomas compared to healthy gingival tissue, reflecting an
oxidative imbalance (Marton et al., 1993). PMN obtained from
apical granulomas showed increased production of hydrogen
peroxide and superoxide anion, which tended to normalize after
surgical treatment (Minczykowski et al., 2001). The imbalance
between the generation and elimination of ROS in periapical
lesions can also be assessed by the total oxidant status (TOS)
and total antioxidant status (TAS) (Brock et al., 2004; Erel,
2005). In fact, TOS was reported to be significantly higher in
ALs than in healthy periodontal ligament controls. Analysis
of oral gingival crevicular fluid showed reduced TAS levels in
asymptomatic AP teeth and were restored to normal levels after
endodontic treatment (Dezerega et al., 2012). These reports
evidence the existence of local oxidative stress in ALs, either
at the expense of ROS increments and/or reduced antioxidant
defense.
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Bone homeostasis results from the balance between bone
formation by osteoblasts and bone resorption by osteoclasts
(Hofbauer and Heufelder, 2001; Crotti et al., 2003; Vernal et al.,
2004; Hernandez et al., 2006; Kawai et al., 2006; Nagasawa et al.,
2007; Gaffen and Hajishengallis, 2008; Ohyama et al., 2009).
ROS suppress alveolar bone formation, by inhibiting osteoblastic
differentiation and stimulate osteoclastogenesis (Mody et al.,
2001; Jakovljevic et al., 2016). Direct exposure of periodontal
ligament fibroblasts to hydrogen peroxide arrests cell viability,
proliferation, and osteoblast differentiation. These effects seem to
be mediated by the Wnt/β-catenin signaling and NFrf2 pathways
(Kook et al., 2016). In contrast, osteoblastic differentiation
accompanied by the induction of the transcription factors
osterix and Runx2, was stimulated by continuous and low
concentrations of hydrogen peroxide, whereas these effects were
inhibited by CAT (Choe et al., 2012). These results suggest a
dose-dependent dual role of ROS, and particularly of hydrogen
peroxide, in bone formation.

Receptor activator of nuclear factor-kappa B ligand (RANKL)
stimulates the differentiation, maturation, and survival of cells
into osteoclasts from their monocyte-macrophage precursors,
leading to bone loss. It has been established that RANKL is
involved in ROS-mediated osteoclastogenesis. Superoxide and
hydrogen peroxide-induced RANKL over expression with the
participation of extracellular signal-regulated kinases (ERK) and
nuclear factor erythroid-derived 2-related factor (Erf-2), among
others, have been demonstrated in different human and mouse
osteoblastic cell lines (Bai et al., 2005; Kanzaki et al., 2014).
Experimentally-induced ALs in phagocyte oxidase (PHOX)—
null mice resulted in the lack of identifiable tartrate resistant
acid phosphatase (TRAP)—positive osteoclasts in ALs and
healthy periodontal tissues, in contrast to wild type controls.
Conversely, the same study demonstrated that inducible (i)
NOS knockout mice overexpressed interleukin (IL)-β, tumor
necrosis factor (TNF)-α, and RANKL and more severe ALs
compared to PHOX null and wild-type mice (Silva et al., 2011).
Similarly, targeting of p67phox or p22phox NADPH oxidase
subunits through small interference RNA down regulated ROS
generation and suppressed RANKL-stimulated differentiation of
TRAP-positive cells in RAW264.7 cell lines (Sasaki et al., 2009).
Altogether, these findings support that ROS might contribute
to the development and/or progression of ALs by stimulating
RANKL-mediated osteoclast differentiation and alveolar bone
resorption, whereas iNOS seems to play a bone protective
role.

Oxidative non-proteolyticMMP activation seems to be pivotal
in periodontal inflammation. ROS are able to induce the
activation of the keyMMPs in periodontal tissues, such as, MMP-
8 and MMP-9, through direct enzyme oxidation (Saari et al.,
1990), although indirect mechanisms involving intracellular
signaling cannot be precluded. MMP-8 and MMP-9 are both
promising periodontal and apical disease biomarkers (Baeza
et al., 2016), which cooperatively hydrolyze type I collagen, a key
step in periodontal supporting tissue loss (Hernandez Rios et al.,
2009; Hernandez et al., 2010). PMN-derived myeloperoxidase
(MPO) catalyzes HOCl release and besides its antimicrobial
effects, it has been reported to oxidatively activate latent

proMMP-8 and -9 in vitro (Saari et al., 1990), and inactivate
tissue inhibitor of metalloproteinase (TIMP)-1 (Wei et al.,
2004; Hernandez et al., 2010; Marcaccini et al., 2010). Ex
vivo studies suggest that oxidative activation of MMP-8 and
MMP-9 represents the dominant mechanism in destructive
periodontal lesions (Hernandez et al., 2010; Marcaccini et al.,
2010). Additionally, our group demonstrated increased oxidative
stress along with higher MMP-9 levels and activity in ALs
(Dezerega et al., 2012) and gingival crevicular fluid (Belmar et al.,
2008) from chronic AP teeth vs. healthy controls. Furthermore, a
strong positive correlation was found between TOS, proMMP-
9, and active MMP-9, suggesting that ROS might also be
involved in MMP-9 synthesis and activation during progression
of AP.

Experimental studies demonstrate that ROS-signaling is able
to induce and/or activate MMPs and inflammatory mediators,
particularly in periodontal tissues. MMP-2 and MMP-9 were
activated by ROS in different cell systems (Yoon et al., 2002;
Mori et al., 2004; Binker et al., 2011), including periodontal
ligament fibroblasts exposed to non-toxic low concentrations
of hydrogen peroxide (Cavalla et al., 2015; Osorio et al.,
2015). In the same model, stromal-derived factor (SDF)-
1/CXCL-12, IL-6, and vascular endothelial growth factor (VEGF)
levels were enhanced by peroxide stimulation, effect that was
modulated by MMPs (Cavalla et al., 2015). IL-1β and ROS were
induced in Aggregatibacter (A.) actinomycetencomitans-infected
RAW264 macrophages, whereas N-Acetyl-cysteine, a thiol-based
antioxidant, prevented IL-1β production (Okinaga et al., 2015).
Similarly, peroxide was also able to induce MAPK-mediated
secretion of IL-8 in periodontal ligament fibroblasts, which was
abolished in presence of high concentrations that associated to
cell cytotoxicity (Lee et al., 2008). These results support that
non-lethal concentrations of ROS enhance pro-inflammatory
mediators and extracellular matrix enzymes contributing to
destructive amplification loops in the apical tissues, leading to the
development of an AL.

Periodontal ligament fibroblasts are key cells for periodontal
soft and hard tissue homeostasis. Whereas concentrations
higher than 10µM of hydrogen peroxide are toxic for primary
cultures of human periodontal ligament fibroblasts, lower
concentrations (≤5µM) maintain cell viability, and morphology
(Osorio et al., 2015), triggering CAT and SOD1 and two
enzymatic anti-oxidant defense (Choe et al., 2012; Cavalla
et al., 2015). Concomitantly, low concentrations of ROS can
modify signal transduction pathways through the presence
of redox-sensitive cysteines. It has been well established that
NFκB transcription factor, among others, is redox sensitive
(Yoon et al., 2002; Bai et al., 2005; Osorio et al., 2015).
Accordingly, low peroxide stimulation in periodontal ligament
fibroblasts induced intracellular calcium release along with NFκB
activation. Moreover, NFκB activation was partly dependent
on peroxide-induced calcium signals (Osorio et al., 2015).
Overall, ROS can induce a plethora of signaling pathways
and effects, depending on the cell target, concentration, and
exposure patterns (Choe et al., 2012). The ROS-mediated
mechanisms in apical tissue breakdown are summarized in
Figure 1.
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FIGURE 1 | ROS-mediated mechanisms in apical tissue breakdown. ROS

induce apical tissue breakdown by causing molecular damage or disrupted

cell signaling. Besides structural damage of cell and/or extracellular matrix

components (DNA, protein, and lipids), the former mechanisms include the

oxidative modification of matrix-degrading enzymes, such as, matrix

metalloproteinase (MMP) and inhibition of their tissue inhibitors (TIMPs). Among

the later mechanisms, ROS inhibit osteoblast differentiation, stimulate receptor

activator nuclear factor κB (RANKL)-mediated osteoclast differentiation and

activation, MMP expression and activity, and pro inflammatory response.

OBLs, Osteoblats; LTs, lymphocytes; PMN, polymorphonuclear leukocytes;

Mφ, macrophages; OCls, osteoclasts; PLs, plasma cells.

OXIDATIVE STRESS IN AP-ASSOCIATED
ATHEROGENESIS

The association between apical periodontitis and systemic
diseases has regained the attention of researchers during the last
years. Evidence sustains an epidemiologic link between chronic
AP and CVD, such as, atherosclerosis (Petersen et al., 2014),
coronary artery disease (Pasqualini et al., 2012; Liljestrand et al.,
2016), and endothelial dysfunction (Cotti et al., 2011b) in an
analogous fashion to marginal periodontal diseases, but the
mechanisms involved are still unclear.

Although most mechanistic evidence still comes from chronic
marginal periodontitis, few studies already support a role of
ROS in systemic complications associated with AP. Figure 2
shows an schematic representation linking oxidative stress,
and oral infections and cardiovascular diseases. In fact, a
hyper-reactive phagocyte phenotype characterized by higher
ROS production was found in PMN from peripheral blood
in chronic AP patients, in comparison to healthy controls,
whereas superoxide levels significantly decreased after surgical
removal of ALs (Minczykowski et al., 2001). A later study
reported that chronic AP patients had higher levels of

oxidants, measured as increased plasmatic reactive oxygen
metabolites, and lower antioxidant potential compared to
healthy individuals; while endodontic treatment tended to
restore the systemic oxidative balance (Inchingolo et al., 2014).
Accordingly, early endothelial dysfunction and overproduction
of asymmetrical dimethylarginine, the endogenous inhibitor of
NOS, were recently reported in serum from young women
with chronic AP, compared to healthy volunteers (Cotti et al.,
2011b).

Oxidative stress is strongly involved in the pathology of
atherosclerosis, where a chronic inflammatory process develops
in the arterial wall. In its early phases, the areas that
are susceptible for lesion formation display diffuse intimal
thickening that are sites for low density lipoprotein (LDL)
particle retention. The retention predisposes LDL to oxidative
modifications, especially during hyperlipidemia. On one hand,
enzymes that can mediate the oxidation of LDL include
lipoxygenase, MPO and peroxidase-like activity of hemoglobin
(Tsimikas and Miller, 2011). On the other hand, free radicals
that are generated in the presence of hydrogen peroxide, nitric
oxide, and superoxide mediate the non-enzymatic oxidation
of LDL (Tsimikas and Miller, 2011). Oxidized LDL (oxLDL)
plays an essential role in atherogenesis as it represents a
crucial pro-inflammatory stimulus and is recognized by various
arms of the immune system (Matsuura et al., 2014). OxLDL
is a ligand for cellular scavenger receptors, such as, CD36,
and binding leads to accelerated LDL uptake by the arterial
wall macrophages, foam cell formation, and generation of
ROS, producing the vicious circle. It may also interact with
the components of the complement cascade and C-reactive
protein (CRP) forming proatherogenic oxLDL/CRP complexes
(Miller et al., 2011). Oxidized structures also activate TLR
further promoting inflammation in the atherosclerotic lesions
(Miller et al., 2011). The signaling is essential for adaptive
immune system to activate dendritic cells and macrophages, and
subsequently T and B cells (Huang and Pope, 2010).

The concept of oxLDL refers to a wide range of reaction
products in the particle: fatty acids, lipids, and apolipoprotein
can be oxidized in various degrees (Jiang et al., 2011). OxLDL
is immunogenic and induces a pro-inflammatory autoimmune
response largely consisting of IgG1 and IgG3 subclasses in
humans (Saad et al., 2006). The formed immunocomplexes
promote phagocytosis by cells expressing Fcγ receptors (Schmidt
and Gessner, 2005). They are also recognized by natural
antibodies, mainly of IgM isotype, which are transcribed from
the germ-line genes and do not require prior exposure to
foreign antigens to be secreted (Baumgarth et al., 2005). They
bind to oxidatively modified structures due to their specificity
against highly conserved structures that are present on pathogen
surfaces or endogenously generated by oxidative reactions.
Collectively these structures are termed as pathogen-associated
molecular patterns (PAMP) (Medzhitov and Janeway, 1997)
and danger-associated molecular patterns (DAMP) (Matzinger,
2002), respectively.

Porphyromonas (P.) species, such as, Porphyromonas
endodontalis and Porphyromonas gingivalis, are among the most
commonly identified taxa in AP (Rocas and Siqueira, 2008,
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2010; Siqueira et al., 2008; Ozbek and Ozbek, 2010). Sequence
similarity or structural resemblance between self and non-self
antigens leads to immune response called molecular mimicry
(Cusick et al., 2012). This is also considered as a potential
mechanism behind the association of periodontitis and CVD
(Schenkein and Loos, 2013). Similar or closely related, conserved
molecules among the self-antigens can be found in bacteria
leading to production of autoantibodies (Leishman et al., 2012).
Such antibodies described in periodontitis patients include
anti-phosphorylcholine (Schenkein et al., 1999), anti-oxLDL
(Monteiro et al., 2009), and anti-cardiolipin (Schenkein et al.,
2003), suggesting that common epitopes between host and
periodontal bacteria are diverse. Evidence supporting this was
found recently, when natural IgM, specific for an oxLDL epitope
on MDA-modified LDL (MDA-LDL) was shown to recognize
antigens on P. gingivalis (Turunen et al., 2012). The epitope
was identified as gingipain, one of the most important virulence
factor and protease of the bacterium. To directly link this
observation with atherosclerosis, immunization of mice with
MDA-LDL was shown to reduce the aortic lipid deposition area
after P. gingivalis challenge (Turunen et al., 2015).

In addition to oxLDL, other major molecules giving rise
to molecular mimicry are members of the heat-shock protein
(Hsp) families. Hsp are highly conserved stress molecules present
both in humans and bacteria. The antibody response to them is
implicated in atherosclerosis (Pockley et al., 2009) and marginal
periodontitis (Sims et al., 2002; Buhlin et al., 2009). A natural
IgM antibody binding to MDA-LDL but cross-reacting with
Aggregatibacter actinomycetemcomitansHSP60 has recently been
cloned and characterized (Wang et al., 2016), and P. gingivalis
antibody levels were lately shown to correlate with each other and
persist despite clinically successful periodontal treatment (Buhlin
et al., 2015). After taking into account age, sex, smoking, and
number of teeth,A. actinomycetemcomitans and P. gingivalis IgG,
Hsp65-IgA, oxLDL-IgG, and -IgM antibody levels were directly
associated, whereas Hsp60-IgG2 antibody levels were inversely
associated with periodontitis. A recent study from our group also
demonstrated an association between ALs, P. endodontalis and
serum IgG-class antibodies against it. Importantly, a significant

association between AL and risk of coronary artery disease was
reported. The association was especially strong in subjects with
untreated teeth with AL (Liljestrand et al., 2016). The role of P.
endodontalis in atherogenesis is also supported experimentally,
since it can directly invade endothelial and smooth muscle cells
from human coronary artery and induce MMP expression in
vitro (Dorn et al., 2002). Altogether, the immune responses
in both chronic marginal periodontitis and AP are complex,
including both disease- and health-associated antibodies.

Regarding antioxidants, there are only few studies available
on the role of vitamin C in chronic periodontitis, since the
lack of this vitamin is a rare condition in humans nowadays.
In most populations presenting avitaminosis, the nutritional
status is seasonal or other more serious nutritional problems are
present. However, subclinical vitamin C deficiency is common in
older individuals as the uptake declines with age (Michels et al.,
2003). There is some evidence that vitamin C-deficient subjects
have increased risk of periodontal diseases (Alagl and Bhat,
2015). The explanations include changes in the bone metabolism,
lack of defense against oxidative stress, and susceptibility to
quantitative and qualitative changes in the oral biofilm. In a
study comprising two populations with different plasma vitamin
C concentrations, systemic antibody levels against P. gingivalis
showed an inverse correlation with the vitamin levels (Pussinen
et al., 2003). Experimental models have indicated that vitamin
E may have beneficial effects on periodontitis decreasing local
inflammation and preventing alveolar bone loss (Zong et al.,
2015). Human studies are scarce, but in the large NHANES
study a nonlinear inverse association was found between serum
α-tocopherol and severity of periodontitis in participants with
relatively low vitamin levels. This suggests that normal α-
tocopherol levels are needed for periodontal health but higher
doses may not benefit further (Zong et al., 2015). Besides the risk
of having periodontitis, the antioxidant status may have an effect
on the treatment outcome. In a recent systemic review, it was
concluded that use of some antioxidants may have the potential
to improve periodontal healing, but only studies using lycopene
and vitamin E demonstrated significant improvement compared
to controls (Muniz et al., 2015).

FIGURE 2 | Oxidative stress links oral infections and cardiovascular diseases. On one hand, oral infections and cardiovascular diseases share a number of risk

factors. On the other hand, oral infections may contribute to the development of several cardiovascular risk factors. The processes that mediate the association

between the two disease categories and involve oxidative stress are inflammation, redox disturbances, and autoimmunity. Categorically antioxidants, acquired either

endogenous or supplemented, decrease oxidative stress.
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In summary, oxidative stress plays a central role in the
pathogenesis of AP. Although ROS represent an important host
defense mechanism against endodontic bacterial challenge and
modulate cell signaling, oxidant imbalance contributes locally to
the formation and progression of AL, through direct molecular
damage and redox-signaling. Altogether, these mechanisms
result in impaired bone homeostasis, pro-inflammatory response,
and the synthesis and activation of MMPs. Additionally, there is
initial mechanistic evidence linking systemic oxidative stress and
atherosclerosis during AP. Further studies are needed to unravel
the complex effects of ROS in apical tissue breakdown and their
associated systemic diseases, as well as the potential contributions
of adjuvant antioxidant therapies.

AUTHOR CONTRIBUTIONS

All authors contributed to all the manuscript topics and revision.
RV and PH worked specially in the local effects of ROS and
developed the Figure 1. PP specially developed the topic of
atherogenesis and Figure 2. The corresponding author wrote part
of both topics, participated in design of the figures and edited the
manuscript.

FUNDING

Fondo Nacional de Desarrollo Científico y Tecnológico
(FONDECYT) 1160741, 1120138, and 1090461

REFERENCES

Akalin, F. A., Baltacioglu, E., Alver, A., and Karabulut, E. (2007). Lipid

peroxidation levels and total oxidant status in serum, saliva and gingival

crevicular fluid in patients with chronic periodontitis. J. Clin. Periodontol. 34,

558–565. doi: 10.1111/j.1600-051X.2007.01091.x

Akalin, F. A., Isiksal, E., Baltacioglu, E., Renda, N., and Karabulut, E.

(2008). Superoxide dismutase activity in gingiva in type-2 diabetes

mellitus patients with chronic periodontitis. Arch. Oral Biol. 53, 44–52.

doi: 10.1016/j.archoralbio.2007.07.009

Alagl, A. S., and Bhat, S. G. (2015). Ascorbic acid: new role of an age-old

micronutrient in the management of periodontal disease in older adults.

Geriatr. Gerontol. Int. 15, 241–254. doi: 10.1111/ggi.12408

Babior, B. M. (1984). Oxidants from phagocytes: agents of defense and destruction.

Blood 64, 959–966.

Baeza, M., Garrido, M., Hernandez-Rios, P., Dezerega, A., Garcia-Sesnich,

J., Strauss, F., et al. (2016). Diagnostic accuracy for Apical and Chronic

periodontitis biomarkers in gingival crevicular fluid: an exploratory study. J.

Clin. Periodontol. 43, 34–45 doi: 10.1111/jcpe.12479

Bai, X. C., Lu, D., Liu, A. L., Zhang, Z.M., Li, X.M., Zou, Z. P., et al. (2005). Reactive

oxygen species stimulates receptor activator of NF-kappaB ligand expression in

osteoblast. J. Biol. Chem. 280, 17497–17506. doi: 10.1074/jbc.M409332200

Baumgarth, N., Tung, J. W., and Herzenberg, L. A. (2005). Inherent specificities

in natural antibodies: a key to immune defense against pathogen invasion.

Springer Semin. Immunopathol. 26, 347–362. doi: 10.1007/s00281-004-0182-2

Belmar, M. J., Pabst, C., Martinez, B., and Hernandez, M. (2008). Gelatinolytic

activity in gingival crevicular fluid from teeth with periapical lesions.

Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 105, 801–806.

doi: 10.1016/j.tripleo.2007.12.002

Binker, M. G., Binker-Cosen, A. A., Gaisano, H. Y., de Cosen, R. H., and Cosen-

Binker, L. I. (2011). TGF-β1 increases invasiveness of SW1990 cells through

Rac1/ROS/NF-kappaB/IL-6/MMP-2. Biochem. Biophys. Res. Commun. 405,

140–145. doi: 10.1016/j.bbrc.2011.01.023

Biswas, S. K. (2016). Does the interdependence between oxidative stress and

inflammation explain the antioxidant paradox? Oxid. Med. Cell Longev.

2016:5698931. doi: 10.1155/2016/5698931

Brock, G. R., Butterworth, C. J., Matthews, J. B., and Chapple, I. L. (2004). Local

and systemic total antioxidant capacity in periodontitis and health. J. Clin.

Periodontol. 31, 515–521. doi: 10.1111/j.1600-051X.2004.00509.x

Buhlin, K., Hultin, M., Norderyd, O., Persson, L., Pockley, A. G., Pussinen,

P. J., et al. (2009). Periodontal treatment influences risk markers for

atherosclerosis in patients with severe periodontitis. Atherosclerosis 206,

518–522. doi: 10.1016/j.atherosclerosis.2009.03.035

Buhlin, K., Holmer, J., Gustafsson, A., Horkko, S., Pockley, A. G., Johansson,

A., et al. (2015). Association of periodontitis with persistent, pro-atherogenic

antibody responses. J. Clin. Periodontol. 42, 1006–1014. doi: 10.1111/jcpe.

12456

Canakci, C. F., Tatar, A., Canakci, V., Cicek, Y., Oztas, S., and Orbak, R. (2006).

New evidence of premature oxidative DNA damage: mitochondrial DNA

deletion in gingival tissue of patients with periodontitis. J. Periodontol. 77,

1894–1900. doi: 10.1902/jop.2006.060108

Canakci, C. F., Cicek, Y., and Canakci, V. (2005). Reactive oxygen species

and human inflammatory periodontal diseases. Biochemistry 70, 619–628.

doi: 10.1007/s10541-005-0161-9

Carocho, M., and Ferreira, I. C. (2013). A review on antioxidants, prooxidants

and related controversy: natural and synthetic compounds, screening and

analysis methodologies and future perspectives. Food Chem. Toxicol. 51, 15–25.

doi: 10.1016/j.fct.2012.09.021

Cavalla, F., Osorio, C., Paredes, R., Valenzuela, M. A., Garcia-Sesnich, J.,

Sorsa, T., et al. (2015). Matrix metalloproteinases regulate extracellular

levels of SDF-1/CXCL12, IL-6 and VEGF in hydrogen peroxide-

stimulated human periodontal ligament fibroblasts. Cytokine 73, 114–121.

doi: 10.1016/j.cyto.2015.02.001

Chapple, I. L., and Matthews, J. B. (2007). The role of reactive oxygen and

antioxidant species in periodontal tissue destruction. Periodontol 2000 43,

160–232. doi: 10.1111/j.1600-0757.2006.00178.x

Chapple, I. L. (1997). Reactive oxygen species and antioxidants

in inflammatory diseases. J. Clin. Periodontol. 24, 287–296.

doi: 10.1111/j.1600-051X.1997.tb00760.x

Choe, Y., Yu, J. Y., Son, Y. O., Park, S. M., Kim, J. G., Shi, X., et al. (2012).

Continuously generated H2O2 stimulates the proliferation and osteoblastic

differentiation of human periodontal ligament fibroblasts. J. Cell Biochem. 113,

1426–1436. doi: 10.1002/jcb.24017

Cotti, E., Dessi, C., Piras, A., and Mercuro, G. (2011a). Can a chronic dental

infection be considered a cause of cardiovascular disease? A review of the

literature. Int. J. Cardiol. 148, 4–10. doi: 10.1016/j.ijcard.2010.08.011

Cotti, E., Dessi, C., Piras, A., Flore, G., Deidda, M., Madeddu, C., et al. (2011b).

Association of endodontic infection with detection of an initial lesion to the

cardiovascular system. J. Endod. 37, 1624–1629. doi: 10.1016/j.joen.2011.09.006

Crotti, T., Smith, M. D., Hirsch, R., Soukoulis, S., Weedon, H., Capone, M., et al.

(2003). Receptor activator NF kappaB ligand (RANKL) and osteoprotegerin

(OPG) protein expression in periodontitis. J. Periodontal. Res. 38, 380–387.

doi: 10.1034/j.1600-0765.2003.00615.x

Cusick, M. F., Libbey, J. E., and Fujinami, R. S. (2012). Molecular mimicry as a

mechanism of autoimmune disease. Clin. Rev. Allergy Immunol. 42, 102–111.

doi: 10.1007/s12016-011-8294-7

Dezerega, A., Madrid, S., Mundi, V., Valenzuela, M. A., Garrido, M., Paredes,

R., et al. (2012). Pro-oxidant status and matrix metalloproteinases in apical

lesions and gingival crevicular fluid as potential biomarkers for asymptomatic

apical periodontitis and endodontic treatment response. J. Inflamm. 9:8.

doi: 10.1186/1476-9255-9-8

Dorn, B. R., Harris, L. J., Wujick, C. T., Vertucci, F. J., and Progulske-Fox, A.

(2002). Invasion of vascular cells in vitro by Porphyromonas endodontalis. Int.

Endod. J. 35, 366–371. doi: 10.1046/j.0143-2885.2001.00489.x

Erel, O. (2005). A new automated colorimetric method for measuring total oxidant

status. Clin. Biochem. 38, 1103–1111. doi: 10.1016/j.clinbiochem.2005.08.008

Flohe, L. (2016). The impact of thiol peroxidases on redox regulation. Free Radic.

Res. 50, 126–142. doi: 10.3109/10715762.2015.1046858

Frontiers in Physiology | www.frontiersin.org 6 November 2017 | Volume 8 | Article 869

https://doi.org/10.1111/j.1600-051X.2007.01091.x
https://doi.org/10.1016/j.archoralbio.2007.07.009
https://doi.org/10.1111/ggi.12408
https://doi.org/10.1111/jcpe.12479
https://doi.org/10.1074/jbc.M409332200
https://doi.org/10.1007/s00281-004-0182-2
https://doi.org/10.1016/j.tripleo.2007.12.002
https://doi.org/10.1016/j.bbrc.2011.01.023
https://doi.org/10.1155/2016/5698931
https://doi.org/10.1111/j.1600-051X.2004.00509.x
https://doi.org/10.1016/j.atherosclerosis.2009.03.035
https://doi.org/10.1111/jcpe.12456
https://doi.org/10.1902/jop.2006.060108
https://doi.org/10.1007/s10541-005-0161-9
https://doi.org/10.1016/j.fct.2012.09.021
https://doi.org/10.1016/j.cyto.2015.02.001
https://doi.org/10.1111/j.1600-0757.2006.00178.x
https://doi.org/10.1111/j.1600-051X.1997.tb00760.x
https://doi.org/10.1002/jcb.24017
https://doi.org/10.1016/j.ijcard.2010.08.011
https://doi.org/10.1016/j.joen.2011.09.006
https://doi.org/10.1034/j.1600-0765.2003.00615.x
https://doi.org/10.1007/s12016-011-8294-7
https://doi.org/10.1186/1476-9255-9-8
https://doi.org/10.1046/j.0143-2885.2001.00489.x
https://doi.org/10.1016/j.clinbiochem.2005.08.008
https://doi.org/10.3109/10715762.2015.1046858
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Hernández-Ríos et al. Oxidative Stress in Apical Periodontitis

Gaffen, S. L., and Hajishengallis, G. (2008). A new inflammatory cytokine

on the block: re-thinking periodontal disease and the Th1/Th2 paradigm

in the context of Th17 cells and IL-17. J. Dent. Res. 87, 817–828.

doi: 10.1177/154405910808700908

Gamonal, J., Mendoza, C., Espinoza, I., Munoz, A., Urzua, I., Aranda, W.,

et al. (2010). Clinical attachment loss in Chilean adult population: First

Chilean National Dental Examination Survey. J. Periodontol. 81, 1403–1410.

doi: 10.1902/jop.2010.100148

Graves, D. T., Oates, T., and Garlet, G. P. (2011). Review of osteoimmunology

and the host response in endodontic and periodontal lesions. J Oral Microbiol.

3:5304. doi: 10.3402/jom.v3i0.5304

Halliwell, B., and Gutteridge, J. M. C. (eds.). (2015). Free Radicals

in Biology and Medicine, 5th Edn. (Oxford University Press).

doi: 10.1093/acprof:oso/9780198717478.001.0001

Halliwell, B., and Whiteman, M. (2004). Measuring reactive species and oxidative

damage in vivo and in cell culture: how should you do it and what do the results

mean? Br. J. Pharmacol. 142, 231–255. doi: 10.1038/sj.bjp.0705776

Hernandez, M., Valenzuela, M. A., Lopez-Otin, C., Alvarez, J., Lopez, J. M.,

Vernal, R., et al. (2006). Matrix metalloproteinase-13 is highly expressed

in destructive periodontal disease activity. J. Periodontol. 77, 1863–1870.

doi: 10.1902/jop.2006.050461

Hernandez, M., Gamonal, J., Tervahartiala, T., Mantyla, P., Rivera, O., Dezerega,

A., et al. (2010). Associations between matrix metalloproteinase-8 and−14 and

myeloperoxidase in gingival crevicular fluid from subjects with progressive

chronic periodontitis: a longitudinal study. J. Periodontol. 81, 1644–1652.

doi: 10.1902/jop.2010.100196

Hernandez Rios, M., Sorsa, T., Obregon, F., Tervahartiala, T., Valenzuela, M.

A., Pozo, P., et al. (2009). Proteolytic roles of matrix metalloproteinase

(MMP)-13 during progression of chronic periodontitis: initial evidence for

MMP-13/MMP-9 activation cascade. J. Clin. Periodontol. 36, 1011–1017.

doi: 10.1111/j.1600-051X.2009.01488.x

Hofbauer, L. C., and Heufelder, A. E. (2001). Role of receptor activator of nuclear

factor-kappaB ligand and osteoprotegerin in bone cell biology. J. Mol. Med. 79,

243–253. doi: 10.1007/s001090100226

Holden, J. A., Attard, T. J., Laughton, K. M., Mansell, A., O’Brien-

Simpson, N. M., and Reynolds, E. C. (2014). Porphyromonas gingivalis

lipopolysaccharide weakly activates M1 and M2 polarized mouse macrophages

but induces inflammatory cytokines. Infect. Immun. 82, 4190–4203.

doi: 10.1128/IAI.02325-14

Huang, Q., and Pope, R. M. (2010). Toll-like receptor signaling: a potential link

among rheumatoid arthritis, systemic lupus, and atherosclerosis. J. Leukoc. Biol.

88, 253–262. doi: 10.1189/jlb.0310126

Inchingolo, F., Marrelli, M., Annibali, S., Cristalli, M. P., Dipalma, G., Inchingolo,

A. D., et al. (2014). Influence of endodontic treatment on systemic oxidative

stress. Int. J. Med. Sci. 11, 1–6. doi: 10.7150/ijms.6663

Jakovljevic, A., Andric, M., Miletic, M., Beljic-Ivanovic, K., Knezevic, A.,

Mojsilovic, S., et al. (2016). Epstein-Barr virus infection induces bone

resorption in apical periodontitis via increased production of reactive oxygen

species.Med. Hypotheses 94, 40–42. doi: 10.1016/j.mehy.2016.06.020

Jiang, X., Yang, Z., Chandrakala, A. N., Pressley, D., and Parthasarathy, S.

(2011). Oxidized low density lipoproteins–do we know enough about them?

Cardiovasc. Drugs Ther. 25, 367–377. doi: 10.1007/s10557-011-6326-4

Kanzaki, H., Shinohara, F., Kajiya, M., Fukaya, S., Miyamoto, Y., and

Nakamura, Y. (2014). Nuclear Nrf2 induction by protein transduction

attenuates osteoclastogenesis. Free Radic. Biol. Med. 77, 239–248.

doi: 10.1016/j.freeradbiomed.2014.09.006

Kawai, T., Matsuyama, T., Hosokawa, Y., Makihira, S., Seki, M., Karimbux, N.

Y., et al. (2006). B and T lymphocytes are the primary sources of RANKL in

the bone resorptive lesion of periodontal disease. Am. J. Pathol. 169, 987–998.

doi: 10.2353/ajpath.2006.060180

Kook, S. H., Lee, D., Cho, E. S., Heo, J. S., Poudel, S. B., Ahn, Y. H.,

et al. (2016). Activation of canonical Wnt/β-catenin signaling inhibits H2O2-

induced decreases in proliferation and differentiation of human periodontal

ligament fibroblasts. Mol. Cell Biochem. 411, 83–94. doi: 10.1007/s11010-015-

2570-4

Lamster, I. B., and Novak, M. J. (1992). Host mediators in gingival crevicular fluid:

implications for the pathogenesis of periodontal disease. Crit. Rev. Oral Biol.

Med. 3, 31–60. doi: 10.1177/10454411920030010501

Lee, Y. S., Bak, E. J., Kim, M., Park, W., Seo, J. T., and Yoo, Y. J. (2008). Induction

of IL-8 in periodontal ligament cells by H(2)O (2). J. Microbiol. 46, 579–584.

doi: 10.1007/s12275-008-0182-3

Leishman, S. J., Ford, P. J., Do, H. L., Palmer, J. E., Heng, N. C., West, M. J., et al.

(2012). Periodontal pathogen load and increased antibody response to heat

shock protein 60 in patients with cardiovascular disease. J. Clin. Periodontol.

39, 923–930. doi: 10.1111/j.1600-051X.2012.01934.x

Liljestrand, J. M., Mantyla, P., Paju, S., Buhlin, K., Kopra, K. A., Persson, G. R., et al.

(2016). Association of endodontic lesions with coronary artery disease. J. Dent.

Res. 95, 1358–1365. doi: 10.1177/0022034516660509

Marcaccini, A. M., Meschiari, C. A., Zuardi, L. R., de Sousa, T. S., Taba, M. Jr.,

Teofilo, J. M., et al. (2010). Gingival crevicular fluid levels of MMP-8, MMP-9,

TIMP-2, and MPO decrease after periodontal therapy. J. Clin. Periodontol. 37,

180–190. doi: 10.1111/j.1600-051X.2009.01512.x

Marton, I. J., Balla, G., Hegedus, C., Redi, P., Szilagyi, Z., Karmazsin, L.,

et al. (1993). The role of reactive oxygen intermediates in the pathogenesis

of chronic apical periodontitis. Oral Microbiol. Immunol. 8, 254–257.

doi: 10.1111/j.1399-302X.1993.tb00570.x

Matsuura, E., Atzeni, F., Sarzi-Puttini, P., Turiel, M., Lopez, L. R., and

Nurmohamed, M. T. (2014). Is atherosclerosis an autoimmune disease? BMC

Med. 12:47. doi: 10.1186/1741-7015-12-47

Matzinger, P. (2002). The danger model: a renewed sense of self. Science 296,

301–305. doi: 10.1126/science.1071059

Medzhitov, R., and Janeway, C. A. Jr. (1997). Innate immunity: the

virtues of a nonclonal system of recognition. Cell 91, 295–298.

doi: 10.1016/S0092-8674(00)80412-2

Michels, A. J., Joisher, N., and Hagen, T. M. (2003). Age-related decline of sodium-

dependent ascorbic acid transport in isolated rat hepatocytes. Arch. Biochem.

Biophys. 410, 112–120. doi: 10.1016/S0003-9861(02)00678-1

Miller, Y. I., Choi, S. H., Wiesner, P., Fang, L., Harkewicz, R., Hartvigsen, K., et al.

(2011). Oxidation-specific epitopes are danger-associated molecular patterns

recognized by pattern recognition receptors of innate immunity. Circ. Res. 108,

235–248. doi: 10.1161/CIRCRESAHA.110.223875

Minczykowski, A., Woszczyk, M., Szczepanik, A., Lewandowski, L., and

Wysocki, H. (2001). Hydrogen peroxide and superoxide anion production

by polymorphonuclear neutrophils in patients with chronic periapical

granuloma, before and after surgical treatment. Clin. Oral Investig. 5, 6–10.

doi: 10.1007/s007840000095

Mody, N., Parhami, F., Sarafian, T. A., and Demer, L. L. (2001). Oxidative stress

modulates osteoblastic differentiation of vascular and bone cells. Free Radic.

Biol. Med. 31, 509–519. doi: 10.1016/S0891-5849(01)00610-4

Monteiro, A. M., Jardini, M. A., Alves, S., Giampaoli, V., Aubin, E. C., Figueiredo

Neto, A. M., et al. (2009). Cardiovascular disease parameters in periodontitis. J.

Periodontol. 80, 378–388. doi: 10.1902/jop.2009.080431

Mori, K., Shibanuma, M., and Nose, K. (2004). Invasive potential induced

under long-term oxidative stress in mammary epithelial cells. Cancer Res. 64,

7464–7472. doi: 10.1158/0008-5472.CAN-04-1725

Muniz, F. W., Nogueira, S. B., Mendes, F. L., Rosing, C. K., Moreira,

M. M., de Andrade, G. M., et al. (2015). The impact of antioxidant

agents complimentary to periodontal therapy on oxidative stress and

periodontal outcomes: a systematic review. Arch. Oral Biol. 60, 1203–1214.

doi: 10.1016/j.archoralbio.2015.05.007

Nagasawa, T., Kiji, M., Yashiro, R., Hormdee, D., Lu, H., Kunze, M., et al. (2007).

Roles of receptor activator of nuclear factor-kappaB ligand (RANKL) and

osteoprotegerin in periodontal health and disease. Periodontol. 2000 43, 65–84.

doi: 10.1111/j.1600-0757.2006.00185.x

Nair, P. N. (2004). Pathogenesis of apical periodontitis and the causes

of endodontic failures. Crit. Rev. Oral Biol. Med. 15, 348–381.

doi: 10.1177/154411130401500604

Ohyama, H., Kato-Kogoe, N., Kuhara, A., Nishimura, F., Nakasho, K., Yamanegi,

K., et al. (2009). The involvement of IL-23 and the Th17 pathway in

periodontitis. J. Dent. Res. 88, 633–638. doi: 10.1177/0022034509339889

Okinaga, T., Ariyoshi, W., and Nishihara, T. (2015). Aggregatibacter

actinomycetemcomitans invasion induces interleukin-1β production through

reactive oxygen species and cathepsin, B. J. Interferon Cytokine Res. 35,

431–440. doi: 10.1089/jir.2014.0127

Osorio, C., Cavalla, F., Paula-Lima, A., Diaz-Araya, G., Vernal, R., Ahumada, P.,

et al. (2015). H2O2 activates matrix metalloproteinases through the nuclear

Frontiers in Physiology | www.frontiersin.org 7 November 2017 | Volume 8 | Article 869

https://doi.org/10.1177/154405910808700908
https://doi.org/10.1902/jop.2010.100148
https://doi.org/10.3402/jom.v3i0.5304
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1038/sj.bjp.0705776
https://doi.org/10.1902/jop.2006.050461
https://doi.org/10.1902/jop.2010.100196
https://doi.org/10.1111/j.1600-051X.2009.01488.x
https://doi.org/10.1007/s001090100226
https://doi.org/10.1128/IAI.02325-14
https://doi.org/10.1189/jlb.0310126
https://doi.org/10.7150/ijms.6663
https://doi.org/10.1016/j.mehy.2016.06.020
https://doi.org/10.1007/s10557-011-6326-4
https://doi.org/10.1016/j.freeradbiomed.2014.09.006
https://doi.org/10.2353/ajpath.2006.060180
https://doi.org/10.1007/s11010-015-2570-4
https://doi.org/10.1177/10454411920030010501
https://doi.org/10.1007/s12275-008-0182-3
https://doi.org/10.1111/j.1600-051X.2012.01934.x
https://doi.org/10.1177/0022034516660509
https://doi.org/10.1111/j.1600-051X.2009.01512.x
https://doi.org/10.1111/j.1399-302X.1993.tb00570.x
https://doi.org/10.1186/1741-7015-12-47
https://doi.org/10.1126/science.1071059
https://doi.org/10.1016/S0092-8674(00)80412-2
https://doi.org/10.1016/S0003-9861(02)00678-1
https://doi.org/10.1161/CIRCRESAHA.110.223875
https://doi.org/10.1007/s007840000095
https://doi.org/10.1016/S0891-5849(01)00610-4
https://doi.org/10.1902/jop.2009.080431
https://doi.org/10.1158/0008-5472.CAN-04-1725
https://doi.org/10.1016/j.archoralbio.2015.05.007
https://doi.org/10.1111/j.1600-0757.2006.00185.x
https://doi.org/10.1177/154411130401500604
https://doi.org/10.1177/0022034509339889
https://doi.org/10.1089/jir.2014.0127
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Hernández-Ríos et al. Oxidative Stress in Apical Periodontitis

factor kappa B pathway and Ca(2+) signals in human periodontal fibroblasts.

J. Periodontal. Res. 50, 798–806. doi: 10.1111/jre.12267

Ozbek, S. M., and Ozbek, A. (2010). Real-time polymerase chain reaction of

“red complex” (Porphyromonas gingivalis, Tannerella forsythia, and Treponema

denticola) in periradicular abscesses. Oral Surg. Oral Med. Oral Pathol. Oral

Radiol. Endod. 110, 670–674. doi: 10.1016/j.tripleo.2010.07.001

Paraskevas, S., Huizinga, J. D., and Loos, B. G. (2008). A systematic review

and meta-analyses on C-reactive protein in relation to periodontitis. J. Clin.

Periodontol. 35, 277–290. doi: 10.1111/j.1600-051X.2007.01173.x

Pasqualini, D., Bergandi, L., Palumbo, L., Borraccino, A., Dambra, V., Alovisi,

M., et al. (2012). Association among oral health, apical periodontitis, CD14

polymorphisms, and coronary heart disease in middle-aged adults. J. Endod.

38, 1570–1577. doi: 10.1016/j.joen.2012.08.013

Petersen, J., Glassl, E. M., Nasseri, P., Crismani, A., Luger, A. K., Schoenherr,

E., et al. (2014). The association of chronic apical periodontitis and

endodontic therapy with atherosclerosis. Clin. Oral Invest. 18, 1813–1823.

doi: 10.1007/s00784-013-1156-3

Pockley, A. G., Calderwood, S. K., and Multhoff, G. (2009). The atheroprotective

properties of Hsp70: a role for Hsp70-endothelial interactions? Cell Stress

Chaperones. 14, 545–553. doi: 10.1007/s12192-009-0113-1

Pussinen, P. J., Laatikainen, T., Alfthan, G., Asikainen, S., and Jousilahti, P. (2003).

Periodontitis is associated with a low concentration of vitamin C in plasma.

Clin. Diagn. Lab. Immunol. 10, 897–902. doi: 10.1128/CDLI.10.5.897-902.2003

Rocas, I. N., Siqueira, J. F. Jr. (2010). Distribution of Porphyromonas gingivalis

fimA genotypes in primary endodontic infections. Oral Surg. Oral Med. Oral

Pathol. Oral Radiol. Endod. 109, 474–478. doi: 10.1016/j.tripleo.2009.11.009

Rocas, I. N., and Siqueira, J. F. Jr. (2008). Root canal microbiota of

teeth with chronic apical periodontitis. J. Clin. Microbiol. 46, 3599–3606.

doi: 10.1128/JCM.00431-08

Saad, A. F., Virella, G., Chassereau, C., Boackle, R. J., and Lopes-Virella, M. F.

(2006). OxLDL immune complexes activate complement and induce cytokine

production by MonoMac 6 cells and human macrophages. J. Lipid Res. 47,

1975–1983. doi: 10.1194/jlr.M600064-JLR200

Saari, H., Suomalainen, K., Lindy, O., Konttinen, Y. T., and Sorsa, T. (1990).

Activation of latent human neutrophil collagenase by reactive oxygen

species and serine proteases. Biochem. Biophys. Res. Commun. 171, 979–987.

doi: 10.1016/0006-291X(90)90780-Q

Sasaki, H., Yamamoto, H., Tominaga, K., Masuda, K., Kawai, T., Teshima-

Kondo, S., et al. (2009). Receptor activator of nuclear factor-kappaB

ligand-induced mouse osteoclast differentiation is associated with switching

between NADPH oxidase homologues. Free Radic. Biol. Med. 47, 189–199.

doi: 10.1016/j.freeradbiomed.2009.04.025

Schenkein, H. A., and Loos, B. G. (2013). Inflammatory mechanisms linking

periodontal diseases to cardiovascular diseases. J. Clin. Periodontol. 40(Suppl.

14), S51–S69. doi: 10.1111/jcpe.12060

Schenkein, H. A., Gunsolley, J. C., Best, A. M., Harrison, M. T., Hahn, C. L., Wu,

J., et al. (1999). Antiphosphorylcholine antibody levels are elevated in humans

with periodontal diseases. Infect. Immun. 67, 4814–4818.

Schenkein, H. A., Berry, C. R., Burmeister, J. A., Brooks, C. N., Barbour, S. E.,

Best, A. M., et al. (2003). Anti-cardiolipin antibodies in sera from patients with

periodontitis. J. Dent. Res. 82, 919–922. doi: 10.1177/154405910308201114

Schmidt, R. E., and Gessner, J. E. (2005). Fc receptors and their interaction

with complement in autoimmunity. Immunol. Lett. 100, 56–67.

doi: 10.1016/j.imlet.2005.06.022

Shackelford, R. E., Kaufmann, W. K., and Paules, R. S. (2000). Oxidative stress

and cell cycle checkpoint function. Free Radic. Biol. Med. 28, 1387–1404.

doi: 10.1016/S0891-5849(00)00224-0

Silva, M. J., Sousa, L. M., Lara, V. P., Cardoso, F. P., Junior, G. M., Totola, A. H.,

et al. (2011). The role of iNOS and PHOX in periapical bone resorption. J. Dent.

Res. 90, 495–500. doi: 10.1177/0022034510391792

Sima, C., and Glogauer, M. (2013). Macrophage subsets and osteoimmunology:

tuning of the immunological recognition and effector systems that

maintain alveolar bone. Periodontol 2000 63, 80–101. doi: 10.1111/prd.

12032

Sims, T. J., Lernmark, A., Mancl, L. A., Schifferle, R. E., Page, R. C., and

Persson, G. R. (2002). Serum IgG to heat shock proteins and Porphyromonas

gingivalis antigens in diabetic patients with periodontitis. J. Clin. Periodontol.

29, 551–562. doi: 10.1034/j.1600-051X.2002.290612.x

Siqueira, J. F. Jr., Rocas, I. N., and Silva, M. G. (2008). Prevalence and clonal

analysis of Porphyromonas gingivalis in primary endodontic infections. J.

Endod. 34, 1332–1336. doi: 10.1016/j.joen.2008.08.021

Trivedi, S., and Lal, N. (2017). Antioxidant enzymes in periodontitis. J. Oral Biol.

Craniofac. Res. 7, 54–57. doi: 10.1016/j.jobcr.2016.08.001

Tsimikas, S., and Miller, Y. I. (2011). Oxidative modification of

lipoproteins: mechanisms, role in inflammation and potential clinical

applications in cardiovascular disease. Curr. Pharm. Design 17, 27–37.

doi: 10.2174/138161211795049831

Turunen, S. P., Kummu, O., Harila, K., Veneskoski, M., Soliymani, R., Baumann,

M., et al. (2012). Recognition of Porphyromonas gingivalis gingipain epitopes

by natural IgM binding to malondialdehyde modified low-density lipoprotein.

PLoS ONE 7:e34910. doi: 10.1371/journal.pone.0034910

Turunen, S. P., Kummu, O., Wang, C., Harila, K., Mattila, R., Sahlman,

M., et al. (2015). Immunization with malondialdehyde-modified low-density

lipoprotein (LDL) reduces atherosclerosis in LDL receptor-deficient mice

challenged with Porphyromonas gingivalis. Innate Immun. 21, 370–385.

doi: 10.1177/1753425914542444

Vernal, R., Chaparro, A., Graumann, R., Puente, J., Valenzuela, M. A., and

Gamonal, J. (2004). Levels of cytokine receptor activator of nuclear factor

kappaB ligand in gingival crevicular fluid in untreated chronic periodontitis

patients. J. Periodontol. 75, 1586–1591. doi: 10.1902/jop.2004.75.12.1586

Wang, C., Kankaanpaa, J., Kummu, O., Turunen, S. P., Akhi, R., Bergmann,

U., et al. (2016). Characterization of a natural mouse monoclonal antibody

recognizing epitopes shared by oxidized low-density lipoprotein and

chaperonin 60 of Aggregatibacter actinomycetemcomitans. Immunol. Res. 64,

699–710. doi: 10.1007/s12026-015-8781-7

Wei, P. F., Ho, K. Y., Ho, Y. P., Wu, Y. M., Yang, Y. H., and Tsai, C. C. (2004).

The investigation of glutathione peroxidase, lactoferrin, myeloperoxidase

and interleukin-1β in gingival crevicular fluid: implications for oxidative

stress in human periodontal diseases. J. Periodontal. Res. 39, 287–293.

doi: 10.1111/j.1600-0765.2004.00744.x

Xiang, M., and Fan, J. (2010). Association of Toll-like receptor signaling and

reactive oxygen species: a potential therapeutic target for posttrauma acute lung

injury.Mediators Inflamm. 2010:916425. doi: 10.1155/2010/916425

Yoon, S. O., Park, S. J., Yoon, S. Y., Yun, C. H., and Chung, A. S. (2002).

Sustained production of H(2)O(2) activates pro-matrix metalloproteinase-

2 through receptor tyrosine kinases/phosphatidylinositol 3-kinase/NF-kappa

B pathway. J. Biol. Chem. 277, 30271–30282. doi: 10.1074/jbc.M2026

47200

Zong, G., Scott, A. E., Griffiths, H. R., Zock, P. L., Dietrich, T., and

Newson, R. S. (2015). Serum α-tocopherol has a nonlinear inverse

association with Periodontitis among US adults. J. Nutr. 145, 893–899.

doi: 10.3945/jn.114.203703

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Hernández-Ríos, Pussinen, Vernal and Hernández. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 8 November 2017 | Volume 8 | Article 869

https://doi.org/10.1111/jre.12267
https://doi.org/10.1016/j.tripleo.2010.07.001
https://doi.org/10.1111/j.1600-051X.2007.01173.x
https://doi.org/10.1016/j.joen.2012.08.013
https://doi.org/10.1007/s00784-013-1156-3
https://doi.org/10.1007/s12192-009-0113-1
https://doi.org/10.1128/CDLI.10.5.897-902.2003
https://doi.org/10.1016/j.tripleo.2009.11.009
https://doi.org/10.1128/JCM.00431-08
https://doi.org/10.1194/jlr.M600064-JLR200
https://doi.org/10.1016/0006-291X(90)90780-Q
https://doi.org/10.1016/j.freeradbiomed.2009.04.025
https://doi.org/10.1111/jcpe.12060
https://doi.org/10.1177/154405910308201114
https://doi.org/10.1016/j.imlet.2005.06.022
https://doi.org/10.1016/S0891-5849(00)00224-0
https://doi.org/10.1177/0022034510391792
https://doi.org/10.1111/prd.12032
https://doi.org/10.1034/j.1600-051X.2002.290612.x
https://doi.org/10.1016/j.joen.2008.08.021
https://doi.org/10.1016/j.jobcr.2016.08.001
https://doi.org/10.2174/138161211795049831
https://doi.org/10.1371/journal.pone.0034910
https://doi.org/10.1177/1753425914542444
https://doi.org/10.1902/jop.2004.75.12.1586
https://doi.org/10.1007/s12026-015-8781-7
https://doi.org/10.1111/j.1600-0765.2004.00744.x
https://doi.org/10.1155/2010/916425
https://doi.org/10.1074/jbc.M202647200
https://doi.org/10.3945/jn.114.203703
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

